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Everyone is a genius. But if you judge a fish on its ability to climb a tree, it will live its whole life believing

that it is stupid. — Albert Einstein
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General introduction

PART 1

ATTENTION DEFICIT HYPERACTIVITY DISORDER

Attention deficit hyperactivity disorder (ADHD) is a neurodevelopmental disorder characterised by
developmentally inappropriate levels of impulsive behaviour, hyperactivity and/or inattention [1, 2].
Though ADHD is a common disorder in childhood, adolescence and adulthood, this thesis focusses on
childhood ADHD. Numerous associations, based upon literature, between potential aetiopathological
factors and ADHD are mentioned throughout this thesis. However, it should be mentioned that such

associations do not address causality and that not all associations are necessarily biologically relevant.

1.1 Diagnosis

1.1.1 History

The first detailed description of ADHD symptoms appeared in a Lancet publication in 1902, with
symptoms mentioned being “aggression, defiance, emotionality, limited sustained attention, and
deficient rule-governed behaviour” [3]. Up to the 1960s these symptoms were thought to be caused
by an underdeveloped brain or by brain damage and they were indicated as “minimal brain
dysfunction” and “minimal brain damage” [4]. Later, a more descriptive formulation of the symptoms
without referring to a cause was used, like “attention deficit disorder with hyperactivity” (ADDH) in the
Diagnostic and Statistical Manual of Mental Disorders (DSM), 3t edition (1980). It has however been

questioned whether a clinical diagnosis can be based solely on behavioural criteria [5, 6].

1.1.2 Criteria

The DSM is used widely for ADHD diagnosis. The DSM-5 (2013) defines ADHD as a neurodevelopmental
disorder with a specific, persistent and pervasive behavioural pattern, consisting of disruptive or
developmentally inappropriate levels of impulsive behaviour, hyperactivity and/or inattention. ADHD
symptoms can be divided into two major domains, inattention and hyperactivity-impulsivity, with at
least six out of nine symptoms (Table 1.1) in one domain being required for diagnosis (five for patients

aged 17 or older) [1, 2]. Symptoms should interfere with functioning or development and should result
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in significant psychological, social, educational, and/or occupational impairment [1, 7]. The symptoms
must have an onset before the age of twelve and persist for at least six months, with several symptoms
in multiple settings, like in school and at home. In addition, ADHD symptoms should not occur
exclusively during the course of schizophrenia or another psychotic disorder and should not be better
explained by any other disorder with similar manifestations (e.g. personality disorder, mood disorder,

anxiety disorder, or learning disability) [1, 2].

Similar symptoms of inattention, hyperactivity and impulsivity are described as Hyperkinetic Disorder
by the International Classification of Diseases (ICD) [8, 9]. This thesis is however restricted to DSM

terminology.

Table 1.1. Characteristic symptoms of inattention and hyperactivity-impulsivity [1, 2].

Inattention

Hyperactivity-impulsivity

Often does not follow through on instructions and
fails to finish schoolwork, chores, or duties in the
workplace (e.g. loses focus, side-tracked).

Often has trouble holding attention on tasks or
play activities.

Often does not seem to listen when spoken to
directly.

Often fails to give close attention to details or
makes careless mistakes in schoolwork, at work,
or with other activities.

Often has trouble organising tasks and activities.
Often avoids, dislikes, or is reluctant to do tasks
that require mental effort over a long period of
time (such as schoolwork or homework).

Often loses things necessary for tasks and
activities (e.g. school materials, pencils, books,
tools, wallets, keys, paperwork, eyeglasses,
mobile telephones).

Is often easily distracted.

Is often forgetful in daily activities.

. Often runs about or climbs in situations where it is

not appropriate (adolescents or adults may be
limited to feeling restless).

. Often leaves seat in situations when remaining

seated is expected.

. Often fidgets with or taps hands or feet, or squirms

in seat.

. Is often unable to play or take part in leisure

activities quietly.

. Is often "on the go" acting as if "driven by a motor".
6. Often interrupts or intrudes on others (e.g. butts

into conversations or games).

. Often blurts out an answer before a question has

been completed.

. Often has trouble waiting his/her turn.

. Often talks excessively.

Based on the number and kind of symptoms present, three types of ADHD occur:
1. Predominantly inattentive type (“attention deficit disorder”, ADD): at least six symptoms of
inattention, but not hyperactivity-impulsivity, were present the past six months;
2. Predominantly hyperactive-impulsive type: at least six symptoms of hyperactivity-impulsivity, but

not inattention, were present for the past six months;
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3. Combined type: at least six symptoms of both inattention and hyperactivity-impulsivity were

present for the past six months.

Each of these subtypes is associated with different sex ratios (e.g. patients with inattentive subtype
being predominantly female), comorbidities (e.g. combined subtype being associated with more co-
occurring psychiatric disorders) and forms of functional impairment (e.g. academic impairment mainly

being related to inattentive problems) [1, 4].

1.1.3 Tools

The Child Behaviour Checklist (CBCL, Figure 1.1A) is one of the validated tools for the broad
inventarisation of behavioural and emotional problems in childhood, including ADHD and various
comorbidities [10, 11]. The Conners’ Rating Scale (CRS, Figure 1.1B) can also be used to distinguish
between children with and without ADHD or related behaviour and is often used in pharmacological
research [12-14]. The ADHD rating scale (ADHD-RS, Figure 1.1C) is used as well, but might not perform
equally across different populations [15]. Another tool is the Diagnostic Interview Schedule for Children
(DISC, not shown), a structured interview to diagnose more than 30 psychiatric disorders in children
and adolescents, such as ADHD and oppositional defiant disorder (ODD) [16]. In Belgium and The
Netherlands (as well as later in this thesis), also the Social-Emotional Questionnaire (SEQ, see Chapter

2,3.3.2)is used [17].

It is unclear which diagnostic tool, or combination of tools, should be preferred. In addition, though
rating scales are very helpful in the diagnosis of ADHD, as well as for documenting a possible response
to treatment, a valid diagnosis requires more than a simple checklist, as ADHD is not just a sum of
symptoms [18, 19]. The diagnosis should be made by a trained health care professional, based on a
parent and child interview, school information, psychological tests and physical examination [20, 21].
The confusion of ADHD with for instance mood disorders or learning disabilities illustrates the need for
unequivocal diagnostic tools. Unfortunately, biological diagnostic (e.g. serum) markers for ADHD do

not yet exist [22].

1.2 Prevalence

ADHD is the most common childhood-onset neurocognitive behavioural disorder and one of the most
prevalent chronic paediatric conditions [23]. Different interpretations of DSM guidelines and different

sources of information however result in different estimates of ADHD prevalence, ranging between 2
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B TEACHER’S RATING SCALE

Child’s Name Date of Rating: AM PM Teacher’s Name:

Please rate the child twice daily - once at the end of the morning and again at the end of the school
day - for 5 consccutive days (not necessarily in the same week). Please base your ratings on current
observations, not past impressions, etc. After the initial ratings, the form may be used again to monitor
progress on a weekly or monthly basis. Thank you for your cooperation.

Not at all Just a little Pretty much  Very much

Classroom Behavior

Constantly fidgeting 0 1 Z 3
Hums and makes other odd noises 0 1 2 3
Demands must be met immediately - easily frustrated 0 1 2 L)
Coordination poor 0 1 2 3
Restless or overactive 0 1 2 3
Excitable, impulsive 0 1 2 3
Trottentive, easily distracted 0 1 2 3

Rl ADHD Rating Scale-IV: Home Version

Child’s Name: Sex: ~ M [ |F Age: Grade:

Completed by: [ |Mother |Father [_|Guardian [_|Grandparent

Circle the number that best describes your child's

home behavior over the past 6 months. Nﬁ:::[:' Sometimes Often Very Often
1. Fails to give close attention to details or makes careless 0 P 5
mistakes in schoolwork,
2. Fidgets with hands or feet or squirms in seat. 0 ! 2
3. Has difficulty sustaining attention in tasks or play activities. 0 1 2
&, Leaves seat in classroom or in other situations in which o 3 B
remaining seated is expected. ;
5. Does not seem to listen when spoken to directly. 0 L z 3

Figure 1.1. Example of (A) the Child Behaviour Checklist (CBCL), (B) Conners’ Teacher Rating Scale (CTRS)
and (C) ADHD rating scale (ADHD-RS).

and 18% of all children [24, 25]. According to DSM-4, the worldwide prevalence of ADHD in children
and adolescents was estimated 5.9-7.1% in 2012 [26]. In Belgium, only ADHD prevalence in adulthood
has been investigated (4.1%) [27]. The majority (50-75%) of patients is diagnosed with the combined
subtype. The inattentive (20%-30%) and hyperactive-impulsive subtype (less than 15%) are less
common. Symptoms and related impairment persist into adolescence and adulthood in 30-80% of the
affected children [4, 28-30]. In addition, adult ADHD is characterised more often by inattention than

by hyperactivity-impulsivity [4].
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Rather than depending on culture, prevalence estimates vary greatly depending on the methodology
used (e.g. diagnostic criteria related to the number and type of symptoms required, rating scales versus
clinical interviews, etc.) [4, 9, 28]. For instance, prevalence estimates based on teacher reports alone
are 5.47% higher than when based on the recommended procedure and those without requirement
of impairment 2.32% higher than when impairment is required. In addition, prevalence rates based on
DSM-4 are higher than those based on ICD-10 due to different requirements regarding symptoms in
specific dimensions [9, 31, 32]. Methodology probably also accounts for the apparent increase of the
overall ADHD prevalence [25, 28, 33]. For example, extension of the age-of-onset criterion from 7
(DSM-4) to 12 years (DSM-5) increased in the prevalence rate from 7.38% to 10.84% in children of 12
to 15 years old. Youth with a later age of onset was more likely to be from lower income and ethnic
minority families, but did not differ regarding ADHD severity and patterns of comorbidity [34]. Results
from a prospective birth cohort however suggest that the prevalence estimate is not affected by the

extended age-of-onset criterion [35].

Finally, also sample characteristics affect prevalence estimates. ADHD is for example more frequently
diagnosed in younger samples [4, 36]. In addition, the prevalence in boys is two to four times higher
than in girls, though underdiagnosis due to the predominantly inattentive ADHD subtype (symptoms
of which are less intruding) and less common disturbing comorbidities in girls could partly explain this

observation [4, 37-39].

1.3 Comorbid conditions

Up to 65% of ADHD patients has one or more comorbid conditions [22]. In US paediatric ADHD patients,
one comorbid condition was reported in 33%, two in 16% and three or more in 18% [40]. ODD (29% of
ADHD patients) and conduct disorder (CD; 36%) are the most frequently reported comorbid psychiatric
conditions in ADHD [41], but patients are also at higher risk for depression, anxiety, tics, bipolar
disorder, learning disorders like dyslexia and dyscalculia, motor disorders, substance abuse and
aggressive and criminal behaviour [24, 28, 40, 42-45]. On top of this, ADHD is associated with cognitive
shortfalls, leading to memory difficulties and functional impairment [24]. Also autism frequently co-
occurs with ADHD [46]. In addition, other physical symptoms like headache, bellyache, asthma, eczema,

sleep disorders and enuresis are frequent complaints among patients [47-51].
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1.4 Impact

Despite equivocal results, several studies found a reduction in quality of life due to ADHD [52]. This is
not surprising, as the disorder affects several aspects in patients’ everyday life [28]. Indeed, disruptive
behaviour, distractibility and poor self-discipline and self-regulation can have a high impact on
relationships, school or work performance and self-esteem [24]. In adolescence and adulthood, ADHD
is associated with academic failure, unemployment and antisocial and criminal behaviour [53-55].
Furthermore, patients more frequently visit a general practitioner or specialist and are more often
referred to special education [56-58]. This substantially increases demands for social and healthcare
services, but also compromises professional productivity of parents [58-60]. Direct medical costs of
ADHD patients and their mothers are 11 and 5 times higher, resp., than those of children without
behavioural problems [59]. In addition, comorbid psychiatric disorders result in a more severe
psychopathology and a higher risk of long-term impairment [40, 54, 61]. ADHD thus poses a
considerable personal, social and financial burden to patients, their environment and society as a whole

[28, 62].

1.5 Aetiology

ADHD is a complex and multifactorial disorder, influenced by genetic, biochemical, psychological and
environmental factors. Dopaminergic and noradrenergic dysfunction are involved in ADHD [28], but
also immunity and oxidative stress appear to play a role (see Chapter 1, part 3) [63-65]. Moreover, also
nutrition plays a role in hyperactivity and attention disorders, at least in specific subgroups (see Chapter
1, Part 2) [66, 67]. However, no straightforward indication can yet be given about its exact
pathophysiology, because factors involved are interchangeable and no individual factor is either
necessary or sufficient to trigger ADHD [22, 28, 68-70]. Additive and interactive effects between risk
factors increase the vulnerability to the disorder [28]. It is also unclear whether distinct ADHD subtypes
and ADHD with and without certain comorbidities have a distinct aetiology [22], but heterogeneity
might be a central factor in the clinical variability of the disorder (e.g. predominantly inattentive vs.

predominantly hyperactive-impulsive type) [71].

1.5.1 Neurobiology

Catecholamines (e.g. epinephrine, norepinephrine and dopamine; monoamines derived from the
amino acid tyrosine, Figure 1.2) are active in specific brain areas like the prefrontal cerebral cortex,

caudate nucleus and cerebellum and therefore involved in the regulation of cognitive processes like

10
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attention, impulse control, arousal and behaviour [72, 73]. Though the neurobiology underlying ADHD
is not entirely clear, various associations have been observed between ADHD and structural or

functional alterations in the brain, especially in these areas or catecholaminergic pathways [74].

HO HO HO
™ ™
HO CH;~CH;—=NH, HO CH—CH;—NH, HO CH —CH;—NH—CH,
DOPAMINE NORADRENALINE ADRENALINE
(3-Hydroxytyramine) NOREPINEPHRINE EPINEPHRINE

Figure 1.2. Structure of catecholamines.

Structural alterations include a disturbed white matter microstructure, reduced grey matter density
and reduced brain volume [74, 75]. Moreover, various brain areas, including the hippocampus, nucleus
caudatus and amygdala, are smaller in patients than in controls [76]. These subcortical structures are
involved in motor control, attention, reward and cognition [28, 74]. As these differences are more
pronounced in children than in adults, this demonstrates delayed brain maturation in ADHD [76]. In

addition, also a reduced blood flow to these areas was observed [24, 28, 77, 78].

Regarding functional alterations, imaging studies associated an underactivated frontoparietal network
and overactivated regions in the visual, dorsal attention and default mode networks with ADHD (79,
80]. In addition, animal studies suggest that destruction of dopamine pathways in the prefrontal cortex
results in hyperactivity [81]. Moreover, urinary epinephrine and norepinephrine levels were about 5
and 1.5 times higher in patients than in controls, with norepinephrine concentration correlating with
hyperactivity and inattention [82, 83]. Moreover, ADHD medication affects catecholamine uptake or

release (see Chapter 1, 1.6.1) [28, 73].

1.5.2 Genetic factors

Genetic factors play a dominant role in ADHD aetiology, with a heritability of up to 80%, based on
adoption, twin and familial association studies [84]. Still, only a limited number of genes with small
effect sizes have been repeatedly identified to be associated with ADHD, including genes involved in

dopamine, norepinephrine and serotonin transmission and metabolism [64, 71, 84].

Genetic variations were for example found for the dopamine active transporter (DAT) gene. Activated
neurons release dopamine and take it up again from the synaptic cleft by DAT, thereby stopping signal
transduction. On average, the activity of this transporter is 14% higher in patients than in controls. As
a result, time for dopamine to exert an effect in the synaptic cleft is significantly shorter in patients

than in controls [69, 85]. In addition, dopamine receptors are involved, which are located on the

11
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dendrite of the next neuron and signal within this neuron when dopamine is present in the synaptic
cleft, thereby activating the potential. ADHD patients are characterised by a lower expression of the
dopamine receptor D4 (DRD4) gene in brain areas involved in attention. Consequently the signal is
transduced less to the next neuron [69]. Other dopamine receptor genes related to ADHD are DRD1,
DRD2 and DRD5 [84, 86]. Also the norepinephrine transporter gene 1 (NET1), responsible for
norepinephrine reuptake, and the a-2A-adrenergic receptor (ADRA2A), regulating (nor)epinephrine
release and function, as well as serotonin transporter and receptor genes 5-HTT/SLC6A4 and HTR18B,
the dopamine B-hydroxylase gene and the synaptosomal-associated protein of 25 kDa (SNAP-25) gene,
appear to play a role in ADHD [68, 69, 71, 87]. However, none of these genes has large effects [22, 28].
Specific ADHD susceptibility genes are thus still missing. In addition, the complexity of genetics in ADHD
is exemplified by increased rates of copy number variants (CNVs, i.e. chromosomal duplications and
deletions), not only in 16% of patients, but also in 7% of controls [68, 88]. It is also unclear whether
distinct ADHD phenotypes have distinct genotypes [22]. Moreover, various genetic variants involved in
ADHD also underly other neurodevelopmental and psychiatric disorders like schizophrenia and

depression, as well as health risk behaviours such as smoking [89, 90].

1.5.3 Environmental factors

The contribution of environmental factors to ADHD is estimated to be 20-30% [22, 28].

Various perinatal environmental factors predispose to the development of metabolic, mental and
behavioural disorders later in life [91-93]. Specifically, delivery complications, prematurity, hypoxia and
prenatal alcohol and tobacco smoke are risk factors for ADHD (see also Chapter 1, 3.1.5 and 3.2.6) [28].
For example, ADHD patients were 3 times more likely to have had a low birth weight and 2.1 and 2.5
times more likely to have been exposed to cigarettes and alcohol, resp., in utero than controls, even
after adjustment for potential confounding factors, like familial psychopathology [94, 95]. In primates,
even moderate alcohol consumption during pregnancy was found to affect both attention and
neuromotor functioning [96]. Moreover, various studies conclude that also postnatal secondhand
cigarette smoke exposure increases attention deficit and hyperactive behaviour [97]. Also medical
conditions of the mother (e.g. obesity, multiple sclerosis and asthma), season of birth (e.g. odds ratio
of 4.5 for ADHD when born in September) and maternal inflammation are associated with ADHD [39,
91, 98]. Factors that could mediate the effect between maternal diseases and ADHD are for instance
genetics, maternal medication intake and more contact with health care services [39]. Indeed, use of
specific medications during pregnancy, like antiasthmatic drugs, acetaminophen (paracetamol),

antipsychotics and selective serotonin reuptake inhibitors, is associated with an increased risk of birth
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defects, hyperkinetic disorder and altered neurobehavioral development in offspring. Acetaminophen,
used by more than half of all mothers while pregnant, may for instance act as a hormone disruptor,
interfering with thyroid function, which is important for brain development [99-101]. Its use during
pregnancy increased the risk for ADHD-like behaviour at the age of 7 (relative risk (RR): 1.13), with
stronger associations with increasing frequency and not confounded by e.g. infection during pregnancy

[99].

In addition, various studies point at an association between pre- and postnatal air pollution (e.g. traffic-
related) and ADHD. Of particular concern are the polycyclic aromatic hydrocarbons (PAHs), but also
lead and arsenic are present in air pollution [102, 103]. In fact, up to 30% higher blood lead levels were
found in ADHD patients compared to controls [104, 105], associated with hyperactivity and impulsivity
symptoms [105], though contradicted by another study [106]. Hair lead levels have been associated
with physician-diagnosed ADHD and teacher ratings on inattention [107]. Lead is a neurotoxicant,
affecting neurotransmitter pathways and thereby dysregulating for example the dopaminergic system
and causing neurodevelopmental effects [102, 106, 108-110]. Other typical neurotoxicants are
organophosphates or organochlorine compounds (e.g. polychlorinated biphenyls, PCBs), which are
widely used as pesticides. Even children with rather typical levels of pesticide exposure (e.g. by eating

pesticide-treated fruits and vegetables) have a higher risk of ADHD [111].

Moreover, an adverse psychosocial environment is a risk factor for ADHD symptom development.
Examples are low social class, paternal criminality, maternal mental disorder, foster placement and

family dysfunction [28].

The RR for ADHD, attention deficiency and hyperactivity decreased significantly with breastfeeding for
12-20 weeks (28 weeks for hyperactivity) in a prospective cohort study (e.g. RR for ADHD of 0.57 as
compared to breastfeeding for less than two weeks) [112]. Indeed, ADHD children were breastfed
significantly less often compared to healthy controls, even after correcting for variables like maternal
education. Breastfeeding could protect against ADHD due to enhanced stimulation of cognitive

development. However, mothers could also be less willing or able to breastfeed a restless child [113].

Other environmental factors that have been mentioned with respect to ADHD (see Chapter 1, Part 2)
are lesions to the prefrontal cortex, food additives (e.g. specific artificial food colours and benzoate
preservative), a western dietary pattern (i.e., higher intake of saturated fat, refined sugars and sodium,
and lower intake of omega-3 fatty acids, fibre and folate) and elevated or reduced levels of specific

micronutrients (e.g. magnesium or zinc, see Chapter 1, 2.1) [22, 24, 114, 115].
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1.6 Treatment

Treatment for ADHD aims at reducing symptoms in order to improve patient functioning [116]. The
combination of behavioural and pharmacological therapy appears the most beneficial form of
treatment, also in case of comorbid disorders [28, 117]. Though pharmacological treatment is generally
only advised in case of severe symptoms and impairment that warrant direct medication and when
psychological and behavioural interventions are insufficient [20], currently, the main treatment for
ADHD is pharmacological, using stimulant drugs such as methylphenidate (MPH, e.g. Ritalin®,
Equasym®, Medikinet®) and dexamphetamine (e.g. Dexedrine) or non-stimulant drugs like
atomoxetine (e.g. Strattera®) [28, 116]. MPH is the most frequently used medication for ADHD, with
an increase in daily doses for patients of 6-12 years from 1.5 million to 2.2 million between 2006 and

2016 in Belgium [118].

1.6.1 Mechanism of action

Psychostimulants like MPH are indirectly working sympathomimetics, binding competitively with the
presynaptic dopamine transporter and to a lesser extent with the norepinephrine transporter,
especially in the prefrontal cortex and striatum (Figure 1.3A). This leads to decreased presynaptic
reuptake of dopamine and norepinephrine, increased concentrations of these catecholamines in the
synaptic cleft, and thereby increased neurotransmission. In addition, MPH prevents excessive
accumulation of dopamine in the cytoplasm of cells. It thereby reduces dopamine neurotoxicity and

thus has neuroprotective effects. MPH decreases ADHD symptoms in up to 80% of patients [119, 120].
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Figure 1.3. Mechanism of action of (A) methylphenidate (MPH) and (B) amphetamine (AMF) [121].

Like MPH, dexamphetamine binds competitively with the presynaptic transporter, but additionally
stimulates catecholamine release (Figure 1.3B) and inhibits monoamine oxidase (MAQ), the enzyme
involved in norepinephrine and dopamine metabolism. It is therefore prescribed when MPH is

insufficiently effective [121-123]. Atomoxetine selectively inhibits reuptake of norepinephrine in the
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prefrontal cortex, but is generally less effective in reducing ADHD symptoms [123]. Due to their effects
on dopamine release, opioids including codeine, an ingredient in e.g. specific cough syrups, could be
effective in ADHD as well [124]. Nevertheless, their putative therapeutic effects in ADHD have been

insufficiently studied.

1.6.2 Drawbacks

Although the benefits of MPH until now outweigh the risks, a meta-analysis of randomised clinical trials
confirmed non-serious adverse effects like insomnia and decreased appetite in 25% of patients treated
with MPH [125, 126]. Headache, stomach ache and irritability are other common side effects, in
addition to indications of stunted growth [116, 119, 126]. Psychotic symptoms and mood disorders are
reported as side effects in 0.25% [127, 128]. Moreover, MPH may induce transient T helper (Ty) cell
suppression and hypergammaglobulinaemia (immunoglobulin (Ig) E and IgG), and could thereby
disturb immune maturation and aggravate atopic diseases [129, 130]. In addition, as MPH increases
heart rate and blood pressure, caution is advised regarding its use, especially in those with a family
history or other known risk factors for cardiovascular disease [131, 132]. Nevertheless, a meta-analysis
concluded that there is no evidence of MPH being associated with an increase in serious adverse events

(SAEs) [125].

Moreover, neurotransmitters enable synaptic communication, but are also involved in central nervous
system (CNS) development, including morphogenesis and the proliferation, migration and
differentiation of neurons. Therefore, any interference with neurotransmitter systems potentially

produces acute and/or long-lasting alterations in CNS structure and function [133].

In addition, publication bias in reported efficacy of MPH possibly exists, while evidence of long-term
efficacy is lacking [126]. Possibly, part of the efficacy of the medication is a result of the extra attention
that has been given to the child or a placebo response. Furthermore, non-adherence to therapy is high
and parents are disinclined to use MPH [116, 134, 135], stating that “they are unwilling to accept the
premise that medication is the only viable treatment option for their child” [136]. Finally, until now, full
symptom reduction in ADHD patients is yet to be achieved and the burden of ADHD-associated
consequences, like effects on academic performance, has not been diminished. Other therapeutic

options are therefore warranted [116, 134, 137].
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PART 2

NUTRITION AND BEHAVIOUR

Not only medication, but also for instance various foods contain psychoactive substances. One example
is caffeine, a well-known stimulant found in e.g. coffee and tea. Mixed effects of caffeine on ADHD
symptoms have been found. As MPH and amphetamines are generally more effective, caffeine is not
basically recommended for ADHD [138-140]. Other examples are alcohol, affecting the prefrontal
cortex, and nicotine, acting as an indirect dopamine agonist and thereby improving attention and
arousal [141, 142]. However, as this thesis focusses on childhood ADHD, alcohol and nicotine will not

be discussed further.

The occurrence of adverse physical reactions to foods (e.g. eczema or gastrointestinal (Gl)
disturbances) in combination with the high comorbidity of aberrant behaviour and physical complaints,
stimulated speculations that foods might not only affect organs like the skin and Gl tract. Food might
also have an impact on the brain, resulting in behavioural effects, especially in (genetically) vulnerable
subjects. Based on these speculations, avoidance of offending foods could lead to a decrease of
symptoms [64, 143-145]. Next to adverse reactions to foods and food additives, altered levels of
specific micronutrients and essential fatty acids (EFAs) have also been described in children with ADHD
as compared to controls or as a risk factor for paediatric ADHD development and are therefore
implicated in behaviour [24, 144]. Various mechanisms could underlie behavioural responses to food,

like immunological mechanisms as well as direct effects on neurotransmitter systems [13, 64, 146].

Nutritional approaches could thus be important in controlling ADHD symptoms. However, this theory
remains controversial and clinicians do not attach great importance to environmental factors, such as
exposure to foods, in the diagnosis of ADHD [64, 145]. Nevertheless, research has been conducted
regarding alternative therapies for ADHD, including specific diets and food supplements (e.g. iron and

zinc).
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2.1 Micronutrients

The micronutrients discussed below are those hypothesised most frequently to be involved in ADHD,
though these associations do not appear driven solely by dietary micronutrient inadequacy [147].
Studies on specific micronutrients are scarce, so that overall insufficient evidence exists regarding
deficiencies or beneficial effects of supplementation, except for reduced ferritin, magnesium, vitamin
D and zinc levels [24, 145]. In addition, the variety of (micro)nutrients that appear to be involved in

ADHD illustrates that administration of multi-ingredient formulas might be more beneficial [148-150].

2.1.1 Calcium

Despite relatively small differences (2% on average), mean serum calcium levels were significantly
lower in paediatric ADHD patients than in healthy controls in two studies [151, 152]. Two other studies
however found no significant difference [153, 154]. Calcium not only plays a role in proper bone

formation and muscle contraction, but also in neurotransmitter release from neurons [155].

2.1.2 Copper

Plasma copper concentrations tended to be higher in ADHD patients than in controls, but this
difference was not statistically significant [106]. Copper is involved in catecholamine metabolism via
dopamine B-hydroxylase and MAO, with higher copper concentrations leading to lower dopamine

levels in rats [106, 156].

2.1.3 Iron

Serum ferritin levels were found to be significantly lower in paediatric ADHD patients than in control
subjects, with differences between 20 and 50% and abnormal levels (< 30 ng/ml) in e.g. 84% of children
with ADHD and 18% of controls [83, 152, 157-160]. Moreover, serum ferritin was found to inversely
correlate with ADHD symptom scores [161] and one study also found lower transferrin levels in ADHD
[162]. However, other studies including a large population-based study found no association between
peripheral ferritin concentrations and ADHD symptoms [163, 164]. In addition, though iron
supplementation improved attention and behaviour significantly in non-anaemic paediatric ADHD
patients with low serum ferritin levels [165], results of studies on iron supplementation in ADHD are
overall equivocal [108, 166-168]. Iron is involved in the structure and function of the CNS. It acts for
example as cofactor for tyrosine hydroxylase, the rate-limiting enzyme in dopamine synthesis and has
neuroprotective effects against lead exposure [24]. Moreover, iron deficiency was suggested to

decrease the effectiveness of psychostimulant treatment [166].

17



Chapter 1

2.1.4 Magnesium

Magnesium serum levels were found to be deficient in for example 33.6% of ADHD patients compared
to 15.8% of controls, and hair levels in 77.6% compared to 20.7% [152, 159, 169, 170]. One study
reported higher serum magnesium levels in patients as compared to controls [171]. Saliva and hair
levels of magnesium are reported to be lower in patients than in controls [169, 172]. Magnesium is

involved in e.g. synaptic signal transduction and blood flow [159, 172, 173].

2.1.5 Phosphorus

Mean serum phosphorus levels were significantly lower (on average 5%) in paediatric ADHD patients
than in healthy controls in two studies [151, 152], while two other studies found no significant
difference [153, 154]. Phosphorus is involved in bone formation, while phosphates (compounds

containing PO4*") are a component of DNA, ATP and phospholipids [155].

2.1.6 Vitamin A

Plasma levels of retinol and its precursor B-carotene were not significantly different between paediatric
ADHD patients and controls [174]. Vitamin A is essential for embryonic development, including the
heart and CNS. Inadequate vitamin A status during pregnancy was found to be involved in some

paediatric congenital abnormalities [175].

2.1.7 Vitamin B12

One study found lower serum vitamin B12 levels in child and adolescent ADHD patients as compared
to controls (371 + 156 pg/mlvs. 429 + 174 pg/ml, resp.). Significance was only assessed (and confirmed)
for the difference between ADHD patients, autism patients and controls [176]. Also called cobalamin,
this water-soluble vitamin has a key role in the synthesis of myelin and is involved as a cofactor in DNA

synthesis and fatty acid metabolism [177, 178].

2.1.8 Vitamin D

Inverse associations between umbilical cord [179] and maternally circulating vitamin D levels during
pregnancy [180, 181] and ADHD symptoms in their children were found, suggesting a protective effect
of prenatal vitamin D. Other studies however found no association between maternal vitamin D status
and ADHD in offspring, though this might be due to their low statistical power [182, 183]. Serum vitamin
D levels were significantly lower (about 30%) in paediatric ADHD patients compared to controls [151-

154, 159, 176, 184-188], with a deficiency in e.g. 73.9 % of patients and 51.4% of controls [184]. Lower
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sunlight exposure possibly causes this difference, as the prevalence of ADHD is lower in areas with a
higher solar intensity [184, 189]. However, other studies reported no significant association between
ADHD and vitamin D level [190, 191], though after adjustment for confounders, vitamin D levels
correlated significantly with attention deficit [191]. In addition, vitamin D supplementation in ADHD
patients with vitamin D deficiency caused improvements in inattention, hyperactivity and impulsivity
[188] and also lower serum vitamin D receptor levels have been observed [154]. A recent systematic
review supports the relation between vitamin D deficiency and ADHD, but overall effect sizes are small
[192]. Next to its effects on bone and muscle strength, this lipid soluble vitamin has a beneficial effect
on intestinal absorption of minerals, such as calcium and phosphorus, though conflicting results have
been published on both. In addition, it is a neurosteroid involved in neuronal differentiation and
catecholamine regulation, while it regulates Ca?* and redox signalling pathways which play key roles in

development [193-195].

2.1.9 Vitamin E

Significantly higher (x 30%) plasma a- and y-tocopherol levels were found in paediatric ADHD [174].

Vitamin E is essential for the development and maintenance of the human nervous system [196].

2.1.10 Zinc

ADHD patients displayed on average 10-40% lower zinc levels in serum, plasma, erythrocytes, hair,
urine and nails, possibly related to symptom severity [69, 83, 106, 159, 197-200]. One publication
mentions higher hair zinc levels in ADHD [201]. Zinc levels below the normal range were found in up to
30% of patients compared to 0-3% of controls [202, 203]. In animals, an association has been found
between zinc deficiency and aggressive behaviour, anxiety and low levels of attention [204]. Zinc
supplementation as monotherapy can be beneficial, though especially in case of deficiency, while in
combination with stimulant medication, zinc supplementation reduces the optimal medication dose
[145, 167, 205, 206]. Zinc is essential for CNS structure and function, including neuronal development,
blood-brain barrier (BBB) integrity and dopamine transport (i.e. the dopamine transporter is regulated

by Zn?*) [24, 106, 109]. Overall, zinc deficiency is associated with neurologic dysfunction [204].

2.2 Omega-3 fatty acids

Most research investigating the effect of nutrition on ADHD is undoubtly related to omega-3 (w-3) fatty

acids, polyunsaturated fatty acids (PUFAs) with a double bond at the third carbon-atom counted from
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the methyl end, which could be linked to ADHD because of their importance in brain development and
function, including neurotransmitter and cerebral vascular function [24, 207, 208]. Docosahexaenoic
acid (DHA; 22:6 w-3, Figure 1.4) is abundant in the brain, comprising up to 40% of fatty acids [209].
DHA is involved as a structural component for neuronal membranes and in nerve cell myelination [109,
210, 211]. DHA precursor eicosapentaenoic acid (EPA; 20:5 w-3) represents less than 1% of the fatty
acids in the brain [209]. EPA acts as a second messenger in neurotransmitter systems and is also a
precursor for eicosanoids. These substances are involved in the regulation of blood flow, ion channels,

synaptic transmission, apoptosis and many other biological processes [210].

A on B

o = = =

e = = = =

Figure 1.4. Structure of (A) eicosapentaenoic acid (EPA) and (B) docosahexaenoic acid (DHA).

w-3 fatty acids are considered essential fatty acids. Though EPA and DHA can be metabolised from a-
linolenic acid (ALA; 18:3 w-3), this is a limited and inefficient process. Dietary sources are thus crucial
[209]. Indeed, preclinical studies show that removing w-3 fatty acids from the diet results in abnormal
dopaminergic regulation and cognitive deficits, including impairments in attention and learning [209,

212].

Significantly lower plasma and membrane concentrations of PUFAs and especially of w-3 fatty acids
have been found in ADHD, suggesting that supplementation can reduce ADHD symptoms [174, 207-
209, 213]. For instance, a 30% lower concentration of w-3 fatty acids was found in erythrocyte
membrane phospholipids in patients versus controls [214]. Still, another study found that EFA status
was unchanged in ADHD [174]. Nevertheless, despite consumption of similar amounts of w-3 and w-6
PUFAs, a higher ratio of w-6/w-3 PUFAs (arachidonic acid (AA)/EPA) has been observed in patients
compared to controls (e.g. pooled mean difference for the w-6/w-3 ratio between children and youth
with ADHD and controls of 1.97) [207, 215, 216]. Therefore, altered PUFA metabolism was suggested
in ADHD. Indeed, an association between the fatty acid desaturase 2 (FADS2) gene and ADHD has been
described, indicating an impairment in fatty acid metabolism [145, 217]. In addition, low w-3 PUFA
levels were associated with decreased plasma levels of magnesium and zinc, which are cofactors in the

desaturase enzymes for the conversion of ALA to EPA and DHA [174].

Despite numerous studies, evidence on a potential beneficial effect of w-3 supplementation on ADHD
is limited. Multiple reviews and meta-analyses report small, beneficial effects of w-3 PUFAs (sometimes

in combination with w-6 PUFAs) on inattention, hyperactivity, cognition and/or ADHD overall [167, 213,
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218-221], but others do not support a therapeutic effect [145, 168, 208, 219, 222, 223]. A meta-
regression analysis including 18 studies with over 1500 participants found effects on inattention, but
not on hyperactivity or impulsivity [209, 224]. In addition, especially the duration and composition of
supplementation appear of influence on the behavioural effect, with EPA doses of at least 500 mg/day
or the combination of w-3 with w-6 PUFAs (y-linolenic acid (GLA; 18:3 w-6) and EPA, possibly with
antioxidants like vitamin C or E) generating the most promising results [24, 28, 213, 224-226]. Trials
with only DHA or an intervention period of less than three months are less effective [167]. Possibly, w-
3 PUFAs are more effective in case of learning problems than in case of ADHD [227]. Future research
should address weaknesses in this area, including small sample sizes, variability of selection criteria,
supplementation type and dosage, potentially active placebos and short follow-up periods [208, 224].

Finally, evidence of publication bias limits the generalisability of these findings [224].

2.3 Food additives

Besides dietary supplementation, eliminating certain foods or food components has potentially
beneficial outcomes in ADHD. Though results have been inconsistent and studies have various
limitations (e.g. imperfect blinding and non-standardised outcome measures), a meta-analysis of
double-blind placebo-controlled trials supports that artificial food colours (AFC) promote hyperactivity
in hyperactive children [228], though the extent of the exacerbation varies between patients [229-231].
A population-based study on AFC and sodium benzoate (a preservative) including 277 3-year-olds
indeed found a substantial effect on hyperactivity, but independent of pre-existing hyperactivity or
atopy. It was not determined whether the AFC, preservative, or both engendered the effect [232].
Nevertheless, there is enough evidence to support that a subgroup of children with ADHD (about 10%)
can improve on a diet free of the preservative sodium benzoate (E211) and the AFC tartrazine (E102),
quinoline yellow (E104), sunset yellow (E110), carmoisine (E122), ponceau 4R (E124) and allura red
(E129) (Figure 1.5) [230, 233]. In addition, the European Parliament decided (ordinance 1333/2008)
that if a food product contains one or more of the mentioned AFC, labelling must include the statement

that it ‘may have an adverse effect on activity and attention in children’ [144, 234, 235].

Both dose-response effects and effects on a general population were observed [232, 236]. Histamine
is involved as an intermediate, as the central histamine H3 receptor is involved in hyperactivity and
dopamine release in the frontal cortex, as polymorphisms in the histamine N-methyl transferase
(HNMT) gene, impairing histamine clearance, were found to affect the behavioural responses to food

additives, and as a food additive challenge causes non-IgE-dependent histamine release from
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circulating basophils [229]. In addition, food colourings can alter concentrations of micronutrients, for
example causing zinc deficiency in extreme cases, which has been linked to ADHD (see Chapter 1,
2.1.10) [72, 109]. However, it thus appears that food additives may cause behavioural effects in a

general population of children, rather than specifically in ADHD patients [232, 236].
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Figure 1.5. Chemical structure of (A) sodium benzoate (E211), (B) tartrazine (E102), (C) quinoline yellow
(E104), (D) sunset yellow (E110), (E) carmoisine (E122), (F) ponceau 4R (E124) and (G) allura red (E129).

2.4 Food allergy and intolerance

A large variety of foods and food components can provoke or exacerbate behavioural responses,
though not every child responds to the same products in a similar manner [143, 144, 231, 237-239]. A
diet excluding not all provoking foods might have limited or no effect. This is possibly the reason why
specifically adapted diets (e.g. Feingold or gluten-free diet) generally lack statistically significant results

[237, 240, 241].

The few foods diet, also known as oligoantigenic or restricted elimination diet (RED), aims to eliminate
all provoking foods from the diet. This diet is supported by the theory that hyperactivity can be (caused
by) a food allergy, at least in some children [48, 242]. A few double-blind studies evaluated the effect
of such dietary restrictions, eliminating a wide range of foods including for instance cow’s milk,
chocolate and wheat [237]. Though characterised by small participant groups, they show a significant
benefit in a subgroup of ADHD patients [143, 144, 231, 237-239]. Depending on the extensiveness and
duration of the elimination and population characteristics, 24-82% of subjects achieved significant
improvements upon a RED diet [237, 238], with a large effect size of 0.80 found in a meta-analysis of

five double-blind placebo-controlled RED studies [47, 48, 237-239, 242].

Though diagnosing food sensitivity is complex, a 2 to 3 week individually constructed RED seems

justified in selected patients who are willing to make the effort [143, 145]. In 2001, RED was included
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in a basic treatment plan for ADHD in the UK, at least for cases with an indication of dietary involvement
[243]. still, diet is generally not considered part of ADHD therapy and RED remains a controversial

dietary intervention [18, 24, 28, 36, 134, 143-145].
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PART 3

OXIDATIVE STRESS AND IMMUNITY IN ADHD

3.1 Oxidative stress

Reactive oxygen species (ROS) are oxygen-derived radicals and non-radicals that are oxidising agents
and/or easily converted into radicals [244]. Similarly, reactive nitrogen species (RNS) are derived from
nitrogen. Different mechanisms generate ROS and RNS in vivo. Mitochondria are the most important
source of ROS, generated during energy production, but also enzymatic mechanisms, exposure to
ultraviolet (UV)-radiation, pollutants, cigarette smoke and the immune system contribute substantially.
Low levels of ROS are involved in regulating gene expression and signalling pathways, among other
functions, and are therefore required for normal cellular function. However, as radicals are highly
reactive molecules which can damage carbohydrates, nucleic acids, lipids and proteins and thereby

alter their functions, an excess of ROS can damage cells [245-248].

Multiple mechanisms exist to reduce ROS accumulation. First, intracellular ROS formation is prevented
by creating a high oxygen gradient between intracellular and extracellular compartments. In addition,
free radicals can be detoxified by non-enzymatic and enzymatic antioxidants [249]. Other mechanisms
exist to repair, in a direct and indirect way, oxidative damage to cellular structures. During direct repair,
specific enzymes reduce oxidised products, such as proteins. During indirect repair, the damaged part

is recognised and eliminated [250].

The shift in the balance between oxidants and antioxidant mechanisms in favour of oxidants is termed
“oxidative stress”. High levels of oxidative stress can generate damage to e.g. lipids, proteins and DNA,
thereby for example altering signal transduction and gene expression, inhibiting protein function and
promoting cell death [251, 252]. More specifically, oxidative stress can impair neuronal proliferation
and mediate apoptosis, and therefore lead to progressive neuronal damage and deterioration of
normal cerebral functions [63, 72, 253, 254]. Biomarkers of oxidative damage are more reflective of
the actual oxidative stress situation compared to antioxidant levels, since even relative high antioxidant
levels can still be too low to balance high oxidant levels. In addition, due to their reactivity and thus

short lifetime, measurement of ROS themselves is not feasible in vivo [108].
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3.1.1 Indications from other psychiatric disorders

Numerous studies have indicated increased oxidative stress in various psychiatric disorders, like autism
[255], obsessive-compulsive disorder (OCD) [256], depression [257], bipolar disorder and schizophrenia
[258], and point at the potential use of antioxidants as therapeutic agent. For example, the antioxidant
enzymes superoxide dismutase (SOD) and glutathione peroxidase (GPx), and malondialdehyde (MDA),
a biomarker of lipid peroxidation, seem implicated in the pathogenesis of schizophrenia. SOD is a class
of enzymes neutralising the unstable O, to the more stable H,0,, releasing O,. GPx, a selenium-
dependent enzyme, catalyses the reduction of H,0; and peroxides (ROOH) resp. to water and alcohols
(ROH), while converting GSH into GSSG [259]. In addition, patients with OCD had significantly higher
MDA levels and lower antioxidant enzyme activities [249], while antidepressant treatment in panic
disorder decreased xanthine oxidase (XO) levels, a ROS generating enzyme and important source of
free radicals, and increased SOD activity [249, 260]. Plasma levels of reduced glutathione (GSH), the
major intracellular antioxidant, were significantly lower in autism patients than in controls, as were
cysteine and cysteinylglycine, metabolic precursors of GSH, suggesting insufficient GSH synthesis. In
addition, levels of glutathione disulphide (GSSG, oxidised glutathione) were increased [261, 262]. Like
ADHD, autism is a complex neurodevelopmental disorder with a strong genetic component in which a
defective dopamine neurotransmission plays a role. ADHD and autism co-occur with a high frequency

[46, 263, 264].

3.1.2 Oxidants and oxidative damage in ADHD

Various studies point at elevated levels of oxidative damage in ADHD (Table 1.2). Methodological

differences might underlie contradictive results [85, 174, 264].

For instance, increased lipid peroxidation in ADHD is evidenced by raised urinary acrolein-lysine levels
as well as by exhaled ethane levels, a marker of PUFA oxidation [265, 266]. Results on MDA are
inconsistent, with higher plasma levels [264] as well as lower plasma and serum levels in paediatric
ADHD patients as compared to controls [85, 174]. MDA levels did not correlate with ADHD subtype
[264]. Total deoxyribonucleic acid (DNA) damage in ADHD as compared to controls was increased as
determined by the concentration of 8-oxo-7,8-dihydroguanine (8-oxoG, the oxidised product of a free
guanine base) in lymphocytes, [267-269], but reduced as determined by the concentration of 8-
hydroxy-2’-deoxyguanosine (8-OHdG, the oxidised product of deoxyguanosine) in serum [85]. No
significant differences are reported regarding protein oxidation end-products as measured by levels of

exhaled butane [266].
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Table 1.2. Levels of oxidative stress markers in ADHD patients as compared to controls.

Marker Sample Compared Paper Number of Mean age of
to control participants participants (years)
8-OHdG Serum NE [85] A=30,C=30 A=87,C=91
8-0x0G Lymphocytes ™ [267] A=61,C=56 11.5
Acrolein-lysine Urine ™ [265] A=10,C=73 A=11,C=10
AOPP Plasma = [85] A=30,C=30 A=87,C=91
Butane Exhaled air = [266] A=10,C=12 A=10.3,C=10.8
Ethane Exhaled air ™ [266] A=10,C=12 A=10.3,C=10.8
Plasma ™ [264] A=35,C=35 A=10.0,C=10.2
MDA Serum NE [85] A=30,C=30 A=87,C=91
Plasma N [174] A=37,C=35 A=9.0,C=55
Plasma ™ [264] A=35,C=35 A=10.0,C=10.2
NO Plasma = [270] A=45,C=45 A=9.2,C=92
Serum N [271] A=30,C=51 9
NOS Serum ™ [63] A=35,C=35 A=10.0,C=10.2
Plasma ™ [70] A=56,C=62 A=93,C=97
OSlI Plasma ™ [253] A=48,C=24 A=9.9,C=10.0
Serum ™ [272] A=76,C=78 A=112,C=12.2
Plasma ™ [70] A=56,C=62 A=93,C=97
TOS Plasma ™ [253] A=48,C=24 A=9.9,C=10.0
Serum ™ [272] A=76,C=78 A=112,C=12.2
X0 Serum ™ [63] A=35,C=35 A=10.0,C=10.2

/N increased as compared to controls; |, : decreased as compared to controls; =: no difference as compared to

controls; 8-OHdG: 8-hydroxy-2’-deoxyguanosine; 8-oxoG: 8-oxo-7,8-dihydroguanine; A: ADHD; AOPP: advanced

oxidation protein products; C: controls; MDA: malondialdehyde; NO: nitric oxide; NOS: nitric oxide synthase; OSI:
oxidative stress index; TOS: total oxidant status; XO: xanthine oxidase.

Higher serum XO activity was observed in paediatric ADHD patients, though not related to ADHD
subtype [63]. In addition, NO levels and nitric oxide synthase (NOS) activity were higher in ADHD
patients than in controls, but while NOS activity was positively correlated with teacher hyperactivity
ratings, ADHD subtype did not correlate with NO level or NOS activity [63, 264]. NOS inhibitor treatment
improved rat hyperactivity and inattention [273]. However, also reduced NO levels as well as no
difference have been reported [270, 271]. NO is a vasodilator and is also implicated in various
physiological functions such as norepinephrine and dopamine release, memory and learning [274-276].

However, as a ROS, it can damage a wide range of biological molecules [63, 271].

Finally, higher total oxidant status (TOS, representing the cumulative effect of all oxidants present in the

investigated sample) and oxidative stress index (OSl) were found in ADHD [70, 253, 272].
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3.1.3 Antioxidants in ADHD

Plasma and saliva activity levels of the antioxidant enzymes glutathione-S-transferase (GST), GPx, SOD
and catalase (CAT) were significantly lower in children and adolescents with ADHD as compared to
controls (Table 1.3), indicating lower antioxidant activity [63, 158, 264, 277, 278]. Still, though GPx
activity levels were higher in patients with no family history of ADHD [264], antioxidant enzyme activity
overall did not correlate with ADHD subtype [63, 264]. Other studies however reported higher GST
activity in ADHD [279] and no significant differences in SOD and CAT activity [264, 279]. Significant
associations were observed between specific GST polymorphisms and ADHD subtypes, but not with
overall ADHD incidence [280]. GST conjugates GSH with xenobiotic substrates or toxic endogenous
compounds (e.g. reactive peroxidised lipids) [158]. CAT is a haem containing intracellular enzyme
present in all aerobic cells, catalysing the breakdown of H,0, to water and oxygen [259]. Evidence
concerning thiol levels is conflicting, as lower, equal and higher levels in the plasma and serum of ADHD
patients have been reported as compared to controls [70, 85], and higher in saliva [172]. Moreover,
urinary epinephrine and norepinephrine concentrations were not only found to correlate positively
with the degree of hyperactivity of ADHD children, but also with plasma GSSG levels [82]. Other studies
found no differences regarding selenium, caeruloplasmin, retinol and B-carotene levels between
patients and controls [106, 172, 174], or even higher plasma a- and y-tocopherol levels in ADHD
patients [174]. The hydroxyl group on the chromanol ring of tocopherols is responsible for their
effective antioxidant action [281]. In a lipophilic environment and especially in cell membranes, vitamin
E works as a chain breaking antioxidant, preventing the propagation of free radical damage by
scavenging peroxyl radicals, forming a lipid hydroperoxide and tocopheroxy! radical. It is the principal

membrane antioxidant in mammalian cells, guaranteeing cell membrane integrity [281-283].

Finally, though several studies report a lower total antioxidant status (TAS, representing the cumulative
effect of all antioxidants present in the investigated sample) in paediatric ADHD as compared to
reference values [267] and as compared to controls [253, 272, 278], also higher TAS and no difference
have been reported [70, 279]. Moreover, one study reported statistically significant decreased salivary
antioxidant activity (AOA) only in the combined and the hyperactive-impulsive ADHD subtypes as

compared to normal subjects [278].

It should be mentioned that higher antioxidant levels might be attributed to a reactive increase to
protect against more oxidative stress [70, 85, 158, 264]. Again, methodological differences might

underlie contradictive results, e.g. analytical methods, participant selection criteria or analysed matrix.
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Table 1.3. Levels of antioxidants or activity of antioxidant enzymes in ADHD patients as compared to

controls.
Marker Sample Compared Paper Number of Mean age of
to control participants participants (years)
AQCA Saliva = [278] A=47,C=35 A=8.7,C=9.0
B-carotene Plasma = [174] A=37,C=35 A=9.0,C=85
Plasma = [279] A=40,C=35 A=10.3,C=99
CAT Plasma = [264] A=35,C=35 A=10.0,C=10.2
Plasma NE [158] A=30,C=30 A=74,C=75
Saliva N [278] A=32,C=35 A=9.0,C=87
Caeruloplasmin Saliva = [172] A=20,C=20 A=9,C=9
GPx Plasma NE [264] A=35,C=35 A=10.0,C=10.2
Plasma NE [158] A=30,C=30 A=74,C=75
Plasma ™ [279] A=40,C=35 A=103,C=99
GST Serum N [63] A=35C=35 A=10.0,C=10.2
Plasma NE [158] A=30,C=30 A=74,C=75
Retinol Plasma = [174] A=37,C=35 A=9.0,C=85
Selenium Plasma = [106] A=58,C=50 A=94,C=89
Plasma = [264] A=35,C=35 A=10.0,C=10.2
SOD Plasma NE [158] A=30,C=30 A=74,C=75
Serum NE [277] A=22,C=20 A=10.2,C=12.8
Plasma ™ [279] A=40,C=35 A=10.3,C=99
Plasma NE [267] A=61,C=62 115
TAS Plasma = [70] A=56,C=62 A=93,C=9.7
Saliva NE [278] A=32,C=35 A=9.0,C=87
Serum NE [272] A=76,C=78 A=112,C=122
Saliva ™ [172] A=20,C=20 A=9,C=9
Thiols Serum ™ [284] A=90,C=65 A=10.3,C=109
Plasma NE [70] A=56,C=62 A=93,C=97
Serum = [85] A=30,C=30 A=8.7,C=9.1
Tocopherol Plasma ™ [174] A=37,C=35 A=9.0,C=85

/N increased as compared to controls; |, : decreased as compared to controls; =: no difference as compared to

controls; A: ADHD; AOA: antioxidant activity; C: controls; CAT: catalase; GPx: glutathione peroxidase; GST:

glutathione-S-transferase; SOD: superoxide dismutase; TAS: total antioxidant status.

3.1.4 ADHD therapy

MPH seems to protect against in vitro oxidative DNA and lipid damage and hypoxia-induced
mitochondrial damage [285, 286]. However, acute MPH treatment of young rats decreased SOD
activity in the cerebral prefrontal cortex and increased it in the cerebral cortex, while CAT activity
decreased in hippocampus. With chronic treatment however, SOD activity increased in the
hippocampus and cerebral cortex and decreased in the striatum, while GPx activity was not affected

[287]. In juvenile rats, chronic MPH treatment decreased non-enzymatic plasma antioxidant level and
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increased plasma SOD and CAT activities [288], but did not affect superoxide level in submitochondrial
particles [289], while a dose-dependent increase in protein carbonyls was observed in specific brain
regions [290]. In addition, chronic MPH administration resulted in overall increased activity of
mitochondrial enzymes in the brain of young rats, more adenosine triphosphate (ATP) production and
thus oxygen consumption, and accordingly, can lead to higher ROS production [291]. Despite being
neuroprotective by preventing excessive dopamine accumulation, MPH thus potentially even increases
oxidative stress [70, 120, 292]. The effect of MPH on oxidative stress markers however, based on rat
studies, depends on the subject’s age (e.g. juvenile vs. adult rats), as well as the dose (1 vs. 10 mg/kg
MPH) and duration (acute vs. chronic exposure) of treatment [287, 289-291]. For instance, in case of

acute exposure, only the MPH highest dose (10 mg/kg) increased hippocampal lipid peroxidation [290].

It is unclear whether results from rats can be extrapolated to humans. In fact, blood TAS levels from
child and adolescent ADHD patients were significantly higher after a 12-week MPH treatment than pre-

treatment, accompanied by a significantly lower post-treatment OSI value [70].

3.1.5 Environmental factors, nutrition and micronutrient status

Several environmental, nutritional and micronutrient factors that have been related to ADHD possibly
involve oxidative stress in their mechanism of action increasing ADHD risk [104, 109, 158, 293]. Prenatal
tobacco smoke exposure and western dietary habits are for example associated with oxidative stress
[63, 294]. In addition, lead interferes with the recycling of GSSG to GSH by GSH reductase (GR), thereby
depleting cellular GSH [295].

Other examples include lower ferritin, magnesium and zinc levels in ADHD [69, 83, 106, 157, 158, 169,
172, 197, 202, 203]. Ferritin, an intracellular protein, stores iron and regulates its release, thereby
limiting the amount of free iron that can produce oxidative radicals [108, 296]. As lower ferritin levels
imply less iron regulation, it possibly indicates more oxidative stress rather than iron deficiency [108,
157]. Magnesium is required in enzyme systems protecting against oxidative damage, such as 8-oxoG

endonuclease [172, 173]. Zinc is a cofactor in antioxidant defence systems, like CuZn-SOD [295, 297].

Besides, also EPA and DHA have specific antioxidant activities [298, 299]. For example, DHA
supplementation significantly increased CAT, GSH and GPx levels in the cerebrum of rats [298].
Moreover, EPA or DHA supplementation significantly decreased urinary F2-isoprostanes, a measure of
lipid peroxidation, in type 2 diabetic subjects [299]. Supplementation with 635 mg EPA and 195 mg
DHA per day for eight weeks, as compared to olive oil, significantly increased SOD and GR (but not CAT)

29



Chapter 1

activity in paediatric ADHD patients [300]. Moreover, also polyphenols (see Chapter 1, 4.1) are well-

known for their antioxidant capacity [301].

Also a link between oxidative stress and food additives has been found [72, 109]. For example, artificial
food colours and flavours reduced blood and liver concentrations of GSH, GST and SOD in rats.
Moreover, also by altering concentrations of micronutrients, including essential cofactors for
antioxidant enzymes, food additives could influence the development or expression of ADHD through

effects on oxidative stress [72].

3.1.6 Oxidative imbalance?

Results regarding oxidative damage and antioxidant status in ADHD are equivocal. Studies overall had
their limitations, like a limited number of biomarkers analysed and a small sample size. Nevertheless, it
is interesting that not only more oxidative damage was observed in various studies, but also reduced
antioxidant levels or antioxidant enzyme activity, pointing at a coping defect, i.e. the inability to increase
antioxidant defence in case of increased oxidative stress [108, 302]. A recent meta-analysis, though
preliminary due to the small number of studies, concluded that ADHD patients are not characterised
by deficient antioxidant production, but by insufficient response to oxidative stress, leading to oxidative
damage [108]. Association with specific ADHD symptoms seems to depend on the biomarker analysed
[63, 197, 204, 264, 302-304]. Interestingly, subcortical volumetric reductions in ADHD can be partly

explained by increased vulnerability to oxidative stress [75].

3.2 Immunity

The immune system is a network of cells, tissues and organs, defending the body against bacteria,
viruses, parasites and toxins, and repairing damaged tissue. Moreover, it plays a role in the overall

homeostasis of the body [305].

The immune system in vertebrates is subdivided into the innate and adaptive immune system [306,
307]. Innate immunity is the first line of immune defence, providing immediate but less specific
responses based on general molecular recognition mechanisms to detect microbes, but also includes
epithelial barriers, antimicrobial substances, complement proteins and cytokines. Innate immunity can
activate the adaptive response [306, 307]. Cells providing the innate immune response are mainly
neutrophils, monocytes, macrophages, dendritic cells (DCs) and natural killer (NK) cells. Adaptive

immunity gives highly specific responses to epitopes of both microbial and non-microbial substances
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and develops a memory, so that faster and stronger responses to later challenges can be mounted
[308, 309]. The main components of adaptive immunity are lymphocytes, effector cells and their
secreted products. Adaptive immunity comprises both cell-mediated and humoral immunity (Figure

1.6), which function to eliminate different types of microbes [310].
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Figure 1.6. Types of adaptive immunity [309].

Moreover, intestinal microbiota provide protection against pathogens, strengthen the intestinal barrier
and guide induction, maturation and function of the immune response [311-313]. Gut microbiota not
only affect local but also systemic immune responses, well beyond mucosal tissues and in organs distal

from the intestine [311, 314, 315].

Since the 1980s, potential immune involvement in ADHD has been suspected due to the increased
prevalence of allergic diseases in ADHD patients. It has been hypothesised that allergic reactions cause
an imbalance in CNS cholinergic and adrenergic activity and thereby lead to ADHD symptoms in a
subgroup of children [316, 317]. Also in recent years, there has been an interest in the potential role
of atopy and (allergic) immunopathology in ADHD, with indications of chronic immune-mediated

neurologic inflammation, probably requiring a predisposing genetic background [318-321].

3.2.1 Indications from other psychiatric disorders

A disrupted immune balance and inflammation have been indicated in various psychiatric disorders,
like autism [322, 323], schizophrenia [324], bipolar disorder [325] and depression [326]. For example
in autism, a pro-inflammatory cytokine profile of the cerebrospinal fluid (CSF) was observed, indicating
innate neuroimmune reactions [322]. In addition, specific auto-lgs are linked to several
neuropsychiatric disorders, while patients with autoimmune diseases have a higher prevalence of

psychiatric symptoms [327, 328]. Moreover, knowledge on the effect of microbiota on brain and

31



Chapter 1

behaviour is growing [311, 329, 330]. Germ-free mice for instance display alterations in central

neurochemistry and behaviour, while probiotics alleviated autism-like symptoms (Figure 1.7) [331].

probiotic treatment of mice with autism features

alters the composition
of the gut microbiota

improves epithelial
barrier integrity

reduces leakage of
particular Gl metabolites

restores serum metabolites

ameliorates specific autism-related behavioral abnormalities

Figure 17 Mechanism of probiotic effect on autism in mice [332].

3.2.2 Genetics

Like asthma and other (atopic) diseases, ADHD is highly hereditary [28, 64]. Not only polymorphisms in
specific genes related to dopamine and norepinephrine regulation are involved, but also related to
histamine (Figure 1.8) [64]. For example, polymorphisms in the HNMT gene, impairing histamine

clearance, were found to affect behavioural responses to food additives (see Chapter 1, 2.3) [229].

Figure 1.8. Structure of histamine.

Moreover, mice with a reduced expression of SNAP-25 presented ADHD-like symptoms and associated
striatal dopamine deficiency [87]. SNAP-25, a presynaptic plasma membrane protein highly expressed
in the nervous system, is important in the regulation of neurotransmitter release and is suggested to
be involved in histamine release from mast cells [71, 333]. In addition, signal transducer and activator
of transcription 6 (STAT6)-deficient mice exhibited increased locomotor activity and decreased
expression of striatal dopamine transporter. STAT6 is a transcription factor stimulated by certain
cytokines like interleukin (IL)-4 and is important for immune regulation and brain development [309,
334]. Moreover, major histocompatibility complex (MHC)-linked genes appear to play a role in ADHD,
based on significant correlations between ADHD and specific genes which are involved in autoimmune

diseases like arthritis and type | diabetes [335, 336]. Also, an association between polymorphisms of
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the IL-1 receptor antagonist gene and ADHD was found. IL-1 in the brain is involved in the
differentiation of dopamine neurons [337]. Finally, based on gene expression profiles, subcortical
volumetric reductions in ADHD can be partly explained by increased vulnerability of these regions to

apoptosis and autophagy [75].

3.2.3 Perinatal influences

Medical conditions of the mother (e.g. obesity, asthma and specific autoimmune diseases like multiple
sclerosis; Figure 1.9), season of birth (possibly related to maternal respiratory infections in early
pregnancy) and maternal inflammation caused by for example an allergic disorder are associated with
ADHD in the offspring [39, 91, 98]. In addition, prenatal exposure to viral infections leading to altered
dopaminergic development (e.g. measles, rubella or influenza) has also been implicated as a risk factor
for neurodevelopmental disorders [39]. This implies that specific maternal immune components might
be involved in ADHD aetiology [39, 91]. Moreover, supplementation with probiotics (e.g. Lactobacillus
rhamnosus GG) during the first months of life may reduce the risk of ADHD development later in

childhood [338].
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Figure 1.9. Adjusted odds ratios (and 95% confidence intervals) between maternal diseases and ADHD in
female (white circles) and male (black circles) offspring [39].

3.2.4 Comorbidities

ADHD has a high comorbidity with both Ty1- and Ty2-mediated disorders and thus with inflammation
[32, 339-341]. However, while acute inflammation marks an activated immune defence against
infections, chronic (and often low-grade) inflammation appears typical for ADHD. As compared to
controls, ADHD patients for example have a higher incidence of stomach aches and ear infections (Ty1-
mediated) [341], as well as of asthma and atopic eczema (Ty2-mediated) [32, 340, 342, 343]. Still, a
possible relation between ADHD and streptococcal infection or otitis media require further

confirmation [339, 344-346].
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The association between atopic diseases (eczema, asthma and rhinitis) and ADHD has been subject of
controversy, though a number of studies reported significant associations [64, 347, 348]. For example,
a population-based study observed a higher prevalence of allergic diseases (asthma, rhinitis, atopic
dermatitis and urticaria) in ADHD, independent of environmental or lifestyle factors [317, 349, 350].
Other studies reported that paediatric patients with an allergic disorder had a significantly increased
risk of ADHD or mental health problems [32, 342, 350-353]. For example, in patients with atopic
dermatitis as compared to controls, a significantly higher prevalence of ADHD-related symptoms was
found, such as attention problems and impulsivity [32, 354-356]. The association between ADHD and
asthma is less clear: though various studies found a positive association, the majority did not correct
for comorbidity with eczema [52, 357-359]. Nevertheless, a common pathophysiological mechanism
was suggested to underlie asthma and ADHD [64]. The association between rhinitis and ADHD is
equivocal [348, 357], though pollen caused neurobehavioral regression in ADHD patients [360]. In
addition, atopic subjects responded more often with ADHD-like symptoms to foods and artificial food
dyes and/or preservatives, pointing towards allergic hypersensitivity [242]. Immunological recognition
of foods provoking ADHD-like symptoms, rather than a direct biochemical or pharmacological pathway,
was also suggested based on the diversity of agents causing a similar response in different children
[145, 361]. Still, several studies found no association between ADHD and allergy [49, 362, 363]. In
addition, the "chicken or egg" debate on the relationship between psychological problems and allergic
diseases is ongoing [364-366]. It might however be no coincidence that ADHD often remits with age
[28], as atopic diseases frequently remit spontaneously after several years [367]. Nevertheless, though
these hypersensitivities appear to involve components of the immune system, they were independent
of a family history of atopy and lifestyle factors such as breastfeeding and early day care exposure [52,

64, 341, 351, 353, 357].

Autoimmunity could be related to ADHD as well. For example, despite an overall low comorbidity
between autoimmune diseases and ADHD, a higher prevalence of ankylosing spondylitis, ulcerative
colitis and thyroid disease was found in ADHD [317]. Results on antiganglia antibodies in ADHD are
equivocal [19, 52, 143, 344, 357, 368, 369].

3.2.5 Immune analyses

ADHD patients are reported to have a CSF cytokine profile intermediate to that of patients with OCD
(characterised by a skewing to Ty1-mediated cytokines) and schizophrenics (skewing to Ty2-mediated
cytokines) [370]. In addition, serum levels of interferon (IFN)-y and IL-13 were significantly higher in

ADHD patients than in controls. Levels of IL-2, IL-6, IL-10 and IL-16 were non-significantly increased,
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while IL-1B showed a non-significant decrease and tumour necrosis factor (TNF)-a levels were clearly
similar in both groups. The slightly altered levels of all cytokines were normalised by medication. The
TNF-a/IFN-y ratio was lower in ADHD than in control children and increased by ADHD medication,
although overall no dysfunction in pro- and anti-inflammatory cytokine balance was found [320].
Moreover, elevated levels of circulating inflammatory markers like IL-6 in premature babies are

associated with inattention at the age of two [371].

Plasma levels of the C4b complement protein, important in the defence against viral and bacterial
infections, were decreased in ADHD patients [372]. As compared to controls, patients also had
increased activity of adenosine deaminase, an enzyme involved in T cell maturation and function and
thus a marker of cellular immunity [63]. Furthermore, antibodies against glutamic acid decarboxylase
(GADG65, important for inhibitory neurotransmission) have been detected in the serum of ADHD
patients, as well as reactions of serum antibodies with DAT and with cells in the cerebellum and basal
ganglia, suggesting direct effects on brain function, despite discussion [344, 373, 374]. One study found
an association between ADHD and positive skin prick test results to common aeroallergens [363], but
this was countered by others [19, 375]. In addition, IgE nor IgG levels were related to behavioural
improvement by dietary restriction [143]. IgE is involved in immunity against parasites as well as allergy
via mast cell degranulation, causing immediate hypersensitivity. 1gG is the most common antibody
isotype with multiple subclasses and different effector functions: IgG; and IgG; opsonise and thereby
promote phagocytosis, 1gG, activates the complement system and stimulates NK cells and functions of

lgG, are related to those of IgE [309].

Converging evidence suggests that the gut microbiome is altered in ADHD, with a decreased microbial
diversity and altered composition [376]. For instance, in ADHD patients versus controls, increases in
the genus Bifidobacterium were found, associated with an increased metabolic function of
cyclohexadienyl dehydratase. This enzyme is involved phenylalanine synthesis, an essential amino acid
and dopamine precursor [377-379]. Other studies found a decrease in Faecalibacterium in treatment-
naive children with ADHD as compared to controls [380] and elevated levels of Bacteroidaceae [376].
Faecalibacterium is known for its anti-inflammatory effects and low levels have also been associated
with a Western-type diet and atopic disorders [380], while Bacteroidetes generally support immunity
and neurochemistry by generating essential vitamins and cofactors [376]. Finally, supplementation
with Lactobacillus rhamnosus GG during the first months of life may reduce the risk of ADHD
development later in childhood [338]. It was suggested that microbial changes in ADHD are unrelated

to caesarean delivery or antibiotic use [381]. Commensal microbiota play a crucial role in the
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development of intestinal immunity, e.g. via the induction of regulatory T cells (Tgegs) [65, 382], but also
in CNS development and function [380, 383]. Moreover, gut microbiota are involved in susceptibility

to allergies [384, 385].

3.2.6 Environmental factors, nutrition and micronutrient status

Several environmental, nutritional and micronutrient factors that have been related to ADHD, could
influence the development or expression of this disorder through effects on immune regulation [104,
109]. Smoking (which is also related to asthma development) and western dietary habits are for
example associated with inflammation [63, 340, 386]. Moreover, food colourings are associated with
immune reactivity. Especially tartrazine has been reported to be a trigger for asthma and urticarial
attacks [72, 387]. Furthermore, (maternal) obesity causes low-grade chronic inflammation, due to

cytokine production (e.g. IL-6 and TNF-a) by adipocytes [388].

Other examples include lower vitamin D and zinc levels in ADHD [69, 83, 106, 153, 184, 185, 197, 202,
203], since both are involved in immune responsivity, e.g. in T cell activation [194, 389]. In addition,
vitamin D status affects microbial development and function [313]. Besides, w-3 fatty acids exert anti-
inflammatory effects by inducing apoptosis in Tyl cells, promoting Tu2 effector cell differentiation and
enhancing Treg development [390, 391]. A high intake of w-3 PUFAs has been shown to decrease the
production of pro-inflammatory mediators and facilitate anti-inflammatory processes, leading to
neuroprotective effects [209, 392-395]. For example, supplementation with 3.1-8.4 g EPA+DHA/day
decreases ROS production by stimulated human neutrophils by 30-55%, while 1.5 g EPA+DHA/d
lowered intercellular adhesion molecule (ICAM)-1 expression on stimulated human blood monocytes
[392]. Fish oil supplementation providing 2g EPA+DHA/d in healthy humans decreased the production
of TNF, IL-1, and IL-6. Supplementation with 635 mg EPA and 195 mg DHA per day for eight weeks, as
compared to olive oil, significantly decreased C-reactive protein (CRP) and IL-6 levels in paediatric
ADHD patients [300]. w-3 PUFAs exert these effects via direct (e.g. replacing AA and inhibiting its
metabolism, and by giving rise to resolvins, a family of anti-inflammatory mediators) and indirect
actions (e.g. downregulating the activity of nuclear factor-kB (NF-kB) and thereby altering the
expression of inflammatory genes) [392, 396]. For instance, EPA is a precursor of eicosanoids, which
have anti-inflammatory, antithrombotic and vasodilation properties, but which can also modulate

neurotransmitter uptake, synaptic transmission and apoptosis [24, 210].

In addition, breastfeeding stimulates infant immune development and protects for instance against

future development of allergic diseases [397-399].
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3.2.7 Immune imbalance?

Three mechanisms were hypothesised to explain the association between atopic eczema and ADHD:
1. eczema influences ADHD development by elevated cytokine levels or by stress, raising
glucocorticoid levels, as both can interfere with brain development and neurotransmitter systems;
2. ADHD increases stress levels, thereby increasing vulnerability to develop eczema via
neuroimmunological mechanisms;
3. amutual risk factor connects both diseases, like genetics or prenatal stress [319].
Other researchers rejected the hypothesis of ADHD being caused by allergic disorders, and
hypothesised ADHD being a (non-)allergic hypersensitivity disorder itself, i.e. that (non-)allergic
hypersensitivity to environmental factors triggers ADHD-type symptoms in some children, sharing
mechanisms with immunological reactions (e.g. activated mast cells and basophilic granulocytes
releasing cytokines and histamine by exposure to triggering factors) [64]. This hypothesis is
substantiated by ADHD symptoms arising after eating certain foods and the therapeutic effect of
certain elimination diets. Indeed, food hypersensitivity, including true allergy, and ADHD may share
common aetiologic pathways [48, 64, 231, 237]. A shared genetic aetiology may thus underly both
atopy and ADHD [64].

3.2.7.1 Humoral mechanisms

Atopic subjects responded more often with ADHD-like symptoms to foods [242], which points towards
allergic hypersensitivity. However, since atopic diseases, in particular eczema, can be mediated by
various mechanisms, the association with ADHD provides no information on the mechanism affecting
ADHD risk [64, 400]. Indeed, if ADHD symptoms are triggered by food allergies in a subgroup of
patients, these reactions do not seem to follow the typical IgE implication, and also IgG measurements
are overall not proven to be useful [19, 143, 363, 375, 401]. For example, no association was found
between the severity of IgE-mediated atopy and ADHD scores, based on history of anaphylaxis and
skin-prick tests [19, 229]. Behavioural reactions to food components may occur independently of
atopy, as behavioural hypersensitivity reactions occur in both allergic and non-allergic children [64,
232, 237, 333]. The connection between ADHD and allergies therefore seems based on a non-IgE-
mediated mechanism, perhaps by a non-lgE-dependent histamine release from mast cells and
basophilic granulocytes. Still, allergy is associated with reduced numbers of Tgeg, Which inhibit IgE
production by IL-10 [309, 402]. In addition, further clarification on a role for autoimmunity in ADHD
pathogenesis is required due to discussion on elevated antiganglia antibodies in ADHD [19, 52, 143,

344,357, 368, 369].
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3.2.7.2 Cellular mechanisms

The pathophysiology of atopic disease involves, next to hypersecretion of IgE, also increased
eosinophilic and basophilic activity, increased IL-4- and IL-5-mediated T2 expression, increased levels
of pro-inflammatory cytokines, like IL-6 and TNF-a, and reduced Tgeg-mediated IL-10 secretion [403-
405]. In addition, dopamine receptors, causally implicated in ADHD, are abundant on human T cells,
activate STAT6 and trigger selective secretion of immune-regulatory cytokines like IL-10 [64, 406, 407].
Moreover, a significant increase in tolerance towards provoking foods following enzyme-potentiated
desensitisation (EPD) was observed as compared to placebo. EPD reduces cellular responsiveness to
antigens, including food additives, instead of giving rise to some form of immunisation [408]. Cell-
mediated hypersensitivity (with NO production by macrophages), rather than humoral mechanisms,
thus seems involved in behavioural reactions to food and to underlie the association between atopy

and ADHD [317].

Cellular immune mechanisms in ADHD are also supported by reduced cortisol production in children
with ADHD [409, 410], though contradicted by another study [411]. The stress hormone cortisol
suppresses Tul responses and stimulates Tw2 activity, most likely due to enhanced Tgeg
immunomodulation [318, 412, 413]. Reduced cortisol levels in ADHD could implicate a defective Tgeg

immune modulation, elevated Tyl and depressed Tu2 cytokine levels [413].

Finally, though the underlying mechanism of the association between autoimmunity and ADHD is not
well understood, next to shared genetics, again pro-inflammatory cytokines could be involved, as

higher levels of TNF-a, IL-6 and IL-8 are for example related to ulcerative colitis [317, 336].

3.3 Interconnection of oxidative and immune imbalance

Both unresolved oxidative stress and immune dysbalance may thus contribute to the clinical pathology
of ADHD, both by injuring neuronal cells or altering neuronal development, e.g. via altered gene
expression, direct DNA damage and promotion of cell death. In addition, inflammation and oxidative
stress are strongly interconnected in a self-perpetuating cycle (Figure 1.10) [63]. Oxidative stress for
instance stimulates pro-inflammatory pathways involving NF-kB activation, cytokine production and
lymphocyte activation and proliferation, while inflammation can cause oxidative stress, as activated
immune cells produce ROS, for example because of their role in phagocyte killing [414]. Cytokines can
for instance stimulate the expression of iINOS and thereby increase NO* production [415]. In fact, the

two main sources of ROS within the CNS are mitochondria and activated microglia, resident innate
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immune cells in the brain [72]. Also, various immune functions (e.g. T cell proliferation and macrophage
function) are sensitive to GSH depletion [416, 417], though supplementation with cysteine may only
be useful in case of abnormally low GSH levels [416]. Moreover, naive T cells can be polarised by
oxidative stress toward the Ty2 phenotype, potentially by upregulation of STAT6 and NF-kB activation,

while increased antioxidant levels blunt the Tu2 response [418].

Oxidative Stress |

i

ROS production NFKB activation
Antioxidant depletion Cytokine generation

A4
Inflammation 9

Figure 1.10. Interconnection between oxidative stress and inflammation [414].
NF-kB: nuclear factor kB; ROS: reactive oxygen species.
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PART 4

POLYPHENOLS

Polyphenols are natural products widely distributed in plants and composed of several phenol groups

(benzene rings with a hydroxyl group attached), subdivided into different groups (Figure 1.11) [419].
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Figure 1.11. (A) Quercetin, (B) chlorogenic acid and (C) polyphenol classification [420].

Several plant foods are especially rich in polyphenols, like cacao, tea, apples, berries and wine [421,

422]. However, questions remain on their bioavailability, metabolism, distribution and excretion, and

thereby on their activity in vivo [423]. For example, procyanidins are highly stable in the gastric

environment, so that most ingested procyanidins reach the small intestine intact [424]. Generally, 5-

10% of consumed polyphenols is absorbed in the small intestine, though this percentage depends

highly upon the type and structure of the polyphenol. Absorption is restricted to those with low

polymerisation degree. Of the compounds absorbed in the small intestine, 5-10% reach the plasma

unchanged while the majority enters the blood stream as conjugates [425, 426]. Colonic microbiota

play an important role in the metabolism of polyphenols that are not absorbed in the small intestine

(e.g. Bifidobacterium and Lactobacillus; hydrolysis of glycosides, glucuronides, sulphates, amides and
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esters, as well as aromatic ring fission, reduction, decarboxylation, demethylation, etc.), with
degradation to phenolic acids, which can be absorbed. Interindividual differences in microbial
composition can therefore affect polyphenol bioavailability and activity [426-428]. Components can
also be metabolised by phase | (oxidation, reduction and hydrolysis) and phase Il (methylation,
glucuronidation, sulphation) reactions by enterocytes and hepatocytes [426]. During and after
absorption, polyphenols are thus extensively modified (Figure 1.12), but also metabolites can
contribute to their in vivo activity. Moreover, polyphenols and their metabolites affect host microbial
composition, e.g. by inhibition of Clostridium or stimulation of Bifidobacterium, Lactobacillus and

Eubacterium species [426, 428, 429].
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Figure 1.12. Global scheme of the metabolism of polyphenols. Adapted from [427].

4.1 Antioxidant effects

The most well-known characteristic of polyphenols is their antioxidant capacity [301]. Their
physicochemical properties, i.e. aromatic rings with one or more hydroxyl groups, render them highly
reducing, making polyphenols important free radical scavengers. The resulting resonance-stabilised
phenoxyl radical is less reactive due to charge delocalisation over the aromatic moiety (Figure 1.13)
[430]. In addition, polyphenols can exert their effects through other antioxidant mechanisms as well:
low doses of phytochemicals like polyphenols can activate signalling pathways leading to increased
expression of cytoprotective genes. One example is induction of phase Il xenobiotic metabolising
enzymes like GST, e.g., via the transcription factor nuclear factor erythroid 2 (NFE2)-related factor 2

(Nrf2) [431]. This further increases antioxidant capacity and provides more long-lived protective effects
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as opposed to direct antioxidant effects [432, 433]. In addition, polyphenols may already exert
antioxidant action in the Gl tract, e.g. by scavenging ROS originating from the diet and gut phagocyte
activation [434, 435].

OH o o c‘) o
— = = =
= c A
L

Figure 1.13. Polyphenol-radical stabilisation through charge delocalisation (resonance stabilisation).

Though many polyphenols show antioxidant activity in vitro [436-441], a direct effect on antioxidant
defence might be small in vivo due to their low absorption rate in the Gl tract [425] as well as due to
the higher rate constants of free radical reactions with the target molecules than those with
polyphenols [442]. In addition, many metabolites have altered antioxidant capacities as compared to

their parent compound [443].

In vitro tests also indicate dose-dependent prooxidative effects of polyphenols [444, 445], with low
concentrations (e.g. 50 uM epigallocatechin-gallate (EGCG)) inducing mild oxidative stress and thereby
stimulating GSH synthesis, while higher doses (e.g. 400 uM EGCG) only increased oxidative stress [446].
Mild exposure to prooxidants thus activates intracellular antioxidant systems, while high exposure
causes cell death. Polyphenols may thus exert beneficial effects by acting as low dose prooxidants.
Though evidence for systemic prooxidative effects of polyphenols in humans is not yet available [443,
444, 447], such results have been published for other natural antioxidants. A well-known example is an
increased risk of lung and stomach cancer with a daily intake of 20-30 mg B-carotene, especially in

smokers [448].

Clinical trials with specific polyphenols (140-500 mg/day) or more complex mixtures of polyphenols,
including plant extracts, foods and beverages with interesting in vitro antioxidant profiles, are generally
small-scale (< 50 participants) and short-term (< 1 month), and without dietary exclusion criteria [449,
450]. Their results are often inconsistent and difficult to compare, due to a huge difference in
supplemented doses and analysed biomarkers. For example, evidence of flavonoid antioxidant effects
in humans is limited and variable [427, 434]. In addition, dietary confounding factors can influence the
results, while characterisation of the supplemented product is often incomplete or lacking;
standardisation on the main bioactive compounds should be a prerequisite. Moreover, it is hard to
establish dose-effect relationships and significant health improving effects in healthy persons, on

whom many studies were conducted. Nevertheless, many examples of antioxidant effects are available.
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For instance, intake of more than 500 mg/day of green tea extract or drinking more than 4 cups/day of
green tea, rich in flavan-3-ols (6-5390 mg/l), significantly decreased in vivo oxidative damage
biomarkers like MDA and 8-OHdG [427, 451-455]. In addition, 10 g cocoa powder (rich in flavanols like
catechin, epicatechin and procyanidins B2 and C1) twice daily for 6 weeks significantly reduced serum

MDA levels in type 2 diabetic patients [456].

4.2 Immune modulating effects

Polyphenols have anti-allergic and anti-inflammatory effects by influencing both activation and
differentiation of multiple immune cell types, including Treg cells, Tyl cells, NK cells, DCs and
macrophages, and by modulating the Ty1/Tu2 balance [86, 457, 458]. For example, in vitro and ex vivo
studies have demonstrated that one of the effects of polyphenols is the inhibition of key regulators of
the inflammatory response, including cyclooxygenase-2 (COX-2), TNF-a, IL-1B and IL-6 [459-462]. In
vitro experiments using Jurkat T cells treated with EGCG found increased Foxp3 and IL-10 gene
expression, required for Treg functioning [463]. In vitro assays using naive T cells from C57BL/6 mice
under Ty17 differentiation conditions and Baicalin treatment showed a decreased expression of IL-17
[464]. Other in vitro research indicates that oligomeric apple epicatechins inhibit the release of
histamine from mast cells, luteolin and apigenin inhibit T,2-type cytokine production by basophils and
quercetin suppresses pro-inflammatory cytokine production in the presence of lipopolysaccharide
(LPS) in THP-1 monocytes and macrophages [465-467]. These findings are merely examples of the great
deal of available results and indicate that, independent of treatment or the cellular model used, the
modulation of cytokine production appears a common factor in the immunomodulatory effects of
polyphenols. In addition, in in vivo research, vegetable, fruit and tea consumption is inversely
associated with blood inflammation markers, like CRP, IL-6 and adhesion factors, and coupled to the

enhancement of anti-inflammatory cytokines like IL-10 [468, 469].

Treatment of U266 cells with green tea extract showed a dose- and time-dependent decrease of IgE
production [470], demonstrating that polyphenols are also relevant in the modulation of B cell function
[471]. Moreover, a quercetin-enriched diet attenuated respiratory symptoms in sensitised guinea pigs
[472], while intake of oligomeric apple epicatechins (10 mg/kg per day) during 8 weeks reduced

symptoms of human atopic dermatitis [473].

Polyphenols might exert their immune modulatory effects through antioxidant actions [474-477] and

prebiotic-like effects on colonic microbiota composition or activity, by altering microbial membrane
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permeability, formation of polyphenol-metal ion complexes, or inhibition of DNA and RNA synthesis
[426, 429]. Though robust data from human intervention trials are lacking, polyphenol
supplementation might mainly be useful in case of diseases associated with inflammation and oxidative

stress [466].

4.3 Implications for ADHD therapy

Increasing understanding regarding disadvantages of stimulant medication in children stimulates the
investigation of alternative therapeutics [478]. Advances in ADHD treatment are required, but are
impeded as its exact aetiology remains unclear [80]. Nevertheless, the association of oxidative and
immune dysregulation with ADHD provides potential for nutritional supplements in ADHD therapy.
Though their exact contribution to ADHD aetiology is unclear, their correction (e.g. modulation of
immune system activity) using nutritional approaches might have a beneficial effect on ADHD
prognosis. Oxidative and immune dysregulation should therefore be considered in ADHD diagnosis and

therapeutic plans [63, 249].

Due to their antioxidant capacities as well as immunoregulatory effects, dietary polyphenols appear
appropriate in ADHD therapy. Various polyphenolic extracts with antioxidant and immune modulating
properties have been investigated in the treatment of ADHD, though most studies were relatively small
or conducted over a short time span [479-484]. In addition, as most research on their antioxidant and
immune effects has been performed in vitro, questions remain on their activity in vivo [423]. Examples
of extracts investigated in ADHD are Pycnogenol®, Ginkgo biloba extract, Hypericum perforatum extract

and Passiflora incarnata extract.

4.3.1 Pycnogenol®

In a randomised double-blind placebo-controlled trial, 61 boys and girls (6-14 years) with ADHD were
treated with 1 mg/kg body weight/day Pycnogenol® (n = 44) or placebo (n = 17) for 1 month.
Pycnogenol® significantly improved teacher hyperactivity and inattention ratings, though parent
ratings did not reach statistical significance. After a one-month washout period, scores returned to
baseline. Various mechanisms may play a role, as Pycnogenol® has been shown to have immune
modulating and antioxidant properties [485, 486], while one of its metabolites could be able to cross

the BBB [73, 487]. Below, Pycnogenol® is discussed extensively (see Chapter 1, 4.4).
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4.3.2 Ginkgo biloba

Ginkgo biloba extract is made from the leaves of the Ginkgo tree and widely used to improve cognition.
The main pharmacological effects of this extract in the therapy of cognitive decline are ascribed to
terpene trilactones and flavonoids. In a double-blind randomised study including fifty ADHD patients,
80-120 mg/day Ginkgo biloba extract (composition not specified) for six weeks was much less effective
than MPH treatment. Still, Ginkgo caused fewer adverse events (AEs) than MPH [488]. A three to five-
week supplementation with a higher dose (max. 240 mg EGb 761® Ginkgo biloba extract) in an open
study improved ADHD symptoms as well as brain electrical activity. EGb 761® is standardised to contain
22-27% ginkgo flavonoid glycosides (primarily quercetin, kaempferol and isorhamnetin), 5-7% terpene
lactones (2.8-3.4% ginkgolides A, B and C; 2.6-3.2% bilobalide) and less than 5 ppm ginkgolic acids,
which have toxic potential [489]. Next to immune and antioxidant effects, Ginkgo biloba extract has
been found to improve cerebrovascular blood flow and to affect several central neurotransmitter

systems [479, 480, 488, 490, 491].

4.3.3 Hypericum perforatum

Hypericum perforatum extract (St. John’s wort) has been shown to be beneficial in mild depression and
contains various active compounds, including hypericin and hyperforin (presumed to be the main
antidepressant constituents) and flavonoids like kaempferol, rutin and quercetin [492]. This extract
(standardised to 0.3% hypericin, 900 mg/day for 8 weeks) did not significantly improve ADHD

symptoms as compared to placebo in a randomised double-blind trial with 54 patients [493, 494].

4.3.4 Passiflora incarnata

Passiflora incarnata extract is indicated for restlessness, anxiety and sleep problems. Flavonoids
including luteolin, quercetin, vitexin and rutin have been reported to be the major constituents of this
extract. Passiflora incarnata extract (0.4 mg/kg/day twice daily; the total flavonoid content being 4%
(w/w)) and MPH (1 mg/kg/day twice daily) performed equally well regarding parent and teacher ratings
in a randomised controlled trial with 34 ADHD patients, both demonstrating a significant clinical benefit

over 8 weeks [495].

4.3.5 Crocus sativus L.

Crocus sativus L., also known as saffron, is known for its antidepressant and memory enhancing effects,
potentially via dopamine and norepinephrine reuptake inhibition. In addition, it reduces blood pressure

and has anti-inflammatory, radical scavenging and neuroprotective capabilities. Its active constituents
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include, among others, crocin, safranal and various flavonoids like rutin and quercetin [496, 497]. In a
very recent 6-week randomised double-blind study in 54 ADHD patients (6-17 years old), Crocus sativus
extract showed the same efficacy as MPH (both 20 mg/day if < 30 kg; 30 mg/day if > 30 kg) based on
parent and teacher behaviour ratings. Also the frequency of adverse effects was similar in both

treatment groups [496].

4.4 Pycnogenol®

Pycnogenol® (US Pharmacopeia Maritime Pine Extract, Horphag Research, Geneva, Switzerland) is a
patented herbal extract from the outer bark of French maritime pine (Pinus pinaster Ait. subsp.
atlantica). The fresh bark is powdered and extracted with ethanol and water. After purification of the
raw extract, the aqueous solution of the extracted constituents is spray-dried [498]. Pycnogenol®
received GMP (good manufacturing practice) certification from the French Health Products Safety

Agency (ANSM).

4.4.1 Composition and toxicology

Pycnogenol® is standardised to contain 70 + 5% (w/w) procyanidins, flavonoid oligomers and polymers,
consisting of 2 to 12 units of catechin and epicatechin (C6-C3-C6 basic structure; Figure 1.14). Catechin,
epicatechin and taxifolin represent the flavonoids in Pycnogenol®, of which catechin is the most
common. Common dimers are procyanidin B1 (epicatechin-(4B—>8)-catechin) and B3 (catechin-
(4a—>8)-catechin). Less common dimers are B6 (catechin-(4a—>6)-catechin) and B7 (epicatechin-
(4a—>6)-epicatechin). Trimer C2 (catechin-(4a—>8)-catechin-(4a—>8)-catechin) has also been identified.
Phenolic acids present in Pycnogenol® are derivatives of benzoic acid (p-hydroxybenzoic acid,
protocatechuic acid, gallic acid, vanillic acid) or cinnamic acid (caffeic acid, ferulic acid, p-cumaric acid),
found in free form and as glucosides [499, 500]. Inorganic substances include calcium, potassium and

iron as well as traces of manganese, zinc and copper [501].

Figure 1.14. Structure of (A) catechin, (B) epicatechin and (C) procyanidin dimer B1.
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Pycnogenol® has been affirmed generally recognised as safe (GRAS), with a very low toxicity, a no-
observed-adverse-effects level (NOAEL) of 100 mg/kg/day, absence of mutagenic, genotoxic and
teratogenic effects, no perinatal toxicity and no negative effects on fertility. The safety of Pycnogenol®
is based on data obtained from over 140 clinical studies including more than 12,000 participants. There
are no known contraindications for Pycnogenol® or interactions with concomitant therapies [73, 501-
517]. In addition, AEs occur infrequently (1.8%), are unrelated to the dose or duration of use and are

primarily mild. The most frequently reported AEs are Gl discomfort, dizziness and headache [517].

4.4.2 Pharmacokinetics

Studies indicate high bioavailability of individual components in Pycnogenol®. For example, 46% of
catechin metabolites (glucuronides and sulphates) were recovered in urine [518]. In addition,

Pycnogenol® intake is associated with increased urinary excretion of ferulic acid [519].

After a single oral 300 mg dose, 15 constituents and metabolites were detected in the plasma of human
adults between 30 min and 14 h post-dosing, each with a different Trma, 5 of which could be identified
(Table 1.4, Figure 1.15). For example, catechin was detected between 30 min and 14 h after
Pycnogenol® intake, indicating absorption in the small intestine of catechin genuinely present in the
extract as well as additional generation by metabolic breakdown of higher procyanidin oligomers. The
early Tmax Of caffeic and ferulic acid implies absorption in the small intestine of these monomers as well.
On the contrary, M1 (8-(3,4-dihydroxy-phenyl)-y-valerolactone) was only detectable after 6 h, with a
peak concentration around 10 h, indicating metabolism and colonic absorption [520, 521]. Indeed,
catechin (also released by cleavage of procyanidins) is metabolised by gut microbiota to M1 (Figure
1.16). The ten unknown compounds detected could not be identified as known free polyphenol
monomers in Pycnogenol®, but might be conjugated monomers, oligomer metabolites or procyanidin
dimers [520]. For instance, though polymerisation greatly impairs intestinal absorption, procyanidin B1

has been detected in human plasma before [419, 522, 523].

Table 1.4. Cnax and Tmax of known constituents/metabolites of Pycnogenol® detected in plasma [520].

Constituent Cimax (ng/ml) Tmax (h)
Caffeic acid 17 4
Catechin 107 4
Ferulic acid 15 1
Taxifolin 33 8
M1 4 10
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As for polyphenols in general, procyanidins in Pycnogenol® undergo phase Il metabolism, as many
compounds were found as conjugates of sulphate and/or glucuronic acid [500, 501, 520, 525, 526].
Still, considerable differences between individuals and compounds have been observed regarding
Pycnogenol® polyphenol pharmacokinetics, with the degree of conjugation with sulphate and
glucuronic acid in serum ranging from 54.29% + 26.77% for catechin to 98.34% + 4.40% for M1. Again,
results of in vitro studies thus need to be interpreted with caution. In addition, after 200 mg/day
Pycnogenol® supplementation for three weeks, the highest polyphenol concentrations were not
detected in serum: catechin and taxifolin primarily resided within blood cells, while M1, ferulic acid and
caffeic acid were mainly present in synovial fluid [525]. Next to M1, the catechin metabolite M2 (6-(3-
methoxy-4-hydroxy-phenyl)-y-valerolactone) has been detected in human urine samples after oral

Pycnogenol® intake [526].

In vitro human and murine cell culture studies revealed that M1 enters cells (macrophages, monocytes,
erythrocytes and endothelial cells) via facilitated transport, probably mediated by the glucose

transporter-1 (GLUT-1). This facilitated uptake causes M1 accumulation to levels that could be
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bioactive, with further intracellular metabolism (e.g. conjugation with GSH) [487, 527]. Via the same
transporter, M1 could be able to cross the BBB [73, 487]. Most other polyphenols lack this ability and

are therefore not effective in reducing oxidative stress in the brain [528, 529].

4.4.3 Biological actions and clinical efficacy

Compounds in Pycnogenol® or metabolites thereof have various biological activities, including
antioxidant, anti-inflammatory and antihypertensive actions, e.g. by binding proteins and thereby
altering their structure and activity, by increasing erythrocyte membrane fluidity and by altering gene
expression [487, 498, 518, 530-532]. Regarding its antioxidant effects, Pycnogenol® displays stronger
biological activity as a mixture than when separated into its individual components, indicating that the

components have additive effects or interact synergistically [533].

4.4.3.1 Antioxidant effects

In vitro studies have shown that Pycnogenol® improves clearance of the hydroxyl radical (HO®) and
superoxide anion radical (0,™) [534, 535], chelates transition metals, quenches NO* and reduces iNOS
messenger ribonucleic acid (MRNA) expression as well as iNOS and XO activity [518, 536]. Moreover, it
stimulates the activity of SOD, GPx and CAT [458, 534], reduces DNA damage and H,0,-induced
chromosome breakage [537, 538] and protects endogenous a-tocopherol, vitamin C and GSH [458,
518, 534, 539]. Moreover, though catechin scavenges O, with effectiveness similar to ascorbic acid,
M1 was found to be significantly more active than catechin or ascorbic acid [540]. In addition, M1

concentration-dependently inhibits nitrite (NOy) production and iNOS expression [541].

In vivo studies demonstrated Pycnogenol® (10 mg/kg intraperitoneally (i.p.)) to reduce liver and
pancreas protein carbonyl levels, increase GSH levels and GR, GST, CAT, SOD and GPx activity [542-544]
and to reduce serum NO in diabetic rats [543]. In other animal studies, Pycnogenol® (20-100 mg/kg i.p.
or 200 mg/kg per day orally) decreased MDA concentrations, DNA damage and iNOS activity and

increased GSH levels, for example in kidney and skin tissues [518, 545-547].

In an in vivo human study in 25 healthy adults, Pycnogenol® (150 mg/d for six weeks) significantly
increased plasma phenol level. Plasma antioxidant capacity was significantly increased by + 40%, as
determined by oxygen radical absorbance capacity (ORAC), and returned to baseline after a washout
period of four weeks [548]. In addition, in human randomised controlled trials, Pycnogenol®
supplementation as compared to placebo prevented oxidative damage to lipids (i.e. 150 mg daily for
three months in elderly significantly decreased F2-isoprostane levels by 30% [503]) and DNA (i.e. 1

mg/kg daily for one month in 6-12 year old ADHD patients significantly reduced lymphocyte 8-oxoG as
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determined by the comet assay by on average 35% [267], while it significantly increased GSH levels by
27% and decreased GSSG levels by 22% [486]). Mechanisms of action could be “a direct scavenging
activity, chelating ability, stimulation of DNA repair system, or their combinations” [267]. However,
Pycnogenol® (150 mg/day for three months) had no effect on oxidative DNA damage in elderly [549].

Additional age-related studies are needed to further elucidate these findings.

4.4.3.2 Immune modulation

In vitro, Pycnogenol® dose-dependently decreased histamine, TNF-a and IL-6 release by rat peritoneal
mast cells. Therefore, Pycnogenol® might have potential to improve mast cell-mediated immediate-
type allergy [471]. Pycnogenol® supplementation (150 mg/day for five days) in healthy adults inhibited
COX-2 and 5-lipoxygenase (5-LOX) gene expression and reduced leukotriene production in leukocytes
after ex vivo stimulation [460]. Other in vitro and ex vivo studies found that it blocks NF-kf activation
and translocation [471, 518, 550-552], limits induction of vascular cell adhesion protein (VCAM)-1 and
ICAM-1 [553], reduces oxidative burst intensity [538] and inhibits upregulation of COX-1 and -2 and
matrix metalloprotease (MMP) 1, 2, and 9, with M1 being more potent than catechin [459, 554, 555].
Moreover, Pycnogenol® was found to inhibit pro-inflammatory cytokine expression (e.g. IL-1, IL-2 and

IL-8) [550, 554, 556] and acute inflammatory cell infiltration [557].

In animal models, Pycnogenol® (50mg/kg intravenous injection or 30-100 mg/kg orally) decreased the
inflammatory cell count, mucus secretion and IL-4, IL-5, IL-13 and IgE levels in asthmatic rats [536, 558],
while plasma TNF-a level decreased in septic and diabetic rats (10-100 mg/kg i.p.) [542, 547]. In
addition, Pycnogenol® stimulated wound healing in diabetic rats (30 mg dermally) [559] and restored
immune function and prolonged survival of mice with diet-induced immune dysfunction (50-100 mg/kg

orally) [485].

In the in vivo human situation, Pycnogenol® has potential for improving inflammation and allergy
symptoms as well. For instance, 100 mg/day for six months significantly reduced inhalation
corticosteroid use, symptom frequency and specialist consultations in adult asthma patients, while
decreasing the specific IgE titre by 15.2% [560]. In addition, 100 mg/day for three months significantly

reduced plasma CRP levels by 71% as compared to placebo in osteoarthritis patients [561].

4.4.3.3 Vascular health

In vitro studies found that, by stimulating endothelial NOS (eNOS) and thus NO release, Pycnogenol®
dose-dependently augments endothelium-dependent vasorelaxation [518, 562], which was confirmed

by in vivo animal studies using 10 mg/kg daily [518, 563].
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Moreover, a human randomised controlled trial with healthy volunteers found that 2 weeks of daily
oral administration of Pycnogenol® (180 mg/day) as compared to placebo significantly augmented
forearm blood flow response to acetylcholine (ACh), an endothelium-dependent vasodilator, by on
average 40%. Administration of a NOS inhibitor abolished this effect, again suggesting that
Pycnogenol® augments vasodilation by stimulating eNOS [564]. In patients with coronary artery
disease, a randomised controlled crossover study found that a daily dose of 200 mg Pycnogenol® for 8
weeks improved endothelial function as measured by flow-mediated dilatation, without effects on
blood pressure [506]. In vivo human and animal studies also found that, e.g. by enhancing the capillary
diameter, Pycnogenol® improves microcirculation [518]. For instance, in a randomised controlled trial,
150 mg/day for four weeks improved fingernail microcirculation by 53.8% in patients with coronary
artery disease [565]. Finally, Pycnogenol® (100 mg/day for eight weeks) significantly decreased oedema

by 40%, a symptom of chronic venous insufficiency [566].

4.4.3.4 Neurologic effects

In vitro, Pycnogenol® protects nerve cells against B-amyloid-induced apoptosis, possibly by decreasing
free radical generation [567], suggesting it may reduce the risks of neurodegenerative diseases such as

Alzheimer's disease.

Animal studies also found positive effects of Pycnogenol® on mental health, e.g. via neuroprotective
effects. For example, Pycnogenol® (dose unknown) increased nerve growth factor content in rat
hippocampus and cortex, areas important for learning and memory, and improved spatial memory
impairment [568]. In addition, it attenuated cognitive performance decline (e.g. water maze task) in
oxidative stress-related neurodegeneration, while increasing choline acetyltransferase activity in the
hippocampus and GSH level and decreasing protein carbonyl levels (10 mg/kg i.p. once daily for 3
weeks) [569]. Following traumatic brain injury (controlled cortical impact, CCl) in rats, Pycnogenol®
(100 mg/kg i.p. or a single intravenous injection of 1, 5 or 10 mg/kg up to 4 hours after injury) had
neuroprotective effects. Pycnogenol® for instance significantly reduced the loss of key pre- and
postsynaptic proteins, attenuated brain oxidative damage (protein carbonyls and lipid peroxidation)
and pro-inflammatory cytokine levels and protected synaptic function [570-572]. However,

Pycnogenol® did not improve cognitive ability following CCI [573].

In humans, Pycnogenol® supplementation was found to enhance mental performance, for instance
supported by improved cognitive functions in healthy professionals (150mg/day for 12 weeks) as
compared to a control group [574]. In elderly subjects (mean age 67.8 years) without chronic disease,

150 mg/day Pycnogenol® for 3 months significantly increased quality of working memory as compared
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to placebo, while decreasing plasma F2-isoprostane concentration [503]. In addition, after 44 healthy
adults (age range 55-70) with high oxidative stress levels received Pycnogenol® for 12 months (100
mg/day, open study), less cognitive decline and oxidative stress as well as better daily and cognitive

functioning was noticed as opposed to subjects with comparable oxidative stress levels [530].

4.4.3.5 ADHD

A case report describes improved ADHD symptoms in a 10-year-old boy with coadministration of
Pycnogenol® and dextroamphetamine [575]. A double-blind placebo-controlled crossover study in
adults (n = 24) however failed to demonstrate a beneficial effect of three weeks Pycnogenol®
supplementation (1 mg/Ib body weight) over placebo. Nevertheless, the relevance of this result is

guestionable, as also no difference between MPH and placebo was found [576].

In a randomised double-blind placebo-controlled trial, 61 boys and girls (6-14 years) with ADHD were
treated with 1 mg/kg/day Pycnogenol® (n = 44) or placebo (n = 17) for one month. Patients were not
supplemented with any other drug, nor with vitamins C or E during the study. Trebacticka et al.
reported that active treatment significantly improved teacher hyperactivity and inattention ratings on
the Child Attention Problem rating scale compared to placebo, but only inattention ratings (marginally)
on the Conners’ Teacher Rating Scale. A trend for reduced hyperactivity was found based on parent
ratings (Conners’ Parent Rating Scale). Psychologist assessment of visual-motoric coordination and
concentration revealed significant improvements. No SAEs were reported and there were no changes

in standard blood chemistry parameters, suggesting good tolerance [73].

Exact mechanisms by which Pycnogenol® improves brain function and reduces ADHD symptoms are
not entirely clear yet. Various mechanisms may play a role. For example, this could be related to
increased production of NO, which is involved in the regulation of norepinephrine and dopamine
release and uptake [73], while NO also improves cerebral blood circulation [562]. However, though
Pycnogenol® was found to stimulate eNOS [564], it is unknown whether it also affects neuronal NOS
(nNOS) [73]. Moreover, Pycnogenol® significantly decreased urinary dopamine levels in ADHD patients
as compared to baseline. Levels of epinephrine and norepinephrine, which were significantly elevated
as compared to healthy controls, only showed a trend toward reduced levels, with a stronger
decreasing effect for higher original concentrations [82]. In addition, Pycnogenol® reduced elevated
lymphocyte 8-0xoG and plasma GSSG levels, and increased GSH levels and the GSH/GSSG ratio (possibly
by increasing the activity of GR) in ADHD patients as compared to placebo [73, 267, 486, 544]. TAS
increased non-significantly [267]. Plasma copper and iron levels decreased significantly. No effect on

zing, selenium, ferritin and transferrin was found [304]. After a one-month washout, behavioural scores
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as well as 8-0xoG levels and GSH/GSSG ratio returned to baseline [73, 267, 486]. Reduction of 8-oxoG
levels and increment of TAS correlated with an improvement in inattention scores, while GSH/GSSG
ratio correlated negatively with urinary dopamine levels [82, 267, 486]. In addition, urinary
catecholamine concentrations were found to correlate with the degree of hyperactivity as well as with
plasma GSSG levels before treatment [82]. Pycnogenol® could thus normalise behaviour by affecting

catecholamine metabolism and reducing oxidative stress.

Nevertheless, the relatively small sample size and short supplementation period limit generalisation of
Trebaticka’s findings in ADHD patients [73]. Other limitations are the very small placebo group, no
active control and standardisation of Pycnogenol® being limited to total procyanidin content without
determination of major polyphenolic constituents [73, 267, 486]. Moreover, it is possible that
antioxidant-rich extracts such as Pycnogenol® cause more obvious improvements in a subset of ADHD
patients, e.g. those with more severe oxidative stress [576]. Further research is thus needed to

investigate its efficacy, mechanism of action and possibly also its value as compared to MPH treatment.
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PART 5

AIM OF THIS THESIS

MPH, the first-choice medication for ADHD, is linked to concerns about adverse effects and possible
publication bias in reported efficacy. ADHD aetiology involves dopaminergic dysfunction, but ADHD has
also been associated with increased oxidative stress. Moreover, an immune dysbalance appears part
of the aetiology or symptom exacerbation of ADHD, at least in a subgroup of patients. Cellular rather
than humoral immune mechanisms seem to be involved, with a disturbed immune regulation being
more likely than a single (sub)cellular defect. In addition, unresolved oxidative stress and immune
dysbalance are interconnected in a self-perpetuating cycle. However, results are not completely
consistent and research on these topics is limited and overall had its limitations, e.g. regarding
biomarkers analysed or sample size. Specific immune markers other than antibodies, such as subsets
of DCs and Ty cells and their cytokines, have not been systematically studied in ADHD, despite evidence
on associations in e.g. autism [323, 577]. In addition, the exact contribution of oxidative stress and
immune dysbalance to ADHD and their causal correlation are still unclear, as well as whether such
influences are limited to a subgroup or affect the majority of children with ADHD. Moreover, immune
and oxidative effects of both standard therapy and nutritional supplementation in ADHD are neglected

topics in research.

Since oxidative stress and immune dysbalance appear aetiopathological factors in various (psychiatric)
conditions, they might not be used as a specific diagnostic requirement for any exclusive disorder.
Nevertheless, if immune pathways and/or oxidative stress contribute to ADHD development and/or
manifestation, even if only in specific subgroups, ADHD diagnosis and especially treatment should be
reconsidered to improve patient care. In fact, these imbalances provide potential for nutritional
approaches as efficacious and safe methods for ADHD prevention and management, resulting in fewer
side effects and possibly also improving comorbid complaints. One example is Pycnogenol® (Pinus
pinaster bark extract), an herbal polyphenol-rich extract with potent antioxidant and anti-inflammatory
properties. Pycnogenol® is considered to have therapeutic benefits in ADHD and increased antioxidant
levels, reduced oxidative damage and improved neurochemical status in ADHD patients [73, 82, 486].

Still, specific diets or nutrient supplementation in ADHD therapy remains controversial.
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Further research is thus required to explain the role of immunity and oxidative stress in the aetiology
of this complex neurobiological disorder and also the possible interconnection between oxidative and
immune imbalances deserves attention. In addition, more research on nutritional supplements and
dietary factors in ADHD therapy is implicated, using acceptable sample sizes as well as substantiated
treatment options and durations. Systematic comparison of such interventions to MPH treatment and
placebo is highly useful, as a novel therapy based on improvement of immune and/or oxidative
biomarkers might have potential in ADHD therapy, possibly even more than conventional therapy,

which has various drawbacks.

Research should be performed in a multidisciplinary setting, using proper biomarkers and double-blind
placebo-controlled designs, where applicable. For example, to obtain a good evaluation of in vivo
oxidative stress status, an investigation of several sensitive, reliable and accurate biological parameters
covering the different aspects of in vivo oxidative damage and antioxidative defence is required.
Moreover, assessing correlations between behaviour and comorbid complaints [13], generally
neglected by previous research, is crucial to increase understanding of ADHD aetiology and
mechanisms by which nutritional therapy can lead to improvements [73, 578]. Properly selected
patient groups with a reliable ADHD diagnosis, as well as age- and sex-matched controls, where
appropriate, should be included. Moreover, immune analyses in ADHD should focus on cell-mediated
mechanisms rather than IgE-mediated allergies. Using both biological markers and standardised

guestionnaires, responses to specific treatments should be monitored.

The first aim of this thesis is to get a better understanding of oxidative stress and immune dysbalance
in ADHD. Chapter 2 therefore describes a case-control comparison between untreated paediatric ADHD
patients and controls (Figure 1.17). A broad diversity of oxidative stress and immune analyses in
biological samples have been taken into account. Analyses include determination of erythrocyte
reduced glutathione (GSH) levels, plasma lipid soluble antioxidant (retinol, retinylpalmitate, a-
tocopherol, y-tocopherol, B-carotene and co-enzyme Q10), malondialdehyde (MDA), immunoglobulin
(IgE, IgG and IgM) and cytokine (interleukin (IL)-1B, IL-5, IL-6, IL-8, IL-10, tumour necrosis factor (TNF)
and interferon (IFN)-y) levels and urinary 8-hydroxy-2’-deoxyguanosine (8-OHdG) levels.
Questionnaires on non-biological factors, which could possibly explain (part of) the association
between oxidative stress and/or immune dysbalance and ADHD, include the Social-Emotional
Questionnaire (SEQ), the Physical Complaints Questionnaire (PCQ) and a Food Frequency
Questionnaire (FFQ). The main research question is whether ADHD patients present more oxidative

stress and inflammation, unrelated to dietary habits.
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General hypotheses
Chapter 1
ADHD aetiology involves oxidative stress and immune dysbalance
Nutritional approaches with antioxidant and/or immune effects have potential in ADHD therapy

Verlaet et al. Eur Child Adolesc Psychiatry (2014), 23(7)
Verlaet et al. Nutrients (2018), 10(4)

In vivo case-control comparison Characterisation of Pycnogenol®: validation of
Chapter 2 analytical methods, quality control
ADHD patients — controls Chapter 3
e Oxidative stress and immune analyses e Spectrophotometric method: total procyanidins
e Questionnaires on non-biological factors e Fingerprint chromatography: catechin, taxifolin,

caffeic acid, ferulic acid
Verlaet et al. Eur Child Adolesc Psychiatry (2018)

Pycnogenol®, catechin in vitro
Chapter 4

e HEK cells: TLR binding

e THP-1 cells: cytokine secretion

e Pycnogenol®, catechin: as purchased &
metabolised in gastrointestinal simulation model

Verlaet et al. Nutrients (2019), 11(2)

|
In vivo randomised controlled trial
Chapter 5

e Design and protocol

e Registration requirements
e Ethical approval

e Safety monitoring

Verlaet et al. Trials (2017), 18(1)

Figure 1.17. Schematic overview of this PhD thesis.

During this PhD project, a review was published supporting dietary antioxidant treatment of ADHD
[579]. The herbal extract Pycnogenol® was for instance shown to have various antioxidant and immune
modulating properties. Standardisation, characterisation and quality control of nutritional
supplements are however essential for credible research and to be able to compare results of various

studies. Chapter 3 therefore describes the optimisation and validation of United States Pharmacopeial
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(USP) analytical methods for Pycnogenol® (i.e. a fingerprint chromatographic method and a
spectrophotometric method for total procyanidin content) as well as quality control of Pycnogenol®.

The research question is whether Pycnogenol® complies with USP requirements.

Newest research indicates that Pycnogenol® exerts its immunomodulatory effects at least in part
through the Toll-like receptor (TLR)4-NF-kB pathway [580]. However, the mechanism by which
Pycnogenol® exerts its effects via TLR4 and whether other TLRs and signalling mechanisms are involved
remains to be elucidated. Chapter 4 describes in vitro research with the HEK cell line transfected with
pNIFTY plasmids and TLR1/2, TLR2/6, TLR4 and TLR5 to investigate TLR binding, as well as with the THP-
1 cell line to investigate the effect on cytokine secretion (IL-1B, IL-6, IL-8, IL-10, and TNF-a).
Pycnogenol® extract was not only used as purchased, but also metabolised by an in vitro
gastrointestinal dialysis model with colon phase. Research questions are whether Pycnogenol® might
exert its immune modulating properties through other cell membrane TLRs than TLR4, whether
Pycnogenol® stimulates anti-inflammatory cytokine secretion and whether digestion in the presence
of microbiota affects its immune modulating effects. The same analyses were performed for catechin,

the main monomer in Pycnogenol®.

Finally, knowledge on therapeutic options for ADHD behaviour must be improved. Though some results
are promising, further controlled studies are warranted to investigate effects of Pycnogenol® on ADHD
and comorbid symptoms. After all, patients are interested in effects on behaviour as well as side effects
of a treatment, compared to standard therapy. Chapter 5 describes the setup of a randomised double-
blind placebo and active product controlled 10-week clinical trial with three parallel treatment arms in
paediatric ADHD patients, including the design and protocol, registration and ethical approval
requirements and safety monitoring. The ultimate goal of this trial is to investigate the efficacy,
mechanism of action and value of Pycnogenol® in ADHD therapy as compared to MPH treatment and
placebo, including effects on immunity, antioxidant levels, oxidative damage and comorbid psychiatric
and physical complaints, and to evaluate the tolerability of Pycnogenol® compared to MPH. The main
research question is whether Pycnogenol® is more effective than placebo and not less effective than
MPH in improving behaviour. Other research questions are whether, as compared to placebo and MPH,
Pycnogenol® increases antioxidant levels, reduces oxidative damage, improves immune and
neurochemical status and reduces comorbid physical and psychiatric complaints. Final results of this

trial, which is currently ongoing, will only be available after publication of this PhD thesis.
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I’d rather attempt to do something great and fail, than to attempt nothing and succeed. — Robert H.

Schuller
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PART 1

ABSTRACT

Objective: The objective of this study is to compare oxidative stress and immune biomarkers between

ADHD patients and controls without ADHD.

Methods: A case-control comparison between 57 paediatric (6-12 years) untreated ADHD patients
from the Antwerp University Hospital and 69 controls without ADHD from random schools in Flanders,
Belgium, was conducted. Erythrocyte glutathione (GSH), plasma lipid soluble antioxidants (retinol, a-
tocopherol, y-tocopherol, retinyl palmitate, B-carotene and co-enzyme Q10) were determined by HPLC
with electrochemical detection, plasma malondialdehyde (MDA) by HPLC with fluorescence detection,
plasma cytokines (interleukin (IL)-1B, IL-5, IL-6, IL-8, IL-10, tumour necrosis factor (TNF), and interferon
(INF)-y) and immunoglobulins (Igk, 1gG, and IgM) by flow cytometry and urinary 8-hydroxy-
2’deoxyguanosine (8-OHdG) levels by ELISA. Dietary habits were determined by a food frequency

questionnaire.

Results: Plasma MDA levels were on average 0.031 uM higher in patients than in controls (p < 0.05)
and a trend for higher urinary 8-OHdG was observed. Erythrocyte GSH and plasma retinyl palmitate
levels as well as 1gG and IgE levels were higher in patients than in controls as well (an increment of on
average 93.707 pg/ml, 0.006 pg/ml, 301.555 pug/ml and 125.004 ug/ml, resp., p < 0.05). Finally, a trend
for lower plasma IL-5 levels was observed. After Bonferroni correction for multiple testing, the
difference in GSH levels remained statistically significant (nominally significant for retinyl palmitate),
while significance was lost for MDA, 1gG and IgE levels. Dietary habits do not appear to cause the

observed differences.

Conclusion: These results point at the potential involvement of slight oxidative stress and immune

disturbances in ADHD.
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PART 2

INTRODUCTION

ADHD is a multifactorial disorder, influenced by genetic, environmental, biochemical and psychological
factors, but no straightforward indication can yet be given about its exact pathophysiology.
Dopaminergic and noradrenergic dysfunction are involved [1], but ADHD is also associated with
immune and oxidative imbalances, as reviewed recently [2]. Various studies for instance demonstrate
increased levels of oxidative damage markers and decreased activity of antioxidant enzymes in ADHD
[3-7]. In addition, ADHD has a high comorbidity with both Ty1- and Ty2-mediated disorders [8-13].
Oxidative and immune mechanisms may contribute to ADHD via neuronal damage and abnormal
neurotransmitter regulation, but decisive evidence on their exact contributions to this disorder is yet
to be published [13-15]. Research is limited (e.g. regarding sample size and biomarker analyses), results
are often inconsistent and immune markers other than antibodies, like cellular activation and cytokine
levels, have not been systematically studied in ADHD [4-7, 16-19]. Moreover, more insight in underlying
factors and mechanisms could eventually lead to safer treatment options. A thorough investigation of

oxidative and immune aberrancies and their interconnection in ADHD is thus needed.

In the present study, a broad diversity of biomarkers of in vivo antioxidant status (erythrocyte GSH and
plasma retinol, a-tocopherol, y-tocopherol, retinyl palmitate, B-carotene and co-enzyme Q10 (coQ10)),
oxidative damage (plasma MDA and urinary 8-OHdG) and immune status (plasma cytokines (IL-18, IL-
5, IL-6, IL-8, IL-10, TNF and INF-y) and immunoglobulins (IgE, IgG and 1gM)) were compared between
untreated paediatric ADHD patients and controls without ADHD. It is hypothesised that ADHD patients
have more oxidative stress and a disturbed immune balance. In addition, also non-biological factors
like comorbid conditions and dietary habits were compared between children with and without ADHD
with the use of multiple questionnaires. Results can increase insight in ADHD aetiology and can be used

for inception of new therapies.
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PART 3

MATERIALS AND METHODS

This study was approved by the Antwerp University Hospital (UZA) Ethics Committee (approved study
number: 13/18/209; Belgian registration number: B300201317799; Appendix 2.1, see bookmark for
QR code) and was performed in accordance with the ethical standards laid down in the 1964

Declaration of Helsinki and its later amendments.

3.1 Participants

3.1.1 Criteria

Subjects were children aged 6-12 years. They were untreated ADHD patients (cases) from the
paediatric outpatient department of Child Neurology of UZA and controls without ADHD from 10
random schools in Flanders. In- and exclusion criteria are listed in Table 2.1. Patients were diagnosed
with ADHD according to DSM-4 or DSM-5 criteria by experienced staff [20, 21]. Participants were
recruited between June 2013 and September 2017 via a letter in schools and UZA and a poster in UZA
waiting rooms. All participants and their legally accepted representatives agreed with and signed the
written informed consent (Appendix 3.1, see bookmark for QR code). Upon inclusion, participants
received a randomly assigned participation code. Personal data were stored separately to maintain

confidentiality.

3.1.2 Sample size requirements

Sample size calculation was based on standard deviation (SD) values in previous studies [7, 13]. It was
determined that 63 children per group were required to demonstrate group differences of 0.5 SD

regarding the proposed biomarkers (power 0.80, significance level 0.05, 2-sided, independent groups).
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Table 2.1. In- and exclusion criteria for participation.

Criteria ADHD Control
Age 6-12 years v v
Diagnosis ADHD/ADD according to DSM criteria v x
Diagnosis autism-spectrum disorder x x
Chronic systemic disorder (diabetes, epilepsy, schizophrenia, autoimmunity, " "
renal disorder, ...)

Severe mental conditions, IQ < 70, pervasive developmental disorder x x
Use of medication or vitamin/mineral/omega-3 supplement for more than 1 " "
week during the 3 months preceding inclusion

Responsible caregiver to provide information about the patient’s functional v v

status

v"inclusion; % exclusion; DSM: Diagnostic and Statistical Manual of Mental Disorders; IQ: intelligence quotient.

3.2 Sample collection and processing

3.2.1 Blood

Blood (12 ml) was collected by means of peripheral venous sampling in ethylenediaminetetraacetic
acid (EDTA) vacutainer tubes (Becton, Dickinson and Company (BD), USA) and placed on ice
immediately. After centrifugation (2000g, 4°C, 10 min), plasma was frozen immediately in -70°C and
stored until analysis. Erythrocytes were 1:1 diluted with phosphate buffer (50 mM Na,HPO4/NaH,PO,
(disodium hydrogen phosphate, 299,0%, Sigma Aldrich, USA; monosodiumdihydrogenorthophosphate,
>99,0%, Fluka, Switzerland), pH 7,4) with 2 mM EDTA (> 99,5%, Fluka, Switzerland) and frozen in -70°C

until analysis.

3.2.2 Urine

Urine was collected in sterile urine containers, placed on ice immediately and stored at -70°C until

analysis.

3.3 Questionnaires and basic information

Participants’ birth date, gender, weight and height were recorded at the time of sample collection. In
addition, parents were asked to fill out several questionnaires. Researchers involved in digitalising

guestionnaire answers, calculating scores and statistics were blinded for participant groups.
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3.3.1 Pregnancy Questionnaire

This questionnaire was used to assess the course of the pregnancy, premature birth, breastfeeding and

chronic illness by means of twelve questions (Appendix 4.4.1, see bookmark for QR code).

3.3.2 Social-Emotional Questionnaire (SEQ)

The SEQ, containing 72 questions, was used to assess child behaviour as perceived by parents
(Appendix 4.5.1, see bookmark for QR code). This questionnaire focusses on four clusters of social-
emotional problems, including ADHD (18 questions) and frequently occurring psychiatric comorbidities
of ADHD, i.e. social behaviour problems (ODD and CD; 26 questions), anxiety (including general and
social anxiety; 18 questions) and autism (10 questions), with items covering the most important core
symptoms of these clusters according to the DSM-4. The SEQ can be used for screening, diagnosis and
treatment evaluation. ltems were rated on a five-point scale, concerning the past six months: never
(0), less than once a month (1), every month (2), every week (3) or (almost) every day (4). Scores per
condition and subcondition were classified into five levels of severity, based on norm categories:
normal, normal-high, subclinical, clinical and clinical-high. The latter two levels, clinical and clinical-
high, can lead to a diagnosis of the specific disorder. The reliability and validity of the SEQ are good
[22].

3.3.3 Physical Complaints Questionnaire (PCQ)

The 39 questions of the PCQ (Appendix 4.3.1, see bookmark for QR code) focus on various physical and
sleep complaints, some of them frequently co-occurring with ADHD, in eight domains: pain (e.g.
headache), unusual thirst or perspiration, eczema, asthma or rhinitis, skin problems, tiredness, Gl
problems and sleep problems [23, 24]. Questions were rated on the same scale as the SEQ, concerning
the past six months. Questions were added regarding the occurrence of allergies, colds and ear
infections. Allergy and atopy were determined based on their clinical manifestation and a physician’s
diagnosis of allergy in the subject and at least one first grade relative, resp. [23]. The PCQ has unknown

validity and reliability, but was already used in research on the effect of nutrition on ADHD [24].

3.3.4 Food Frequency Questionnaire (FFQ)

The dietary habits of participants were assessed by an FFQ concerning 7 food groups: fruits, vegetables,
cereal and potato products, dairy, meat and fish, drinks and miscellaneous. This FFQ was based upon
an FFQ assessing infant dietary habits in an unpublished pilot study [25]. The original FFQ consisted of

three questions on meal frequency (breakfast, lunch and dinner) in addition to 60 questions on food
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product frequency (concerning the intake of seven food groups, including portion sizes), which were
rated on a six-point scale (never or less than once a month, once to three times a month, once a week,
twice to four times a week, five to six times a week or every day). Fifteen additional questions assessed
more specific information, such as bread type. Comparison of this FFQ to a three-day food diary, the
gold standard to investigate dietary habits, revealed acceptable validity, but potential overestimation
of vegetable and potato product intake. For the present FFQ, 35 questions were extracted from the
original questionnaire as well as additional questions on e.g. type of bread, without portion size
guestions. The rating scale was adapted to a five-point scale: never or less than once a month (0), once
to three times a month (1), once a week (2), twice to five times a week (3) or (almost) every day (4)

(Appendix 4.2.1, see bookmark for QR code).

3.4 Biological analyses

Technicians blinded for the participant groups performed biological analyses for patients and controls

concurrently.

3.4.1 Glutathione analysis

GSH is the most important intracellular antioxidant. Therefore, erythrocyte GSH content was analysed
in duplo after sample haemolysis and purification as described by Magielse et al. by a validated high-
pressure liquid chromatography (HPLC) method with electrochemical detection (ECD) [26, 27], in which

detection is based on both retention time and electrochemical properties of components [28].

3.4.1.1 Materials

Na,HPO, (= 99.0%), 1-octanesulphonic acid (OSA) sodium salt (~ 98%) and GSH (= 99.0%) were
purchased from Sigma-Aldrich, USA. NaH,PO,4 (= 99.0%) and EDTA (> 99.5%) were purchased from
Fluka, Switzerland. Methanol (MeOH, HPLC quality) was purchased from Fisher Scientific, UK, and
phosphoric acid (H3PO4, 85%) from Acros Organics, USA. Water (H,0) was purified by Milli-Q from
Merck Millipore, USA.

3.4.1.2 Sample and standard preparation

Thawed RBC samples were centrifuged (5000g, 4°C, 10 min) to separate intracellular content from cell
debris. The supernatant was filtered over a 3 kDa filter with polyethersulfone (PES) membrane (VWR,
USA) by centrifugation (14000g, 4°C, 20 min) to remove proteins [29]. Filtrates were diluted (1:10) with
mobile phase A (see below) and acidified with 5% (v:v) H3PO4 [85%].
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Standard solutions for the calibration curve were made in phosphate buffer (50 mM
Na,HPO,/NaH,PO4; pH 7.4; + EDTA 2 mM), standard 1 containing 2.5 mM GSH, diluting 1:1 up to
standard 5 (Table 2.2). Standards were diluted 1:10 with mobile phase A and 5% H;PO, [85%] was

added. A blank sample was prepared with phosphate buffer.

Table 2.2. Concentrations of GSH standards.

GSH (mM)
STD 1 25
STD 2 1.25
STD3 0.625
STD 4 0.313
STD5 0.156

GSH: reduced glutathione; STD: standard. Standard ranges used for different samples can slightly differ.

3.4.1.3 HPLC analysis

Samples, standards and blanks were analysed by a HPLC system from Agilent, USA (type 1260
quaternary pump, 1260 auto-injector and 1290 temperature controller), linked to an ESA-5600A
CoulArray 8-channel electrochemical detector (Thermo Fisher Scientific, USA). Mobile phase A
(NaH,PO4 25 mM and OSA 1.4 mM in 3% MeOH, pH 2.7) and B (NaH,PO,4 25 mM and OSA 1.4 mM in
50% MeOH, pH 2.7) were used at a flow of 0.7 ml/min. The elution profile was set at a 25 min linear
gradient from 0 to 50% B, a 5 min linear gradient from 50 to 100% B and a 5 min isocratic elution at
100% B before returning to initial conditions. Samples were cooled at 4°C. Three electrochemical cells
were set at 600, 850 and 900 mV. A C18 reversed phase (RP) column (250 x 4.6 mm, 5 um) from Merck,
USA was used. Resulting chromatograms (Figure 2.1) were analysed with CoulArrayWin software. The

retention time of GSH was approximately 8 min.
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Figure 2.1. Resulting chromatogram from the analysis of GSH in erythrocytes.

GSH: reduced glutathione.
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3.4.2 Lipid soluble antioxidant analysis

The lipid soluble antioxidants a- and y-tocopherol, B-carotene, retinol, retinyl palmitate and coQ10 are
non-enzymatic defence mechanisms against oxidants [30-33]. Therefore, plasma levels of these
antioxidants were analysed in duplo after extraction as described by Hermans et al. by a validated HPLC-

ECD method [28].

3.4.2.1 Materials

Retinol (= 95%), y-tocopherol (> 96%), a-tocopherol (> 96%), retinyl palmitate (> 93%), B-carotene (>
93%) and coQ10 (= 98%) were purchased from Sigma-Aldrich, USA. Ammonium acetate (CH3COONH,,
>98%) was purchased from Merck, USA. MeOH (HPLC quality), ethanol (EtOH, absolute), hexane (HPLC
quality) and acetic acid (99.97%) were purchased from Thermo Scientific, USA. 1-propanol (HPLC
quality) was purchased from Lab-Scan Analytical Sciences, Ireland. Water (H,0) was purified by Milli-Q
from Merck Millipore, USA.

3.4.2.2 Sample and standard preparation

Thawed plasma samples (100 ul) were diluted with an equal volume of EtOH and lipid soluble
antioxidants were extracted with 500 pl hexane by vortexing 5 min. After centrifugation (4000g, 4°C,
10 min), supernatant was isolated. Extraction was repeated twice for the remaining sample. After
evaporation of the combined extracts by vacuum centrifugation (Savant, Thermo Scientific, USA), the

residue was dissolved in 100 ul EtOH.

Standard solutions for the calibration curve were made in EtOH, with standard 1 containing 1.80 pg/ml
retinol, 2.40 pg/ml y-tocopherol, 42.40 pug/ml a-tocopherol, 0.08 pug/ml retinyl palmitate, 1.84 pg/ml
B-carotene and 3.10 pug/ml coQ10, diluting 1:1 up to standard 5 (Table 2.3). EtOH was used as blank.
100 pl H,0 was added to 100 pl of each standard and blank, which were then extracted with hexane,

evaporated and dissolved as samples.

Table 2.3. Concentrations of lipid soluble antioxidant standards.

Concentration . Retinyl

Retinol  y-tocopherol  a-tocopherol ) B-carotene CoQ10
(ug/ml) palmitate
STD1 1.80 2.40 42.40 0.08 1.84 3.10
STD 2 0.90 1.20 21.20 0.04 0.92 1.55
STD 3 0.45 0.60 10.60 0.02 0.46 0.775
STD 4 0.225 0.30 5.30 0.01 0.23 0.388
STD 5 0.113 0.15 2.65 0.005 0.115 0.194

CoQ10: co-enzyme Q10; STD: standard. Standard ranges used for different samples can slightly differ.
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3.4.2.3 HPLC analysis

Dissolved residues were analysed by an HPLC system from Agilent, USA (type 1260 quaternary pump,
1260 auto-injector and 1290 temperature controller), linked to an ESA-5600A CoulArray 8-channel
electrochemical detector (Thermo Fisher Scientific, USA). Mobile phase A (MeOH/H,0/ammonium
acetate 1 M (pH 4 with acetic acid); 90:8:2 v:v:v) and B (MeOH/1-propanol/ammonium acetate 1 M
(pH 4 with acetic acid); 78:20:2 v:v:v) were used at a flow of 0.6 ml/min. The elution profile was set at
a 21 min linear gradient from 0 to 80% B, a 10 min linear gradient from 80 to 100% B and a 14 min
isocratic elution at 100% B before returning to initial conditions. Samples were cooled at 4°C. The
electrochemical cells were set at 200, 480, 600, 700, 800, -1000, 240 and 500 mV. A Hypersil octadecyl
silane (ODS, C18) RP analytical column (150 x 3 mm, 3 um) from Thermo Scientific, USA, was used,
heated to 37°C. Resulting chromatograms (Figure 2.2) were analysed with CoulArrayWin software.
Retention times were approximately 3.9 min for retinol, 13.5 min for y-tocopherol, 14.9 min for a-

tocopherol, 27.3 min for retinyl palmitate, 30.6 min for B-carotene and 38.9 min for coQ10.
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Figure 2.2. Resulting chromatogram from the analysis of retinol, y-tocopherol, a-tocopherol, retinyl

palmitate, B-carotene and coQ10 in plasma.
CoQ10: co-enzyme Q10.

3.4.3 MDA analysis

Oxidative damage to fatty acids leads to the generation of lipid hydroperoxides, which are unstable and
therefore subjected to fragmentation into different products, including reactive aldehydes like MDA
[34]. Plasma MDA is therefore a marker of in vivo oxidative stress and lipid peroxidation. It was
measured in duplo as described by Hermans et al. by a validated HPLC method with fluorescence

detection, which is more specific than spectrophotometric analysis [28, 35, 36].
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3.4.3.1 Principle
At high temperature and acidity, thiobarbituric acid (TBA) and MDA react with each other, generating
the pink fluorescent MDA-(TBA), complex (Figure 2.3). Addition of butylhydroxytoluene (BHT) during

sample preparation and heating samples for 40 min at 95°C limits artefact lipid peroxidation [36].

MDA TBA l\/IDA (TBA), complex
Figure 2.3. Reaction of MDA and TBA at high temperature and acidity, resulting in MDA-(TBA),.
MDA: malondialdehyde; TBA: thiobarbituric acid.

3.4.3.2 Materials

BHT (> 99.0%), 1,1,3,3-tetramethyoxypropane (TMP, 99%) and TBA (> 98%) were purchased from
Sigma-Aldrich, USA. Potassium phosphate monobasic (KH,PO,, analytical quality) and sodium
hydroxide (NaOH, analytical quality) were purchased from Merck, USA. MeOH (HPLC quality), EtOH
(absolute) and H3PO4 [85%] were purchased from Thermo Fisher Scientific, USA. Water (H,0) was
purified by Milli-Q from Merck Millipore, USA.

3.4.3.3 Sample and standard preparation
Before each use, glass reaction tubes were prewashed with a mixture of TBA 0.046 M, H3PO, 1.22 M

and H,O in a 1:3:2 (v:v:v) ratio (99.9°C, 1 h), followed by rinsing, one hour of heating (99.9°C) filled with

ultra-pure water and an extensive rinse, to reduce blank peaks by contamination.

Thawed plasma samples (50 ul) were transferred into prewashed glass tubes and 25 pl BHT 1% (w:v) in
EtOH, 250 pl H3PO4 1.22 M, 425ul H,0 and 250 pl TBA 0.046 M were consecutively added. The mixture
was heated for 40 min at 95°C and afterwards cooled on ice. Protein precipitation was performed by
addition of 40 pul NaOH 1 M and 360 pl MeOH to 200 pl of the reaction mixture. After centrifugation

(9500g, 4°C, 5 min), the supernatant was isolated to be analysed.

TMP (Figure 2.4) was used as standard since MDA is unstable. Under hot and acidic conditions, TMP is
hydrolysed completely to MDA. Standard solutions for the calibration curve were prepared in H,0, with
standard 1 containing 2.4 uM TMP and diluting 1:1 with H,0O up to standard 6 (Table 2.4). H,O was used

as blank. Standards and blanks followed the same reaction procedure as samples.
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CHsO  OCHs

H3CO OCHj
Figure 2.4. Chemical structure of 1,1,3,3-tetramethyoxypropane (TMP).

Table 2.4. Concentrations of TMP standards.

TMP (uM)
STD1 2.4
STD 2 1.2
STD3 0.6
STD 4 0.3
STDS 0.15
TMP: 1,1,3,3-tetramethyoxypropane; STD: standard. Standard ranges used for different samples can slightly
differ.

3.4.3.4 HPLC analysis

Samples, standards and blanks were analysed by an HPLC system from Agilent, USA (type 1260
quaternary pump, 1260 auto-injector and 1290 temperature controller), linked to a FP-1520
fluorescence detector (Jasco, The Netherlands). Mobile phase A (KH,PO4 25 mM, pH 4) and B (MeOH)
were used at a flow of 0.8 ml/min. The elution profile was set at an 8 min isocratic flow at 45% B, a 2
min linear gradient from 45 to 90% B and a 10 min isocratic elution at 90% B before returning to initial
conditions. Samples were cooled at 4°C. The excitation and emission wavelengths were set at 532 and
553 nm, resp. A C18 RP column (250 x 4.6 mm, 5 um) from Merck was used. Resulting chromatograms
(Figure 2.5) were analysed with Agilent OpenLAB ChemStation. The retention time of the MDA-(TBA),

complex was approximately 6 min.

- MDA-(TBA),

response (mVolts)

T T J
o 10 20 30
retention time (minutes)

Figure 2.5. Resulting chromatogram of the MDA-(TBA), complex in plasma.
MDA: malondialdehyde; TBA: thiobarbituric acid.
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3.4.4 8-0hdG analysis

Especially the highly reactive HO® interacts with nuclear and mitochondrial DNA, with guanine of all
nucleobases being most prone to free radical reactions [37]. Reaction of HO® with guanine adds a
hydroxyl group at position 8 of the guanine molecule. This finally leads to generation of 8-hydroxy-2’-
deoxy-guanosine (8-OHdG), one of the predominant metabolites of free radical-induced DNA damage,
though also produced from nucleotides in cellular pools by nucleotide excision repair [36-38]. When
DNA is repaired, 8-OHdG is excreted in urine without further metabolism [37, 39]. Therefore, urinary
8-0OHdG (corrected for urinary creatinine concentration) was analysed in duplo as a marker of in vivo
oxidative stress by an enzyme-linked immunosorbent assay (ELISA) kit [40]. The advantage of urinary
8-OHdG analysis is avoidance of DNA digestion during sample preparation and thereby absence of
artefact 8-OHdG production. The reliability of this assay however depends on the selectivity of the
antibodies for 8-OHdG, as interferences are inherent to the urine matrix [36]. The assay used therefore

applies the anti-8-OHdG N45.1 clone, which has the highest possible specificity [40].

3.4.4.1 Principle

A competitive ELISA was used, in which sample 8-OHdG competes with plate-bound 8-OHdG for
binding added murine monoclonal antibody. After washing and addition of both secondary antibody
linked with horse-radish peroxidase (HRP) to bind the primary antibody and substrate (3,3’,5,5'-
tetramethylbenzidine, TMB), colour development is inversely proportional to 8-OHdG concentration in

the sample.

Creatinine reacts with picric acid under alkaline conditions, but this reaction also occurs non-specifically
with other components in biological samples. However, the specific colour produced by creatinine
degrades rapidly under acidic conditions, so that the difference in colour intensity is a direct estimate

of creatinine concentrations.

3.4.4.2 Materials

The urinary 8-OHdG ELISA kit (Northwest Life Science Specialties, USA) included 8-OHdG standards,
murine-anti-8-OHdG monoclonal primary antibody, anti-murine-HRP, secondary antibody, phosphate-
buffered saline (PBS) antibody buffer, TMB, H,0,/citrate/PBS diluting buffer, PBS wash buffer and 1 M
HsPQ, stop solution. PBS was purchased from Lonza, Switzerland. Water (H,0) was purified by Milli-Q
from Merck Millipore, USA.

The Creatinine Assay Kit (Oxford Biomedical Research, USA) included creatinine standards, picrate

reagent, alkali solution and acid reagent.
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3.4.4.3 Sample and standard preparation and analysis

Thawed urine samples were centrifuged (2000g, RT, 12 min). 50 ul sample, standard or blank (PBS) was
transferred to the 8-OHdG-coated plate and an equal amount of murine anti-8-OHdG monoclonal
antibody was added. The plate was incubated (37°C, 1 h), emptied and washed with PBS. 100 ul
antimurine antibody conjugated with HRP was added and the plate was incubated (37°C, 1 h), emptied
and washed again. Afterwards, 100 ul TMB was added, the plate was incubated (RT, 15 min) and 100
ul stop solution was added, after which absorbance was measured at 450 nm using a microplate reader
(BioTek Synergy Mx, USA). The logarithmic calibration curve was made with standard solution 1 being

200 ng/ml 8-OHdG, diluted till standard solution 6 (Table 2.5).

Table 2.5. Concentrations of 8-OHdG standards.
8-OHdG (ng/ml)

STD1 200

STD 2 80

STD 3 20

STD 4

STDS 2

STD 6 0.5

8-OHdG: 8-hydroxy-2’-deoxyguanosine; STD: standard. Standard ranges used for different samples can slightly
differ.

For creatinine analysis, thawed urine samples were centrifuged (2000g, RT, 12 min) and 25 ul
standards, blank (H,0), or 1:30 diluted samples were transferred to the plate. 180 pl alkali solution
diluted 1:5 with picrate reagent was added, followed by incubation (RT, 10 min) and measurement of
absorbance at 490 nm using a microplate reader (BioTek Synergy Mx, USA). Then, 15 ul acid reagent
was added, after which the plate was incubated (RT, 5 min) and absorbance was measured again at
490 nm. A calibration curve was made with standard solution 1 being 10.0 mg/dl, 2 being 3.0 mg/d|

and 3 being 1.0 mg/dl creatinine.

3.4.5 Cytokine analysis

3.4.5.1 Materials

The Cytometric Bead Array (CBA) Human Soluble Protein Master Buffer Kit (BD, USA) included capture
beads, phycoerythrin (PE) detection reagent and standards for human IL-18, IL-5, IL-6, IL-8, IL-10, TNF
and IFN-y, capture bead diluent for plasma, detection reagent diluent, assay diluent, wash buffer and

cytometer setup beads.
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3.4.5.2 Sample and standard preparation and analysis

Capture beads for the concerned cytokines were mixed with wash buffer, vortexed and centrifuged
(200g, RT, 5 min). Supernatant was discarded and capture beads were resuspended in capture bead
diluent for plasma. After 15 min incubation at RT, 10 ul of the concerned capture bead mixture was
added to 10 pl sample, incubating 1 h at RT. After addition of 10 ul PE detection reagent diluted in
detection reagent diluent and overnight incubation (4°C), 200 ul wash buffer was added. Supernatant
was discarded after centrifugation (200g, RT, 5 min) and the bead pellet was resuspended in 150 pl

wash buffer.

Standard solutions for the calibration curve were made in assay diluent, with standard 1 containing
2500 pg/ml IL-1B, IL-5, IL-6, IL-8, IL-10, TNF and IFN-y, diluting 1:1 up to standard 9 (Table 2.6). Assay

diluent was used as blank. Standards and blanks followed the same procedure as samples.

The flow cytometer (BD FACSCanto™ Il with BD FACS DIVA™ Software) was setup with cytometer setup

beads. Number of events to be counted was set at 300 per cytokine.

Table 2.6. Concentrations of IL-1B, IL-5, IL-6, IL-8, IL-10, TNF and IFN-y standards.
Cytokine (pg/ml)

STh1 2500
STD 2 1250
STD3 625

STD 4 3125
STD5 156.25
STh 6 78.13
STD7 39.06
STD 8 19.53
STD9 9.77

STD: standard. Standard ranges used for different samples can slightly differ.

3.4.6 Antibody analysis

3.4.6.1 Materials

The CBA Human Immunoglobulin Master Buffer Kit and CBA Human Soluble Protein Master Buffer Kit
(BD, USA) both included assay diluent, capture bead diluent, detection reagent diluent, wash buffer
and instrument setup beads. The CBA Human Ig Flex Set (BD, USA) included standards, capture beads
and PE detection reagent for human IgM and total IgG. The CBA Human IgE Flex Set (BD, USA) included

the standard, detection reagent and capture beads for human Igk.
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3.4.6.2 Sample and standard preparation and analysis

Thawed plasma samples were diluted with assay buffer (1:1000 for IgM, 1:200,000 for total IgG and
1:4 for IgE). IgE capture beads were diluted with wash buffer, vortexed and centrifuged (200g, RT, 5
min). Supernatant was discarded and beads resuspended in capture bead diluent. Other capture beads
were mixed and diluted with capture bead diluent. After 15 min incubation at RT, 10 pl of capture bead
mixture was added to 10 ul diluted sample, incubating 1 h at RT. 200 ul wash buffer was added and
supernatant was discarded after centrifugation (200g, RT, 5 min). After addition of 10 ul PE detection
reagent diluted in detection reagent diluent and overnight incubation (4°C), 200 ul wash buffer was
added. Again, supernatant was discarded after centrifugation (200g, RT, 5 min) and the bead pellet was

resuspended in 60 ul wash buffer.

Standard solutions were prepared by reconstitution of Ig standard in 1000 pl assay diluent followed by
15 min equilibration at RT. For total IgG, 50 pl reconstituted standard was further diluted with 1.55 ml
assay diluent. Standard 1 contained 910.00 ng/ml IgM and 430.00 ng/ml total IgG, diluting 1:1 up to
standard 9 (Table 2.7). IgE standard was reconstituted with assay diluent and diluted 1:1 till standard
9, standard 1 containing 500.00 ng/ml IgE (Table 2.7). Assay diluent was used as blank.

Table 2.7. Concentrations of Ig standards.

Concentration (ng/ml) IgM Total IgG Igk
STD1 910.00 430.00 500.00
STD 2 455.00 215.00 250.00
STD 3 227.50 107.5 125.00
STD 4 113.75 53.75 62.50
STD5 56.88 13.44 31.25
STD 6 28.44 6.72 15.63
STD7 14.22 3.36 7.81
STD 8 7.11 1.68 3.91
STD 9 3.55 0.84 1.95

lg: immunoglobulin; STD: standard. Standard ranges used for different samples can slightly differ.

The flow cytometer (BD FACSCanto™ Il with BD FACS DIVA™ Software) was setup with cytometer setup

beads. Number of events to be counted was set at 300 per antibody.

3.5 Statistics

SPSS (Statistical Package for the Social Sciences, SPSS Inc., Chicago, USA) version 23.0.0.0 was used for

statistical analyses. Data were checked for outliers and normality (Shapiro-Wilk Test and QQ-plot). For
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normally distributed continuous variables, group means were expressed as mean + SD. Continuous
variables with a non-normal distribution were described by median * interquartile range (IQR). Ordinal
variables were presented by percentages, e.g. stacked bar charts representing percentages within each
category. Differences between patients and controls were tested for significance by Independent
Samples t-Test (in case of normal distribution), Mann-Whitney U test (in case of non-normal
distribution) or multiple regression analysis for continuous variables and Cochran-Armitage trend test
or Chi-Square test for ordinal variables. Correlations between variables were expressed as Pearson’s or
Spearman’s correlation coefficient. Bonferroni correction for multiple testing was performed. For all
regression models, residuals versus the predicted values were plotted to check the assumptions of
linearity and homoskedasticity. Using QQ-plots, the normality of the residuals was checked. A p-value

< 0.05 was considered significant.
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PART 4

RESULTS

In total, 126 participants were included in this comparison: 57 ADHD patients and 69 controls. No
significant differences were found between patients and controls regarding the demographic variables
age, height and weight (Independent Samples t-Tests, Table 2.8) and also gender ratio was not
significantly different (Chi-Square test). Participants were mainly Caucasian (84% in the patient group,

86% in the control group; data not shown).

Table 2.8. Demographic variables per group.

P-value

ADHD Control Test value (2-sided)
Age (years; mean £ SD) 8.98+1.75 8.37£1.69 T(121)=-1.959 0.052
Height (m; mean + SD) 1.36+0.11 1.36 £0.12 T(114)=-0.105 0.916
Weight (kg; mean + SD) 32.54+£9.48 31.15+7.64 T(114)=-0.878 0.382
Gender (n; male/female) 41/16 45/24 x(1)=0.649 0.420

SD: standard deviation.

4.1 Questionnaires

Five pregnancy questionnaires were never received, as well as one SEQ, four PCQs and four FFQs.

4.1.1 Pregnancy questionnaire

No statistically significant differences were found between ADHD patients and controls based on the
pregnancy questionnaire (Table 2.9). Early birth was defined as birth at least two weeks before due
date. The median breastfeeding duration was 8 weeks (IQR = 24) for patients and 13 weeks (IQR = 23)

for controls (U=1401.5, p = 0.442). Chronic illnesses reported include celiac disease, asthma and reflux.

99



Chapter 2

Table 2.9. Percentage of positive responses on specific questions of the pregnancy questionnaire.

P-value

ADHD Control Test value (2-sided)
Complications pregnancy 11.1 10.4 x(1)=0.014 0.907
Medication pregnancy 15.1 10.6 x(1)=0.538 0.463
Smoking pregnancy 16.7 11.9 x(1)=0.553 0.457
Alcohol pregnancy 11.1 16.9 x(1)=0.814 0.367

Substance abuse pregnancy 0.0 0.0 - -

Complications delivery 22.6 17.5 x(1)=0.486 0.489
Early birth 21.2 30.3 x(1)=1.257 0.262
Cry-baby 18.0 17.5 x(1)=0.006 0.940
Breastfeeding 72.2 82.1 x(1)=1.679 0.195
Breastfeeding > 4 weeks 63.0 71.1 x(1)=0.921 0.337
Breastfeeding > 12 weeks 50.0 59.1 x(1)=2.021 0.364
Chronic illness 5.6 6.0 x(1)=0.009 0.923

4.1.2 Social-emotional questionnaire

The median scores on all SEQ conditions and subconditions (Table 2.10) were significantly higher in the
ADHD group than in controls (p < 0.05), except for social anxiety (Mann-Whitney U tests). Similar results
were obtained regarding the percentage of diagnoses based on SEQ scores after score classification
into levels of severity (Table 2.11): the percentage of participants diagnosed with a certain disorder
according to SEQ guidelines was higher in the ADHD group (p < 0.05), except for social anxiety (Chi-
Square tests). Based on SEQ scores, patients in this study are mostly classified as having combined type
ADHD (Table 2.12). Finally, all SEQ scores correlate significantly positively with each other, except for

“Social anxiety” and “Conduct Disorder — Aggression” (Table 2.13).
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Table 2.10. Median scores and IQR per condition and subcondition of the SEQ.

ADHD Control P-value
Median IQR Median IQR Test value (2-sided)
ADHD total 40.0 22.8 12.0 115 U=329.5 <0.001%
Inattention 15.0 8.0 4.0 4.0 U=199.5 <0.001%
Hyperactivity 16.0 12.5 5.0 6.0 U=664.0 <0.001%*
Impulsivity 9.0 8.5 4.0 4.8 U=649.0 <0.001%
Autism 6.0 6.0 2.0 2.3 U=827.5 <0.001%*
Social problem behaviour total 17.0 19.0 10.0 11.0 U=963.0 <0.001*
Oppositional Defiant Disorder 7.0 12.5 4.0 4.8 U=1168.5 <0.001%*
Conduct Disorder — Aggression 1.0 3.8 0.0 2.0 U=1393.5 0.004*
Conduct Disorder — Antisocial 9.0 8.0 4.0 6.0 U=928.0 <0.001%*
Anxiety total 16.5 16.0 7.0 10.0 U=982.5 <0.001%*
General anxiety 6.0 6.0 3.0 4.0 U=902.5 <0.001%*
Social anxiety 3.0 6.5 3.0 3.9 U=1621.0 0.114
Depression 5.0 5.0 2.0 4.0 U=1017.5 <0.001%*

*Statistically significant if p < 0.05; italic p-values: statistically significant after Bonferroni correction. IQR:

interquartile range; SEQ: social-emotional questionnaire.

Table 2.11. Percentages of diagnoses based on SEQ scores.

P-value

ADHD Control Test value (2-sided)
ADHD total 59.6 1.5 x(1)=59.334 <0.001*
Inattention 71.9 1.5 x(1)=83.605 <0.001*
Hyperactivity 49.1 5.9 x(1)=52.023 <0.001*
Impulsivity 26.3 1.5 x(1)=34.804 <0.001*
Autism 24.6 15 x(1)=30.622 <0.001*
Social problem behaviour total 29.8 5.9 x(1)=22.696 <0.001*
Oppositional Defiant Disorder 29.8 4.4 x(1)=19.522 <0.001*

Conduct Disorder — Aggression 17.5 4.4 x(1)=10.651 0.017*
Conduct Disorder — Antisocial 36.8 7.4 x(1)=22.245 <0.001%*
Anxiety total 28.1 4.4 x(1)=20.554 <0.001*
General anxiety 333 4.4 x(1)=26.386 <0.001*

Social anxiety 12.3 7.4 x(1)=12.350 0.352
Depression 31.6 4.4 x(1)=15.954 <0.001*

*Statistically significant if p < 0.05; italic p-values: statistically significant after Bonferroni correction; SEQ: social-

emotional questionnaire.

Table 2.12. Percentage of participants per ADHD subtype, based on SEQ scores.

ADHD  Control

ADHD — predominantly inattentive type 26.3
ADHD — predominantly hyperactive-impulsive type 35
ADHD — combined type 45.6

0.0
4.4
1.5
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Table 2.13. Correlations (Spearman’s rho) between SEQ scores.
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ADHD total - 0.926* 0.893* 0.901* 0.754* 0.726* 0.608* 0.421* 0.752* 0.626* 0.674* 0.255° 0.585*
ADHD inattention 0.926* - 0.745* 0.775* 0.680* 0.651* 0.526* 0.379* 0.667* 0.566* 0.631* 0.221* 0.518*
ADHD hyperactivity 0.893* 0.745* - 0.771*% 0.644* 0.563* 0.462* 0.312* 0.630* 0.497* 0.563* 0.184% 0.443*
ADHD impulsivity 0.901* 0.775* 0.771% - 0.744* 0.786* 0.677* 0.481* 0.792* 0.661* 0.687* 0.302° 0.608*
Autism 0.754* 0.680* 0.644* 0.744* - 0.660* 0.538* 0.401* 0.672* 0.675*% 0.674* 0.454* 0.554*
Social problem behaviour total 0.726* 0.651* 0.563* 0.786* 0.660* - 0.882* 0.683* 0.904* 0.623* 0.653* 0.249° 0.620*
Oppositional Defiant Disorder 0.608* 0.526* 0.462* 0.677* 0.538* 0.882* - 0.521* 0.687* 0.650* 0.587* 0.329* 0.668*
Conduct Disorder - Aggression 0.421*% 0.379* 0.312* 0.481* 0.401* 0.683* 0.521* - 0.564* 0.280° 0.403* 0.014 0.295°
Conduct Disorder - Antisocial 0.752* 0.667* 0.630* 0.792* 0.672* 0.904* 0.687* 0.564* - 0.574* 0.636* 0.206% 0.556*
Anxiety total 0.626* 0.566* 0.497* 0.661* 0.675* 0.623* 0.650* 0.280° 0.574* - 0.851* 0.727* 0.884*
General anxiety 0.674* 0.631* 0.563* 0.687* 0.674* 0.653* 0.587* 0.403* 0.636* 0.851* - 0.390* 0.698*
Social anxiety 0.255° 0.221% 0.184% 0.302° 0.454* 0.249° 0.329* 0.014 0.206* 0.727* 0.390* - 0.493*
Depression 0.585* (0.518* 0.443* 0.608* 0.554* 0.620* 0.668* 0.295° 0.556* 0.884* 0.698* 0.493* -

*Statistically significant if p < 0.001; ° Statistically significant if p < 0.01; # Statistically significant if p < 0.05; italic Spearman’s rho: statistically significant after Bonferroni
correction; SEQ: social-emotional questionnaire.
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4.1.3 Physical complaints questionnaire

As compared to controls, parents of ADHD patients reported significantly more stomach ache,
tiredness, circles under eyes, sensitivity for sounds, sloppy handwriting, wanting to touch, compulsive
behaviour, tics and sleep complaints (difficulties falling asleep and waking up, as well as waking up at
night) and less eye complaints (p < 0.05, Cochran-Armitage trend tests, Table 2.14, Figure 2.6). Trends
were observed for more headache, throat, nose and ear problems and high muscle tension (p > 0.05).
After clustering several physical complaints (e.g. total pain: headache, stomach ache and growing
pains), significantly more total pain and sleep complaints were reported for patients than for controls,

as well as a trend for more Gl complaints (Cochran-Armitage trend tests, Table 2.15).

A trend was noticed for more physician’s diagnosed allergies as reported by parents in patients than in
controls (23.1% vs. 11.8%, x(1)=2.715, p = 0.099). Allergens mentioned were grasses, pollen, animal
dander and medication. Suspicion of undiagnosed allergies by parents, the use of antibiotics and the
prevalence of ear infections were not significantly different between both groups (p > 0.05, Chi-Square

tests, data not shown).

4.1.4 Food frequency questionnaire

Dietary habits of patients and controls appeared very similar, except for consumption of sweet milk
drinks and fish, which were less in patients (p < 0.05, Cochran-Armitage trend tests, Table 2.16 and
Figure 2.7). In addition, trends were observed for a lower consumption of fruit juice, raw vegetables,
vegetable puree, soy and fried foods, and a higher consumption of light soda by patients. No significant
difference was observed in percentages of participants meeting recommendations for daily fruit (55.6%
in ADHD vs. 48.5% in controls) and vegetable intake (63.0% vs 70.6%). Also, no significant differences

were found regarding the type of milk, yoghurt, bread, pasta or chocolate generally consumed.
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Table 2.14. P-values for distributions of physical complaints per group.

P-value

Test value (2-sided)
Headache x(1)=2.811 0.094
Stomach ache x(1)=10.551 0.001*
Nausea, vomiting x(1)=0.310 0.578
Thirst x(1)=0.242 0.623
Sweating x(1)=0.125 0.725
Feeling warm x(1)=1.798 0.180
Sensitive skin x(1)=0.359 0.549
Eczema x(1)=0.004 0.952
Throat, nose and ear problems x(1)=3.442 0.064
Colds x(1)=1.237 0.226
Asthma x(1)=0.999 0.317
Diarrhoea x(1)=1.164 0.281
Constipation x(1)=0.009 0.925
Flatulence x(1)=0.072 0.789
Bedwetting x(1)=0.010 0.920
Growing pains x(1)=0.120 0.729
Tiredness x(1)=4.000 0.045%*
Nose bleedings x(1)=0.015 0.903
Red spots on the face x(1)=0.575 0.448
Red border around the mouth x(1)=0.751 0.386
Red ears x(1)=0.488 0.485
Circles under eyes x(1)=4.444 0.035%*
Sensitivity for sounds x(1)=6.864 0.009*
High pain threshold x(1)=0.284 0.594
High muscle tension x(1)=2.805 0.094

Sloppy handwriting x(1)=24.018 <0.001%*
Not wanting to be touched x(1)=2.033 0.154
Wanting to touch x(1)=11.274 0.001*
Obsessive behaviour x(1)=2.180 0.140
Compulsive behaviour x(1)=4.417 0.036*
Tics x(1)=8.753 0.003*

Problems falling asleep x(1)=14.093 <0.001%*

Waking up at night x(1)=12.126 <0.001*

Difficulties awaking x(1)=12.211 <0.001*
Stomach problems x(1)=0.945 0.331
Nasal complaints x(1)=0.259 0.611
Wheezing x(1)=0.816 0.366
Eye complaints x(1)=4.396 0.036*
Skin problems x(1)=0.815 0.367

*Statistically significant if p < 0.05; italic p-values: statistically significant after Bonferroni correction.
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Patients
Controls
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Figure 2.6 (part 1). Distributions of physical complaints per group (% of answers per question) for complaints with significant results in Table 2.14.
Answer options: never (0), less than once a month (1), every month (2), every week (3) or (almost) every day (4).
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Patients
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Problems falling asleep Waking up at night Difficulties awaking Eye complaints

Figure 2.6 (part 2). Distributions of physical complaints per group (% of answers per question) for those complaints with significant results in Table 2.14.
Answer options: never (0), less than once a month (1), every month (2), every week (3) or (almost) every day (4).

Table 2.15. Clustered physical complaints scores per group.

P-value

Test value (2-sided)

Total pain x(1)=3.964 0.046*
Total gastrointestinal problems x(1)=2.895 0.089
Total skin complaints x(1)=2.167 0.141

Total sleep complaints x(1)=15.414 <0.001%*

*Statistically significant if p < 0.05; italic p-values: statistically significant after Bonferroni correction.
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Table 2.16. P-values for distributions of dietary habit scores per group.

P-value

Test value (2-sided)

Fresh fruit x(1)=3.081 0.079
Fruit juice x(1)=1.535 0.215
Canned fruit x(1)=0.556 0.456
Dried fruit x(1)=0.883 0.347
Raw vegetables x(1)=2.968 0.085
Cooked vegetables x(1)=2.134 0.144
Vegetable puree x(1)=2.895 0.089
Vegetable drinks x(1)=2.146 0.143
Soup x(1)=0.474 0.491
Bread x(1)=0.065 0.799
Cereals x(1)=1.088 0.297
Pasta x(1)=0.098 0.754
Rice x(1)=2.339 0.126
Potatoes x(1)=0.226 0.635
Milk x(1)=0.014 0.904
Sweet milk drinks x(1)=3.954 0.047*
Yoghurt x(1)=0.358 0.549
Soy x(1)=3.140 0.076
Milk drinks x(1)=2.247 0.134
Butter x(1)=0.589 0.443
Margarine x(1)=1.329 0.249
Cheese x(1)=0.712 0.399
Eggs x(1)=1.661 0.198
Meat x(1)=0.144 0.704
Fish x(1)=6.180 0.013*
Water x(1)=0.032 0.857
Tea x(1)=1.341 0.247
Light soda x(1)=3.575 0.059
Soda x(1)=0.136 0.713
Nuts and seeds x(1)=0.015 0.903
Chocolate x(1)=0.772 0.380
Sweet snacks x(1)=0.003 0.958
Snacks x(1)=0.373 0.541
Vegetarian products x(1)=1.463 0.226
Fried foods x(1)=3.439 0.064
Type of milk x(1)=0.144 0.704
Type of yoghurt x(1)=0.927 0.336
Type of bread x(1)=0.139 0.709
Type of pasta x(1)=1.095 0.295
Type of chocolate x(1)=0.130 0.718
Daily fruit intake x(1)=0.595 0.440
Daily vegetable intake x(1)=0.794 0.373

*Statistically significant if p < 0.05.
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Figure 2.7. Distributions of dietary habits per group (% of answers per question) for food items with
significant results in Table 2.16. Answer options: never or less than once a month (0), once to three times a
month (1), once a week (2), twice to five times a week (3) or (almost) every day (4).

4.2 Biological analyses

Mean levels of each analysed oxidative damage and antioxidant biomarker are presented per group in
Table 2.17, those of each analysed immune biomarker in Table 2.18. A comparison of these levels
between groups must account for different processing times as potential confounder (Table 2.19), as
processing time could influence biomarker levels. Therefore, a linear regression model was fitted with
the biomarker as outcome variable, disease status as predicting variable and processing time as
covariate. For example, for GSH, a significant effect of both processing time (data not shown) and
disease status was found. The adjusted differences between both groups for oxidative damage,
antioxidant and immune biomarkers can also be found in Tables 2.17 and 2.18. For example, assuming
an equal processing time, erythrocyte GSH level was on average 93.7 ug/ml higher in patients than in
controls (p < 0.05). Also plasma retinyl palmitate, MDA, IgG and IgE levels were significantly higher in
patients than in controls when accounting for processing time (p < 0.05, linear regression). Trends for
higher urinary 8-OHdG and lower plasma IL-5 levels were observed as well. I[L-10/TNF ratio was not

significantly different between patients and controls (p > 0.05, linear regression, data not shown).

To test whether antioxidant levels depended on the amount of oxidative damage, and whether this
dependence differed between groups, again a linear regression model was fitted, with the antioxidant
marker as outcome variable, disease status as predicting variable and oxidative damage biomarker as
covariate (Tables 2.20 and 2.21). As the interactions between group and the oxidative damage
biomarkers were not significant, the effect of MDA and 8-OHdG on antioxidant levels did not differ

significantly between cases and controls. After removal of the interaction term, antioxidant levels were
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not predicted by the amount of oxidative damage, except for B-carotene by MDA levels as well as a-

tocopherol and GSH by 8-OHdG levels (p < 0.05, linear regression).

In addition, as for patients versus controls, a comparison was made between participants with and
without a physician’s diagnosed allergy as reported by parents. When accounting for processing time,
none of the antioxidant, oxidative damage or immune biomarkers was significantly different between

participants with and without allergies (p > 0.05, linear regression, data not shown).

A positive correlation was found between plasma MDA level accounted for processing time and SEQ
impulsivity score (p < 0.05; Table 2.22). In addition, multiple correlations were found between the
various oxidative damage, antioxidant and immune biomarkers (Table 2.23). For example, IL-1p
correlated positively with all other measured cytokines, while a-tocopherol correlated positively with
8-0OHdG, y-tocopherol, coQ10, retinol and IL-1B (p < 0.05). IgE and IgG did not correlate with any of the

other analysed biomarkers.
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Table 2.17. Mean levels + SD for oxidative damage and antioxidant biomarkers in patients and controls and adjusted mean difference, accounting for processing time,
by linear regression.

ADHD Control Adjusted P-value
Mean SD Mean SD difference 95% Cl Test value (2-sided)
8-OHdG (ng/mg Crn) 13.749 5.168 12.229 4.259 1.851 -0.290-3.992 F(1,116)=2.932 0.089
MDA (uM) 0.374 0.078 0.348 0.056 0.031 0.004 -0.058 F(1,118)=5.030 0.027*
a-tocopherol (pg/ml) 10.302 2.199 9.708 1.709 0.319 -0.470-1.109 F(1,117)=0.641 0.425
B-carotene (pg/ml) 0.590 0.229 0.657 0.267 -0.020 -0.118 -0.079 F(1,118)=0.153 0.696
y-tocopherol (ug/ml) 0.462 0.170 0.420 0.147 0.041 -0.024 -0.106 F(1,117)=1.586 0.210
CoQ10 (ug/ml) 0.578 0.143 0.534 0.134 0.043 -0.013 -0.099 F(1,119)=2.337 0.129
GSH (ug/ml) 805.662 129.761 670.742 112.641 93.707 45.684 —141.729 F(1,111)=14.951 <0.001*
Retinol (ug/ml) 0.310 0.043 0.316 0.050 -0.003 -0.022 -0.016 F(1,116)=0.084 0.772
Retinyl palmitate (ug/ml) 0.019 0.013 0.011 0.008 0.006 0.002-0.011 F(1,108)=7.780 0.006*

*Statistically significant if p < 0.05; italic p-values: statistically significant after Bonferroni correction. Cl: confidence interval; 8-OHdG: 8-hydroxy-2’-deoxy-guanosine; coQ10: co-
enzyme Q10; Crn: creatinine; GSH: reduced glutathione; MDA: malondialdehyde; SD: standard deviation.

110



Oxidative stress and im

munity in ADHD

Table 2.18. Mean levels + SD for immune biomarkers in patients and controls and adjusted mean difference, accounting for processing time, by linear regression.

ADHD Control Adjusted P-value

Mean SD Mean SD difference 95% Cl Test value (2-sided)
IFN-y (pg/ml) 5.802 0.228 5.815 0.291 -0.031 -0.139-0.078 F(1,116)=0.316 0.575
IL-1B (pg/ml) 5.463 0.253 5.480 0.286 -0.036 -0.149-0.076 F(1,114)=0.406 0.525
IL-5 (pg/ml) 5.442 0.312 5.603 0.410 -0.130 -0.284-0.023 F(1,112)=2.819 0.096
IL-6 (pg/ml) 6.669 0.368 6.669 0.481 -0.057 -0.236-0.122 F(1,110)=0.403 0.527
IL-8 (pg/ml) 7.321 1.131 7.291 1.193 0.009 -0.464 - 0.481 F(1,115)=0.001 0.972
IL-10 (pg/ml) 5.549 0.528 5.602 0.710 -0.061 -0.309 - 0.187 F(1,116)=0.237 0.627
TNF (pg/ml) 6.308 0.553 6.418 0.492 -0.102 -0.304-0.101 F(1,120)=0.993 0.321
IgE (ug/ml) 250.358 270.350 132.348 158.592 125.004 25.298 —224.709 F(1,97)=0.779 0.015*
IgG (ug/ml) 2198.126 985.728 2100.781 116.924 301.555 143.382 - 746.491 F(1,111)=0.182 0.016*
1gM (ug/ml) 328.257 190.206 294.117 163.720 17.293 -54.126 - 88.712 F(1,114)=0.230 0.632

111

*Statistically significant if p < 0.05. Cl: confidence interval; IFN: interferon; Ig: immunoglobulin; IL: interleukin; SD: standard deviation; TNF: tumour necrosis factor.
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Table 2.19. Mean + SD sample processing time (hours) for each sample type.

ADHD Control
Mean SD Mean SD
Plasma 4.05 3.08 6.82 2.49
Erythrocytes 4.20 2.76 6.80 2.46
Urine 3.93 3.34 6.37 2.93

SD: standard deviation.

Table 2.20. Interaction as well as main effect of MDA on antioxidant levels.

Interaction Main effect MDA
P-value P-value
. B SE .
(2-sided) (2-sided)
a-tocopherol (ug/ml) 0.819 -1.380 2.726 0.614
B-carotene (ug/ml) 0.548 0.731 0.337 0.032*
y-tocopherol (ug/ml) 0.248 0.103 0.219 0.614
CoQ10 (pg/ml) 0.357 0.282 0.184 0.129
GSH (ug/ml) 0.194 22.853  181.038  0.900
Retinol (ug/ml) 0.589 0.060 0.066 0.365
Retinyl palmitate (ug/ml) 0.614 0.011 0.015 0.475

*Statistically significant if p < 0.05. B: effect size; coQ10: co-enzyme Q10; GSH: reduced glutathione; MDA:
malondialdehyde; SE: standard error.

Table 2.21. Interaction as well as main effect of 8-OHdG on antioxidant levels.

Interaction Main effect 8-OHdG

P-V?Iue B SE P-v'alue

(2-sided) (2-sided)
a-tocopherol (ug/ml) 0.906 0.073 0.033 0.026*
B-carotene (ug/ml) 0.069 -0.004 0.004 0.315
y-tocopherol (ug/ml) 0.361 0.001 0.003 0.748
CoQ10 (ug/ml) 0.824 -0.004 0.002 0.090
GSH (ug/ml) 0.698 5.218 1.999 0.010*
Retinol (ug/ml) 0.738 0.001 0.001 0.251
Retinyl palmitate (ug/ml) 0.895 <0.001 <0.001 0.145

*Statistically significant if p < 0.05. B: effect size; 8-OHdG: 8-hydroxy-2’-deoxy-guanosine; coQ10: co-enzyme Q10;
GSH: reduced glutathione; SE: standard error.
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Table 2.22. Correlations (Pearson’s r) between oxidative damage, antioxidant and immune biomarkers and

ADHD SEQ scores.
=
< = £ E
8-0OHdG 0.011 0.001 0.034 0.019
MDA 0.111 0.069 0.079 0.208"
a-tocopherol -0.114 -0.044 -0.154 -0.178
B-carotene -0.008 -0.021 0.009 -0.033
y-tocopherol -0.043 -0.021 -0.036 -0.077
CoQ10 0.051 0.048 0.019 0.047
GSH -0.037 -0.013 -0.044 -0.060
Retinol 0.004 0.042 0.040 -0.042
Retinyl palmitate 0.032 0.011 0.020 0.049
IFN-y -0.037 -0.057 -0.001 -0.072
IL-18 0.000 -0.065 0.053 0.019
IL-5 -0.144 -0.157 -0.127 -0.132
IL-6 -0.063 -0.065 -0.057 -0.069
IL-8 -0.078 -0.111 -0.059 -0.054
IL-10 -0.121 -0.104 -0.096 -0.140
TNF -0.043 -0.068 -0.003 -0.050
IgE -0.007 -0.015 -0.011 -0.013
IgG -0.109 -0.098 -0.101 -0.100
IgM -0.100 -0.027 -0.091 -0.141

*Statistically significant if p < 0.05. 8-OHdG: 8-hydroxy-2’-deoxy-guanosine; coQ10: co-enzyme Q10; GSH:
reduced glutathione; IFN: interferon; Ig: immunoglobulin; IL: interleukin; MDA: malondialdehyde; TNF: tumour
necrosis factor.
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Table 2.23. Correlations (Pearson’s r) between oxidative stress and immune biomarkers.
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8-OHdG - 0.023: 0.193* -0.091 0.029 -0.159 0.189 0.132 0.151: 0.026 -0.005 -0.041 0.262° 0.028 0.145 0.108 -0.091 0.114 -0.036
MDA 0.023 - -0.032 0.190* 0.048 0.144 0.043 0.076 0.085: -0.057 -0.053 -0.168 0.054 -0.050 -0.021 -0.159 0.035 0.070 0.067
a-tocopherol 0.193* -0.032 - 0.025 0.221* 0.414* 0.063 0.250° -0.017. 0.003 0.223* (0.072 0.170 0.140 0.175 0.003 -0.101 0.096 -0.002
B-carotene -0.091 0.190% 0.025 - -0.077 0.138 0.134 0.111 0.157: -0.040 0.099 0.021 -0.001 -0.016 -0.061 0.153 0.031 0.119 0.189*
y-tocopherol 0.029 0.048: 0.221* -0.077 - 0.236% 0.036 0.202* 0.271° 0.136 0.079 0.042 0.147 0.005 0.052 0.014 0.082 -0.117 0.089
CoQ10 -0.159 0.144: 0.414* 0.138 0.236* - 0.083 0.183* 0.106: -0.145 0.135 0.119 -0.106 -0.154 -0.076 -0.141 0.098 -0.268 0.056
GSH 0.189 0.043: 0.063 0.134 0.036 0.083 - 0.002 0.066: 0.050 0.040 -0.127 0.252*% -0.088 -0.019 0.076 -0.032 0.201 0.048
Retinol 0.132 0.076: 0.250° 0.111 0.202* 0.183* 0.002 - 0.013: 0.121 0.079 -0.108 -0.009 0.063 0.136 -0.046 -0.042 -0.148 0.103
RP 0.151 0.085: -0.017 0.157 0.271° 0.106 0.066 0.013 - 0.122 -0.024 0.032 0.177 0.001 -0.022 0.017 0.097 -0.074 0.076
IFN-y 0.026 -0.057 0.003 -0.040 0.136 -0.145 0.050 0.121 0.122 - 0.268° 0.128 0.230* 0.266° 0.297° 0.211* 0.014 0.289 -0.088
IL-1B -0.050 -0.053 0.223* 0.099 0.079 0.135 0.040 0.079 -0.024 0.268° - 0.357* 0.352* 0.305° 0.388* 0.224* -0.094 -0.005 0.068
IL-5 -0.041 -0.168 0.072 0.021 0.042 0.119 -0.127 -0.108 0.032: 0.128 0.357* - 0.209% 0.199% 0.295° 0.227% 0.125 -0.226 -0.135
IL-6 0.262° 0.054: 0.170 -0.001 0.147 -0.106 0.252* -0.009 0.177: 0.230* 0.352* 0.209* - 0.321° 0.366* 0.156 0.031 0.301 0.108
IL-8 0.028 -0.050: 0.140 -0.016 0.005 -0.154 -0.088 0.063 0.001: 0.266° 0.305° 0.199* 0.321° - 0.333* 0.233* -0.091 0.123 -0.034
IL-10 0.145 -0.021 0.175 -0.061 0.052 -0.076 -0.019 0.136 -0.022 0.297° 0.388* 0.295° 0.366* 0.333* - 0.023 -0.001 -0.014 0.034
TNF 0.108 -0.159° 0.003 0.153 0.014 -0.141 0.076 -0.046 0.017: 0.211* 0.224* 0.227% 0.156 0.233%* 0.023 - -0.045 0.241 0.008
IgE -0.091 0.035: -0.101 0.031 0.082 0.098 -0.032 -0.042 0.097: 0.014 -0.094 0.125 0.031 -0.091 -0.001 -0.045 - -0.006 -0.037
18G 0.114 0.070: 0.096 0.119 -0.117 -0.268 0.201 -0.148 -0.074 0.289 -0.005 -0.226 0.301 0.123 -0.014 0.241 -0.006 - -0.172
IgM -0.036 0.067: -0.002 0.189* 0.089 0.056 0.048 0.103 0.076: -0.088 0.068 -0.135 0.108 -0.034 0.034 0.008 -0.037 -0.172 -

*Statistically significant if p < 0.001; ° Statistically significant if p < 0.01; # Statistically significant if p < 0.05; italic Pearson’s r: statistically significant after Bonferroni correction;
coQ10: co-enzyme Q10; GSH: GSH: reduced glutathione; IFN: interferon; Ig: immunoglobulin; IL: interleukin; IQR: interquartile range; MDA: malondialdehyde; RP: retinyl
palmitate; TNF: tumour necrosis factor.
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PART 5

DISCUSSION

To the best of our knowledge, this is the first comparison of erythrocyte GSH and plasma coQ10, retinyl
palmitate, IL-5, IL-8 and IgM between ADHD patients and controls. Significantly increased plasma MDA
levels were found in ADHD patients as compared to controls, as well as a trend for higher urinary 8-
OHdG levels. In addition, significantly increased erythrocyte GSH as well as plasma retinyl palmitate
and total IgE and IgG levels were found in patients as compared to controls, along with a trend for more
diagnosed allergies and a trend for lower plasma IL-5 levels. After Bonferroni correction for multiple
testing, the result for GSH remained statistically significant, while only a borderline significant
difference was found for retinyl palmitate. Significance was lost for MDA, 1gG and IgE levels.
Nevertheless, these data are consistent with a potential role of slight oxidative stress that affects the
immune system in children with ADHD as compared to controls. As a result, paediatric ADHD patients

might develop more IgE- and non-IgE-mediated allergies [10].

5.1 Questionnaires

No significant differences were found regarding demographic variables between patients and controls.
In addition, no difference regarding breastfeeding was found, in contrast to literature [41, 42]. Possibly,

the power of the present study was too low.

Though the SEQ grading system is different for boys and girls (i.e. higher cut-off scores for boys), the
comparison between the ADHD and control group is valid due to an equal gender distribution in both
groups. The expected higher scores on various SEQ (sub)conditions in the ADHD group, even after
Bonferroni correction to take into account false-positive significant differences due to multiple testing
(in this case: 13 conditions and subconditions, so significant if p < 0.05/13), is a confirmation of
comorbidity in ADHD, and multiple positive correlations between various SEQ scores imply strong
interrelations between these comorbid conditions. It is possible that parents of ADHD patients are
more focussed on the behaviour of their child, thereby rating its behaviour differently than parents of

controls. However, high comorbidity rates could also be due to selection of the patient group via a
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university hospital. Previous research already found high comorbidity rates in ADHD [43, 44]. Still, as
CD for example was linked to lower antioxidant levels before, these comorbidities could influence the

results of this study [5].

The two highest SEQ severity levels, clinical and clinical-high, can lead to a diagnosis of the specific
disorder, though based solely on the SEQ, without careful examination by a health care professional.
This explains why only 59.6% of the children in the ADHD group were classified as diagnosed with ADHD
based on parental SEQ scores (total ADHD score; 75.4% based on subscores). In practice, all children in
the patient group were diagnosed with ADHD by a trained physician. In addition, while 24.6% of the
patients were classified as autistic based on SEQ scores, none had an autism diagnosis. As in literature,

the combined and inattentive ADHD subtypes were found to be the most prevalent subtypes [45].

After Bonferroni correction, still significantly more stomach ache, sloppy handwriting, wanting to touch
and sleep complaints (difficulties falling asleep and awaking, as well as waking up at night) were
reported for the ADHD group. Impaired handwriting, defined as illegible and/or written with an
inappropriate speed, was already reported in ADHD, possibly explained by inattention and impaired
fine motor skills [46]. Moreover, physical symptoms like stomach ache, asthma, eczema and sleep
disorders are frequent complaints among ADHD patients [47-51]. The effects of certain elimination
diets on behaviour might be even attributable to improved sleep patterns [52]. In the present study
however, complaints related to asthma and eczema were not reported more often in the ADHD group.

In addition, physical complaints could also be related to comorbidities of ADHD, like anxiety [53].

Dietary habits of patients and controls appeared very similar, as the only significant differences found
concern less consumption of sweet milk drinks and fish by patients (p < 0.05). Again, Bonferroni
correction for multiple testing should be taken into account (35 questioned items, so significant if p <
0.05/35). Therefore, these differences can be neglected. Though dietary habits can influence oxidative
and inflammatory status [54, 55], they thus probably do not explain differences observed regarding the
biomarkers analysed. In addition, similar dietary habits reflect a similar socioeconomic status of both
groups, despite different recruitment sources [56]. Still, slightly lower fish consumption (43.4% patients
consumed fish less than once a week as compared to 23.2% controls) could cause lower EPA and DHA
levels, which are involved in neuronal membrane structure, anti-inflammatory eicosanoid formation
and dopamine function [57, 58]. In fact, a Western dietary pattern, characterised by low fish
consumption, among other factors, has been related to ADHD diagnosis [59]. Moreover, multiple
reviews and meta-analyses report beneficial effects of PUFAs on inattention, hyperactivity, cognition

and ADHD overall [60-65].
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5.2 Oxidative damage

Significantly higher adjusted plasma MDA levels in ADHD patients were observed, while MDA
correlated weakly with the SEQ impulsivity score. Though after Bonferroni correction for multiple
testing, significance was lost for the adjusted difference and correlation, these results still indicate
potential involvement of oxidative damage in ADHD. Another study (without Bonferroni correction)
also reported more plasma MDA in paediatric ADHD, but no correlation with ADHD subtype was found
[4]. Other studies, however, found lower plasma or serum MDA levels [16, 19] or no significant
difference regarding lipid peroxidation products, though measured by thiobarbituric acid reactive
substances (TBARS), which is a less specific method compared to the HPLC method used in the present
study [66]. Adult MDA levels did correlate with total hyperactivity-impulsivity score, suggesting an
association between adult ADHD subtype and lipid peroxidation [14]. Increased lipid peroxidation in
ADHD is also evidenced by raised urinary acrolein-lysine levels as well as by exhaled ethane levels [6,
7]. Elevated lipid peroxidation is potentially related to lower omega-3 fatty acid levels in ADHD [16, 62,
67-69].

A trend for higher adjusted urinary 8-OHdG levels was observed in ADHD. Literature on oxidative DNA
damage in ADHD is contradictory, as increased 8-oxoG levels in lymphocytes were found [17], as well

as reduced 8-OHdG levels in serum [19].

5.3 Antioxidants

When correcting for processing time, ADHD patients had significantly higher erythrocyte GSH levels
than controls, even after Bonferroni correction, though GSH levels did not correlate significantly with
any of the SEQ ADHD scores. In a randomised double-blind placebo-controlled trial, administration of
a procyanidin rich extract (Pycnogenol®, 1 mg/kg body weight/day) significantly increased whole blood
GSH levels in paediatric ADHD patients from 0.103 £ 0.019 mM to 0.130 = 0.008 mM, but no GSH levels
were determined for healthy controls [70]. The striking difference in concentration level between this
and the present study (2-3 mM) is probably caused by methodological differences, especially sample
type (whole blood vs. erythrocytes). Higher antioxidant levels do not necessarily imply less oxidative
damage, as these could be a compensation mechanism for increased oxidative stress [4]. In fact, as
higher MDA levels were found in the ADHD group, this compensation mechanism appears insufficient
to restore the redox balance. In addition, levels of GST and GPx, both necessary for GSH activities, were

found to be lower in ADHD [4, 5, 13], though one study found higher GST levels [71]. These reduced
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levels, leading to low GSH use by these enzymes and thus lack of an efficient antioxidant defence, could
also explain higher GSH levels and elevated oxidative damage. In autism however, plasma levels of GSH
and its metabolic precursors, cysteine and cysteinylglycine, were significantly reduced, suggesting

insufficient GSH synthesis [72].

Vitamin A, including retinol and retinyl palmitate, is required for various biological events, including cell
differentiation and survival. However, excessive vitamin A intake can have negative effects, including
redox impairment, mitochondrial dysfunction and neurotoxicity. For instance, in vitro as well as in vivo,
vitamin A possesses antioxidant abilities [73-76]. However, depending on the dose and other factors
like nutritional status and pathology, it may also exert prooxidative effects, leading to cell death and
inflammation [74, 77]. This prooxidant inversion also accounts for other well-known antioxidants,
including B-carotene, a vitamin A precursor [73]. In the present study however, physiological levels
have been measured, which can be assumed to exert antioxidant rather than prooxidant effects. As
retinyl palmitate is the storage form of vitamin A and as low levels were found in plasma, it is
questionable whether the borderline significant difference that was observed after Bonferroni
correction is biologically relevant. No difference was found for adjusted plasma retinol levels as well as
for its precursor B-carotene, as confirmed by Spahis et al. [16]. No difference regarding retinol is not
surprising as retinol concentrations in plasma are strictly regulated due to toxicity at high levels [78].
Based on these results, it is doubtful that vitamin A is involved in ADHD, irrespective of pro- or

antioxidant effects.

Spahis et al. found significantly higher plasma a- and y-tocopherol levels in ADHD patients [16], but
another study, like the present study when accounting for processing time, found no difference

regarding serum tocopherol levels [79].

5.4 Redox imbalance

Research generally points towards more oxidative stress in ADHD. Although non-enzymatic antioxidant
levels generally do not appear reduced in ADHD, despite conflicting results, levels or activities of
antioxidant enzymes were found to be lower in various studies [4, 5, 13, 17, 71, 80-84]. Therefore,
oxidative damage biomarkers appear more reflective of the actual oxidative stress situation compared
to antioxidant levels, since even relatively high antioxidant levels can still be too low to balance high
oxidant levels [85]. Joseph et al. (2015) hypothesised an insufficient reaction to oxidative stress in

ADHD, and thus more oxidative damage, rather than a deficient antioxidant production [85]. This is
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applicable to the results of this case-control study as well, as also increased levels of certain

antioxidants were found, despite slightly more oxidative damage, especially to lipids.

5.5 Immune biomarkers

In patients as compared to controls and when accounting for processing time, no significantly different
plasma cytokine levels were found, despite a trend for lower IL-5 levels (without Bonferroni correction).
In addition, cytokine levels adjusted for processing time did not correlate significantly with any of the
SEQ ADHD scores. No significant difference was found regarding IL-10/TNF ratio either, which is
indicative of anti-/pro-inflammatory status. In autism, IL-6 and IFN-y levels correlated negatively with
full-scale 1Q, verbal comprehension index and working memory index [86], but these cognitive abilities
were not assessed in the present study. Significantly higher adjusted plasma IgG and IgE levels in ADHD
were observed, indicating an immune imbalance, but significance was lost after Bonferroni correction.
In addition, no correlation with any of the SEQ ADHD scores was found. Still, the high variability in IgE
levels is striking. The observed higher IgG levels in ADHD support involvement of inflammation [87]. To

our knowledge, antibody levels were not analysed this extensively in ADHD before.

It should be noted that the use of medication was an exclusion criterion of this study, so that patients
with intense allergy symptoms were likely to be excluded. It is therefore no surprise that, despite
slightly higher IgE levels and even indications for lower IL-5 levels in ADHD, no significantly aberrant
systemic cytokine levels were found, which would indicate active inflammation. In addition, cytokine
concentrations in mucosal secretions are predominantly the result of local cytokine production,
causing a potential lack of correlation between low plasma IL-5 levels and, presumably, high mucosal
concentrations reflecting local T2 expansion [88]. In addition, as the analysed cytokine levels in both
groups were very low, it is questionable whether any observed difference would be biologically

relevant.

Due to the use of various methodologies in literature (e.g. analytical methods and sample matrices), it
is hard to compare the results of different studies. For example, despite the increased prevalence of
atopies in ADHD patients in literature [10, 89], their association appears based on a non-IgE-mediated
mechanism [24, 90-92]. A role for 1gG in ADHD pathophysiology was countered before as well [24].
Moreover, indications of more Tyl cytokines have been found in previous research, e.g. higher
detection rates for IFN-y and TNF-f in CSF [93]. Another study however reported no significant

differences regarding serum TNF-a, IL-1B, IL-6 and IL-10 levels, but did find higher levels of IFN-y in
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ADHD patients than in controls [94]. In adults, no significantly altered plasma IL-6 and TNF-a

concentrations were found [95].

Further research with consistent methodology is thus required to draw a final conclusion. Nevertheless,
cytokines could be important in ADHD as they can pass the BBB, affect synaptic plasticity and
neurogenesis and even cause T cell-mediated neuroinflammation and neurodegeneration, which is
consistent with reduced cortical volume and folding in ADHD, and can lead to behavioural effects [94,

96, 97].

5.6 Interconnection between redox and immune status

Oxidative and inflammatory processes are closely related [13]. A redox imbalance is responsible for
changes in the nervous and immune system [13, 82, 98-103]. Moreover, immune cells are an important
source of ROS, RNS and pro-inflammatory compounds like cytokines, which stimulate NF-«B activation,
leading to production of more oxidants and inflammatory compounds, and thereby establishing a
vicious circle [13, 103]. Still, an increase in locally produced cytokines could be too low to be detected
in plasma. In addition, though elevated oxidative stress can cause higher basal (without antigen
stimulation) levels of inflammatory cytokines [104], oxidative stress in ADHD might be too limited for
clear effects on plasma cytokine levels. Still, antioxidants could exert beneficial effects through an
improvement of oxidative stress and immune cell functions, and might therefore have potential in

ADHD therapy [2].

ADHD-associated increased oxidative stress might, in case of a chronic state, lead to immune
dysfunction resulting in elevated T2 induction and thereby increased IgE levels. Although IgE is found
in every individual, and levels increase with age until reaching a stable level at adulthood, elevated
concentrations of total IgE reflect a predisposition to develop IgE-mediated allergic diseases, despite
not being related directly to allergic status [105, 106]. Oxidative stress might thus facilitate the
development of allergic conditions in ADHD patients [2, 100]. Indeed, the observed higher IgE levels
were supported by a trend for more diagnosed allergies in patients than in controls, as well as by the

association between ADHD and atopic disorders in literature [32, 332, 334, 335].

The shifted immune balance due to oxidative stress thus results in a modified humoral immune
response. Though IgE levels are more strongly T cell-regulated and have a much shorter half-life than

IgG, 1gG levels will also be changed under chronic conditions [107].
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5.7 Correlations

It is striking that various immune, oxidative damage and antioxidant biomarkers (e.g. GSH) differed
significantly between patients and controls (though significance was often lost after Bonferroni
correction), while no correlation was found with SEQ scores. This could be related to several high SEQ
scores in control subjects and low SEQ scores in ADHD subjects and underscores the discrepancy

between physician’s diagnosed ADHD and parent rated behaviour.

Considering the strength of the correlations between SEQ scores and biomarkers, especially impulsivity
appeared related to oxidative lipid damage. This could imply that the ADHD spectrum not only varies
in terms of behavioural manifestations, but also regarding underlying mechanisms and thus potentially
also appropriate treatment. For instance, in case of impulsivity, a stronger insufficiency might exist
against oxidative stress, causing more oxidative damage compared to predominantly inattentive

patients.

Multiple correlations were found between the various oxidative damage, antioxidant and immune
biomarkers. Only a small part of the variability of one parameter can however be explained by the
variability of the other, as the strength of the correlations was generally weak (except the correlation
between coQ10 and a-tocopherol, which was moderate). Indeed, linear regression showed that
antioxidant levels were not predicted by the amount of oxidative damage. When accounting for groups,
MDA did have a significant effect on B-carotene level and 8-OHdG on GSH and a-tocopherol. However,
significance was lost every time after Bonferroni correction. Nevertheless, to illustrate the complexity
of their interrelations, the significant correlations between the analysed oxidative damage and
antioxidant biomarkers and immune biomarkers are shown in Figures 2.8 and 2.9, demonstrating for
example that various parts of the antioxidant defence system are closely intertwined. It is for instance
known that coQ10 regenerates a-tocopherol from its radical form in lipoproteins and membranes [32,
33]. The positive correlations, though weak, between 8-OHdG and a-tocopherol as well as between
MDA and B-carotene support higher antioxidant levels as a compensation mechanism for increased
oxidative stress in ADHD. However, these correlations also imply that if a biomarker is significantly
different between patients and controls (e.g. retinyl palmitate), this difference might be due to its
correlation with another biomarker (e.g. y-tocopherol). The same accounts for immune biomarkers.
Still, due to multiple correlations being analysed, Bonferroni correction should be applied, leaving only

the correlations with bold arrows (marginally) significant.
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Figure 2.8. Statistically significant correlations between oxidative damage and antioxidant biomarkers.
Bold arrows indicate significant correlations after Bonferroni correction for multiple testing. CoQ10: co-enzyme
Q10.
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Figure 2.9. Statistically significant correlations between immune biomarkers.
Bold arrows indicate significant correlations after Bonferroni correction for multiple testing. IFN: interferon; IL:
interleukin; TNF: tumour necrosis factor.

5.8 Strengths and limitations

This case-control comparison has some limitations. For example, the nature of this study does not
address the investigation of causality. It is therefore unknown whether increased oxidative stress or
immune dysbalance are causative factors in the pathophysiology of ADHD or a consequence of the
disorder [13]. For instance, increased oxidative stress in ADHD could be the result of the restlessness
related with ADHD [83]. Still, case-control studies are a good start, though not providing solid proof, to

unravel involved mechanisms of action.

Furthermore, though all included patients in this study were diagnosed by a child neurologist as having
ADHD according to DSM criteria (DSM-4 or DSM-5), several patients would not be classified as such
based solely on parental SEQ scores. In addition, several controls had a positive SEQ ADHD score,
without official diagnosis or parental complaints. This underscores the subjectivity of questionnaires

and might explain the lack of correlations between biomarkers and SEQ (sub)scores.

Another limitation is that the FFQ questioned consumption frequency but not portion size, which

makes it impossible to draw conclusions on actual intake. In addition, the probability of recall bias and
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overestimation of vegetable and potato product intake should be taken into account [25], but both are

expected to be similar in patients and controls.

An important strength of this study is the use of regression analysis correcting for differences in
processing time due to practical issues (e.g. sample transport to the analytical facility from the
neighbouring UZA was faster than from schools). Systematically recording processing time and
correcting for this potential confounder was found to be crucial to obtain valid results and should thus
be implemented in future research. In addition, Bonferroni correction for multiple testing is essential,

but often not performed in literature.

Finally, a broad diversity of oxidative stress and immune biomarkers was taken into account, with the
comparison of erythrocyte GSH and plasma coQ10, retinyl palmitate, IL-5, IL-8 and IgM between ADHD

patients and controls not being published before.
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PART 6

CONCLUSION

An evaluation of redox and immune status in ADHD was performed. Significantly higher plasma MDA
levels were found in patients as compared to controls, as well as a trend for higher urinary 8-OHdG
levels. Erythrocyte GSH and plasma retinyl palmitate, 1gG and IgE levels were significantly higher in
patients than in controls. Finally, a trend for lower plasma IL-5 levels was observed. After Bonferroni
correction for multiple testing, the result for GSH remained statistically significant, while only a
borderline significant difference was found for retinyl palmitate. Significance was lost for MDA, IgG and
IgE levels. Still, though only slightly elevated, an indication of more oxidative damage was thus found
in ADHD. Antioxidant levels however did not differ or were even higher in patients than in the control
group. In addition, slightly higher IgE levels were supported by a trend for more diagnosed allergies in
patients than in controls and might point at an immune dysbalance in ADHD. However, due to the
nature of this study, it is unknown whether redox and immune dysbalance play a causative role in
ADHD. Dietary habits do not appear to explain the observed biomarker differences. However, more
psychiatric comorbidities were found in ADHD patients, which could possibly influence the results of
this study. Further confirmation of these results is required, as well as further investigation of potential
differences between ADHD subtypes. Finally, systematically correcting for processing time was found

to be crucial to obtain valid results.
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Don’t waste your time on jealousy. Sometimes you’re ahead, sometimes you’re behind. The race is long,

and in the end, it’s only with yourself. — Baz Luhrmann
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PART 1

INTRODUCTION

As ADHD is associated with immune imbalances and increased oxidative stress, this offers potential for
nutritional supplementation as therapy [1-8]. One example is Pycnogenol®, a commercially available
extract from Pinus pinaster bark with antioxidant and immune modulating activities [9-12]. This extract
was used in an in vitro study to investigate membrane receptor binding and effects on cytokine
secretion (Chapter 4) and in a randomised controlled trial on the effect of Pycnogenol® on ADHD
(Chapter 5). Standardisation, characterisation and quality control of herbal nutritional supplements are

however essential for credible research and to be able to compare results of various studies.

Pycnogenol® is standardised to contain 70 + 5% procyanidins. The United States Pharmacopeia (USP
38) includes a spectrophotometric method for the determination of total procyanidin content, and a
fingerprint chromatographic method (Figure 3.1) for Pycnogenol®, a.k.a. Maritime Pine Extract [13].
These methods were optimised (fingerprint chromatography only) and validated with commercially
available reference compounds, and Pycnogenol® quality control was performed, to be used for in vitro
research (Chapter 4) as well as for release and stability testing on study capsules (Chapter 5). In
addition, specific phenolic constituents (e.g. catechin) were determined to obtain more details on the

composition of the studied extract.

0.0507
0.0401
0.030] —
AU a - Gallic acid
0.0201 b - Protocatechuic acid
g ¢ - Procyanidin B1
0.0107 d - Catechin
e - Caffeic acid

0.0001 f - Taxifolin

A B S A B S S SRS g - Ferulic acid

0.00 500 10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00 50.00 55.00

Minutes
Figure 3.1. United States Pharmacopeia (USP) Maritime Pine Extract Reference Standard chromatogram.
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PART 2

MATERIALS AND METHODS

2.1 Total procyanidin content

2.1.1 Materials

Butanol (99%, extra pure) was purchased from Acros Organics, USA, ferric ammonium sulphate 12H,0
from VWR, USA, hydrochloric acid (37%) from Fisher Chemical, UK, and USP Maritime Pine extract
reference standard (RS; 0.673 mg procyanidins/mg extract, loss on drying (LOD): 4.82%) from the USP,
USA. Pycnogenol® dry extract was offered by Horphag Research, Switzerland. Capsules containing 20
mg Pycnogenol® extract mixed with filler (175 mg microcrystalline cellulose) and lubricant (2 mg
magnesium stearate) to be used in the clinical trial (Chapter 5) were produced by Qualiphar NV,

Belgium.

2.1.2 Sample and standard preparation

USP Maritime Pine extract RS was dissolved in methanol to a final concentration of 0.15 mg/ml as
reference stock solution. 1.0 ml of this stock solution was transferred to a 10 ml dark vial, to which 6.0
ml reagent solution A (a 95:5 mixture of butanol and hydrochloric acid) and 0.25 ml reagent solution B
(a mixture of ferric ammonium sulphate, water and hydrochloric acid in a 1:50:8.75 (w:v:v) ratio) were
added. The vial was sealed, mixed and heated to 99°C in a water bath for 40 min and then cooled to
RT on ice. This solution was diluted with reagent solution A to 10 ml volume and mixed. This reference

solution was made in duplo.

The test stock solution for Pycnogenol® extract was prepared by dissolving 125.0 mg Pycnogenol®
powder in 100 ml MeOH, placing it for 20 min in an ultrasonic bath, centrifugation (2500 rpm, RT, 10
min) and diluting the upper layer 1:20 with MeOH. The test stock solution for capsules containing
Pycnogenol® was prepared by dissolving 125.0 mg capsule content in 20 ml MeOH, placing it for 20
min in an ultrasonic bath, centrifugation (2500 rpm, RT, 10 min) and diluting the upper layer 1:10 with
MeOH. Preparation of both test solutions (as well as blank solution, using only MeOH) then follows the

same procedure as the reference solution (1.0 ml transferred to a 10 ml dark vial, etc.).
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2.1.3 Spectrophotometric determination

The absorbances of the test and reference solutions were determined by means of an UV-Vis
spectrophotometer (Perkin Elmer, Lamda 35) at 551 nm using the blank solution as compensation

liquid, following these calculations:

e Response (R) = ms x Cp x (100-LOD) / Es x dfs x 100

e Mg procyanidins/capsule = ETx Rx dfT x Cc/ mT

Whereby: ms = mass reference Pycnogenol® extract (mg)
Cp = procyanidin concentration in reference extract (mg/mg)
Es = extinction reference solution
dfs = dilution factor reference solution
ET = extinction test solution
dfT = dilution factor test solution
mT = mass test product (mg)

Cc = weight capsule content

2.2 HPLC fingerprint

2.2.1 Materials

MeOH (HPLC grade) was purchased from Fisher Chemical, UK, H3PO4 (85%) from Acros Organics, USA.
The reference standards caffeic acid (99.2%), taxifolin (95.4%) and ferulic acid (99.8%) were purchased
from Sigma Aldrich, USA, while catechin (100%) was purchased from Roth, Germany. Pycnogenol® dry

extract was offered by Horphag Research, Switzerland.

2.2.2 Sample and standard preparation

Reference stock solutions were prepared by dissolving reference standards separately in MeOH to a
final concentration of 1.5 mg/ml for catechin and taxifolin and 0.5 mg/ml for caffeic acid and ferulic
acid. These stock solutions were placed in an ultrasonic bath for 15 min, after which three
concentrations of two reference measuring solutions (catechin + taxifolin, caffeic acid + ferulic acid)
were prepared by diluting stock solutions in MeOH 20%. Resulting concentrations can be found in Table

3.1
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Table 3.1. Concentrations of the four reference standards in the final reference solutions.

Catechin Taxifolin Caffeic acid Ferulic acid
S1 (mg/ml) 0.03 0.03 0.02 0.02
S2 (mg/ml) 0.06 0.06 0.012 0.012
S3 (mg/ml) 0.075 0.075 0.006 0.006

The USP method indicates to dissolve Pycnogenol® in 100% MeOH, which however resulted in poor
chromatographic peaks. Therefore, this was optimised. To prepare the test solution, 2 ml MeOH was
added to 200.0 mg sample. After 15 min ultrasonic treatment, MilliQ water was added to 10 ml volume
and the solution was centrifuged (2500 rpm, RT, 10 min). Pycnogenol® was thus dissolved in 20% MeOH

instead of 100% MeOH, which improved chromatographic peaks.

2.2.3 HPLC analysis

Samples were analysed by an HPLC system and diode array detector (DAD) from Agilent, USA (type
1260 quaternary pump and auto-injector). Mobile phase A (0.1% HsPO,4 in water) and B (MeOH) were
used at a flow of 1 ml/min. The elution profile was set at a 40 min linear gradient from 8 to 34% B, a 5
min linear gradient from 34 to 98% B and a 5 min isocratic elution at 98% B before returning to initial
conditions. The detector was set at 280 nm. A C8 Lichrospher RP column (250 x 4.6 mm x 5 um) at 40°C
was used. Resulting chromatograms were manually integrated. The retention times of catechin, caffeic
acid, taxifolin and ferulic acid were approximately 14.3, 20.7, 31.2 and 34.0 min, resp. The amount of

the different components was calculated by means of a calibration curve.

2.2.4 Response function of the calibration model
At least 5 reference solutions of the component to be determined were prepared and injected twice.
The following parameters were determined:

e Correlation coefficient r of the calibration curve (y = ax + b) must be larger than 0.999

e Slope (a): t-test on the slope: t-value >t (table) with a = 0.05, df =n-2

e Intercept (b): t-test on the intercept, 95% confidence interval of the intercept

e Graphical inspection of the residuals

2.3 Statistics

Excel 2016 was used for statistical analyses. Differences in analysed quantities between days were

tested for significance by analysis of variance (ANOVA). Differences in variations between days were
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tested for significance by the Cochrans test. RSDmax Was determined based on Horwitz. For assessing
linearity (see Chapter 3, 2.2.4), the least square line and the correlation coefficient were calculated.
Calibration curves were tested on slope (a # 0) and intercept (b = 0) by the Student’s t-test and
regression analysis, resp. A lack-of-fit (LOF) test was performed using a F-test and residuals were

graphically examined to evaluate the lack of fit of the linear model.
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PART 3

RESULTS

3.1 Validation

3.1.1 Total procyanidin content

3.1.1.1 Precision

Repeatability was tested by analysing six capsules on the same day (Table 3.2). For intermediate

precision, six analyses were performed on three different days, each day with freshly prepared

standard solutions. Based on the 18 measurements, the average procyanidin content per 20 mg

capsule was 14.93 mg (Cl: 14.78 mg — 15.08 mg), with a standard deviation of 0.30 mg and RSD% of

1.98%. The calculated RSD%uwithin day Was 1.87%, RSD%petween days 2.02%. It can be concluded that, based

on ANOVA (Fealculated = 2.06 < Feitical = 3.682), the results obtained on the 3 different days are not

significantly different. Based on the Cochrans test (Cealculated = 0.351 < Ciabel = 0.707), the variation of the

method can be considered equal for the analysis on the 3 different days.

Table 3.2. Repeatability and intermediate precision for total procyanidin analysis.

Day 1 Day 2 Day 3

Test 1 (mg) 15.17 14.78 14.66
Test 2 (mg) 15.10 14.84 14.95
Test 3 (mg) 14.70 15.06 14.49
Test 4 (mg) 15.31 14.46 14.72
Test 5 (mg) 14.93 14.65 15.24
Test 6 (mg) 15.51 15.26 14.94
Average (mg) 15.12 14.84 14.83
SD (mg) 0.28 0.28 0.27
RSD% 1.78 1.91 1.79

RSD: relative standard deviation; SD: standard deviation.

3.1.1.2 Linearity-repeatability on different concentration levels

Since the determination of total procyanidin content is an unchanged USP method, validation of

linearity by means of the reference standard is not required. Linearity-repeatability on different

concentration levels was therefore tested by analysing repeatability on 50% and 150% of the amount
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of sample, to demonstrate the method’s validity in case the sample would contain a slightly lower or

higher concentration.

Based on the 30 measurements (Tables 3.2 and 3.3), the average procyanidin content per 20 mg
capsule to be used in the clinical trial (see Chapter 5) was 14.82 mg (Cl: 14.65 mg — 14.98 mg), with a
standard deviation of 0.44 mg and RSD% of 2.96%. The calculated RSD%uithin level Was 2.33%, RSD %between
levels 3.07%. Because the RSD%petween levels 1S iN the order of the RSD%petween days, the method can be
considered precise. Based on the Cochrans test (Cealculated = 0.505 < Crabel = 0.506), the variation of the

method can be considered equal for the analysis on the 3 different levels.

Table 3.3. Linearity-repeatability for total procyanidin content.

50% 150%

Test 1 (mg) 15.59 14.11
Test 2 (mg) 14.51 14.67
Test 3 (mg) 14.31 14.33
Test 4 (mg) 14.89 14.39
Test 5 (mg) 15.15 13.95
Test 6 (mg) 15.64 14.17
Average (mg) 15.02 14.27
SD (mg) 0.55 0.25
RSD% 3.65 1.78

RSD: relative standard deviation; SD: standard deviation.

3.1.1.3 Accuracy

The accuracy was tested on three concentration levels in triplicate by spiking the sample with
Pycnogenol® extract. First, the procyanidin concentration in the extract was determined using USP
Maritime Pine extract RS (see Chapter 3, 3.2.1). Based on the analysis of three concentration levels on
three different days (Table 3.4), the average recovery was 100.9% (Cl: 97.6% — 104.2%) with a standard

deviation of 4.3%. The method can thus be considered accurate.

Table 3.4. Recovery (%).

Concentration Day 1 Day 2 Day 3
100% 105.47 104.82 102.41
125% 100.92 104.15 103.69
150% 95.82 97.17 93.56
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3.1.2 HPLC fingerprint

3.1.2.1 Response function of the calibration model

Since the HPLC fingerprint method was optimised, validation of linearity by means of the reference

standard was required.

Catechin

The linearity for catechin was investigated by injecting six references of different concentrations (11.23,
18.72, 28.08, 37.44, 46.8 and 93.6 pug/ml) in duplicate. The assay showed good linearity up to at least
93.6 pg/ml catechin. The calibration curve wasy = 12.76x - 8.12 (r = 0.9999). Graphical inspection of
the residuals revealed random scatter with the highest deviation/area of 1.4% (< 5%). T-test on the
intercept showed a statistical difference from zero (t = 2.65 > 2.306, Cl: -14.95 — -1.30). A calibration
curve of at least 3 points therefore must be made for the determination of catechin in the sample. T-

test on the slope showed a statistical difference from zero (t = 198.6 > 2.306).

Taxifolin

The linearity for taxifolin was investigated by injecting six references of different concentrations (14.54,
24.23, 36.35, 48.46, 60.58 and 121.16 pg/ml) in duplicate. The assay showed good linearity up to at
least 121.16 pg/ml taxifolin. The calibration curve was y = 46.98x — 33.38 (r = 0.9995). Graphical
inspection of the residuals revealed random scatter with the highest deviation/area of 4.4% (< 5%). T-
test on the intercept showed no statistical difference from zero (t = 1.18 < 2.306, Cl: -96.49 — 29.74).

T-test on the slope showed a statistical difference from zero (t = 102.3 > 2.306).

Caffeic acid

The linearity for caffeic acid was investigated by injecting six references of different concentrations
(2.57,4.29, 6.43, 8.57, 10.72 and 21.43 ug/ml) in duplicate. The assay showed good linearity up to at
least 21.43 ug/ml caffeic acid. The calibration curve was y = 60.64x — 11.34 (r = 0.9999). Graphical
inspection of the residuals revealed random scatter with the highest deviation/area of 1.3% (< 5%). T-
test on the intercept showed a statistical difference from zero (t = 4.45 > 2.306, Cl: -17.02 —-5.66). A
calibration curve of at least 3 points therefore must be made for the determination of caffeic acid in

the sample. T-test on the slope showed a statistical difference from zero (t = 259.31 > 2.306).

Ferulic acid
The linearity for ferulic acid was investigated by injecting six references of different concentrations

(2.31, 3.85, 5.77, 7.70, 9.60 and 19.24 ug/ml) in duplicate. The assay showed good linearity up to at
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least 19.24 ug/ml ferulic acid. The calibration curve was y = 55.70x — 11.51 (r = 0.9999). Graphical
inspection of the residuals revealed random scatter with the highest deviation/area of 0.95% (< 5%).
T-test on the intercept showed a statistical difference from zero (t = 8.62 > 2.306, Cl: -14.48 —-8.53). A
calibration curve of at least 3 points therefore must be made for the determination of ferulic acid in

the sample. T-test on the slope showed a statistical difference from zero (t = 408.85 > 2.306).

3.1.2.2 Precision

Repeatability was tested by analysing six capsules on the same day. For intermediate precision, six

analyses were performed on three different days, each day with freshly prepared standard solutions.

Catechin

Based on the 18 measurements (Table 3.5), the average catechin content per capsule was 0.2607 mg
(CI: 0.2571 mg —0.2644 mg), with a standard deviation of 0.0073 mg and RSD% of 2.79%. The calculated
RSD%uithin day Was 1.20%, RSD%between days 3-23%. It can be concluded that, based on ANOVA (Fcaiculated =
38.65 > Feriical = 3.682), the results obtained on the 3 different days are significantly different. Because
the RSD%petween days 1S Smaller than the RSD%wmax (3.3%), the method is acceptable. Based on the
Cochrans test (Cealculated = 0.610 < Ciabel = 0.707), the variation of the method can be considered equal

for the analysis on the 3 different days.

Table 3.5. Repeatability and intermediate precision for catechin analysis.

Day 1 Day 2 Day 3
Test 1 (mg) 0.2684 0.2634 0.2535
Test 2 (mg) 0.2705 0.2577 0.2581
Test 3 (mg) 0.2693 0.2552 0.2512
Test 4 (mg) 0.2706 0.2573 0.2568
Test 5 (mg) 0.2691 0.2550 0.2501
Test 6 (mg) 0.2710 0.2551 0.2610
Average (mg) 0.2698 0.2573 0.2551
SD (mg) 0.0010 0.0032 0.0042
RSD% 0.37 1.25 1.66

RSD: relative standard deviation; SD: standard deviation.

Taxifolin

Based on the 18 measurements (Table 3.6), the average taxifolin content per capsule was 0.2782 mg
(CI: 0.2762 mg —0.2802 mg), with a standard deviation of 0.0040 mg and RSD% of 1.44%. The calculated
RSD%within day Was 0.82%, RSD%between days 1.62%. It can be concluded that, based on ANOVA (Fcaiculated =
18.33 > Feritical = 3.682), the results obtained on the 3 different days are significantly different. Because

the RSD%bpetween days 1S sSmaller the RSD%wax (3.2%), the method is acceptable. Based on the Cochrans
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test (Cealculated = 0.684 < Ciapel = 0.707), the variation of the method can be considered equal for the

analysis on the 3 different days.

Table 3.6. Repeatability and intermediate precision for taxifolin analysis.

Day 1 Day 2 Day 3
Test 1 (mg) 0.2809 0.2751 0.2748
Test 2 (mg) 0.2825 0.2762 0.2797
Test 3 (mg) 0.2811 0.2744 0.2762
Test 4 (mg) 0.2838 0.2768 0.2797
Test 5 (mg) 0.2825 0.2724 0.2727
Test 6 (mg) 0.2847 0.2734 0.2810
Average (mg) 0.2826 0.2747 0.2773
SD (mg) 0.0015 0.0017 0.0033
RSD% 0.53 0.61 1.18

RSD: relative standard deviation; SD: standard deviation.

Caffeic acid

Based on the 18 measurements (Table 3.7), the average caffeic acid content per capsule was 0.0576
mg (Cl: 0.0571 mg — 0.0582 mg), with a standard deviation of 0.0011 mg and RSD% of 1.94%. The
calculated RSD%uithin day Was 1.24%, RSD%petween days 2.17%. 1t can be concluded that, based on ANOVA
(Fealculated = 13.40 > Feritical = 3.682), the results obtained on the 3 different days are significantly different.
Because the RSD%between days IS smaller the RSD%wmax (4.1%), the method is acceptable. Based on the
Cochrans test (Cealculated = 0.598 < Ciapel = 0.707), the variation of the method can be considered equal

for the analysis on the 3 different days.

Table 3.7. Repeatability and intermediate precision for caffeic acid analysis.

Day 1 Day 2 Day 3
Test 1 (mg) 0.05744 0.05706 0.05955
Test 2 (mg) 0.05771 0.05755 0.05924
Test 3 (mg) 0.05760 0.05649 0.05841
Test 4 (mg) 0.05818 0.05671 0.05974
Test 5 (mg) 0.05729 0.05592 0.05735
Test 6 (mg) 0.05708 0.05574 0.05795
Average (mg) 0.05755 0.05658 0.05871
SD (mg) 0.00038 0.00068 0.00096

RSD% 0.66 1.21 1.63

RSD: relative standard deviation; SD: standard deviation.

Ferulic acid
Based on the 18 measurements (Table 3.8), the average ferulic acid content per capsule was 0.05574

mg (Cl: 0.05537 mg — 0.05612 mg), with a standard deviation of 0.00076 mg and RSD% of 1.37%. The
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calculated RSD%uithin day Was 1.41%, RSD%petween days 1.41%. It can be concluded that, based on ANOVA
(Fealculated = 0.0499 < Feritical = 3.682), the results obtained on the 3 different days are not significantly
different. Based on the Cochrans test (Cealculated = 0.631 < Ciapel = 0.707), the variation of the method can

be considered equal for the analysis on the 3 different days.

Table 3.8. Repeatability and intermediate precision for ferulic acid analysis.

Day 1 Day 2 Day 3
Test 1 (mg) 0.05586 0.05587 0.05472
Test 2 (mg) 0.05578 0.05623 0.05647
Test 3 (mg) 0.05569 0.05399 0.05429
Test 4 (mg) 0.05629 0.05579 0.05679
Test 5 (mg) 0.05602 0.05551 0.05537
Test 6 (mg) 0.05624 0.05578 0.05670
Average (mg) 0.05598 0.05553 0.05572
SD (mg) 0.00025 0.00079 0.0011

RSD% 0.44 142 193

RSD: relative standard deviation; SD: standard deviation.

3.1.2.3 Linearity-repeatability on different concentration levels
Linearity-repeatability on different concentration levels was tested by analysing repeatability on 50%
and 150% of the amount of sample, to demonstrate the method’s validity in case the sample would

contain a slightly lower or higher concentration.

Catechin

Based on the 30 measurements (Tables 3.5 and 3.9), the average catechin content per 20 mg capsule
was 0.2576 mg (Cl: 0.2549 mg — 0.2603 mg), with a standard deviation of 0.0073 mg and RSD% of
2.82%. The calculated RSD%uwithin level Was 1.24%, RSD%petween levels 3.05%. It can be concluded that, based
on ANOVA (Fealculated = 31.48 > Feitical = 2.759), the results obtained on the 3 different levels are
significantly different. Because the RSD%between leveis iS in the order of the RSD%petween days, the method
can be considered precise. Based on the Cochrans test (Cealculated = 0.353 < Craber = 0.506), the variation

of the method can be considered equal for the analysis on the 3 different levels.

143



Chapter 3

Table 3.9. Linearity-repeatability for catechin.

50% 150%
Test 1 (mg) 0.2527 0.2500
Test 2 (mg) 0.2455 0.2593
Test 3 (mg) 0.2542 0.2542
Test 4 (mg) 0.2518 0.2546
Test 5 (mg) 0.2515 0.2562
Test 6 (mg) 0.2470 0.2566
Average (mg) 0.2505 0.2552
SD (mg) 0.0034 0.0031
RSD% 1.37 1.22

RSD: relative standard deviation; SD: standard deviation.

Taxifolin

Based on the 30 measurements (Tables 3.6 and 3.10), the average taxifolin content per 20 mg capsule
was 0.2754 mg (Cl: 0.2734 mg — 0.2773 mg), with a standard deviation of 0.0052 mg and RSD% of
1.90%. The calculated RSD%uwithin level Was 0.99%, RSD%petween levels 2.04%. It can be concluded that, based
on ANOVA (Fealculated = 20.83 > Feritical = 2.759), the results obtained on the 3 different days are
significantly different. Because the RSD%between leveis iS in the order of the RSD%petween days, the method
can be considered precise. Based on the Cochrans test (Cealculated = 0.334 < Craber = 0.506), the variation

of the method can be considered equal for the analysis on the 3 different levels.

Table 3.10. Linearity-repeatability for taxifolin.

50% 150%
Test 1 (mg) 0.2718 0.2667
Test 2 (mg) 0.2665 0.2771
Test 3 (mg) 0.2720 0.2729
Test 4 (mg) 0.2675 0.2734
Test 5 (mg) 0.2708 0.2747
Test 6 (mg) 0.2651 0.2745
Average (mg) 0.2690 0.2732
SD (mg) 0.0030 0.0035
RSD% 1.10 1.29

RSD: relative standard deviation; SD: standard deviation.

Caffeic acid

Based on the 30 measurements (Tables 3.7 and 3.11), the average caffeic acid content per 20 mg
capsule was 0.0571 mg (Cl: 0.0566 mg —0.0575 mg), with a standard deviation of 0.0013 mg and RSD%
of 2.20%. The calculated RSD%within level Was 1.41 %, RSD%between levels 2.33%. It can be concluded that,
based on ANOVA (Fealculated = 11.41 > Feritical = 2.759), the results obtained on the 3 different days are
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significantly different. Because the RSD%petween levels 1S in the order of the RSD%petween days, the method

can be considered precise. Based on the Cochrans test (Cealculated = 0.343 < Ciabel = 0.506), the variation

of the method can be considered equal for the analysis on the 3 different levels.

Table 3.11. Linearity-repeatability for caffeic acid.

50% 150%
Test 1 (mg) 0.05758 0.05433
Test 2 (mg) 0.05540 0.05646
Test 3 (mg) 0.05693 0.05603
Test 4 (mg) 0.05716 0.05568
Test 5 (mg) 0.05759 0.05633
Test 6 (mg) 0.05527 0.05601
Average (mg) 0.0567 0.05581
SD (mg) 0.0011 0.00077

RSD% 1.86 1.39

RSD: relative standard deviation; SD: standard deviation.

Ferulic acid

Based on the 30 measurements (Tables 3.8 and 3.12), the average ferulic acid content per 20 mg

capsule was 0.0555 mg (Cl: 0.0550 mg —0.0560 mg), with a standard deviation of 0.0013 mg and RSD%

of 2.27%. The calculated RSD%uwithin level Was 1.85 %, RSD%between levels 2.34%. It can be concluded that,

based on ANOVA (Feaiculated = 4.65 > Feritical = 2.759), the results obtained on the 3 different days are

significantly different. Because the RSD%petween levels 1S in the order of the RSD%petween days, the method

can be considered precise. Based on the Cochrans test (Cealculated = 0.331 < Ciabel = 0.506), the variation

of the method can be considered equal for the analysis on the 3 different levels.

Table 3.12. Linearity-repeatability for ferulic acid.

50% 150%
Test 1 (mg) 0.05636 0.0544
Test 2 (mg) 0.05324 0.0573
Test 3 (mg) 0.05387 0.0563
Test 4 (mg) 0.05332 0.0578
Test 5 (mg) 0.05414 0.0549
Test 6 (mg) 0.05269 0.0567
Average (mg) 0.0539 0.0562
SD (mg) 0.0013 0.0013
RSD% 2.40 2.35

RSD: relative standard deviation; SD: standard deviation.
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3.1.2.4 Accuracy

The accuracy was tested on three concentration levels in triplicate by spiking the sample with
Pycnogenol® extract. First, the concentration of the four monomers in the extract was determined (see

Chapter 3, 3.2.2).

Catechin

Based on analysis of three concentration levels in triplicate (Table 3.13), the average recovery for
catechin was 99.97% (Cl: 98.88% — 101.06%) with a standard deviation of 1.41%. The method can thus

be considered accurate.

Table 3.13. Recovery catechin (%).

Concentration Day 1 Day 2 Day 3
100% 98.87 101.37 99.85
125% 102.31 97.44 100.08
150% 99.27 100.59 99.95

Taxifolin

Based on analysis of three concentration levels in triplicate (Table 3.14), the average recovery for
taxifolin was 99.39% (Cl: 98.27% — 100.50%) with a standard deviation of 1.44%. The method can thus

be considered accurate.

Table 3.14. Recovery taxifolin (%).

Concentration Day 1 Day 2 Day 3
100% 98.11 100.10 99.05
125% 101.01 96.82 99.40
150% 98.32 100.79 100.88

Caffeic acid
Based on analysis of three concentration levels in triplicate (Table 3.15), the average recovery for

caffeic acid was 99.42% (Cl: 98.27% — 100.58%) with a standard deviation of 1.51%. The method can

thus be considered accurate.

Table 3.15. Recovery caffeic acid (%).

Concentration Day 1 Day 2 Day 3
100% 99.28 101.01 99.07
125% 100.88 97.86 101.67
150% 97.43 99.55 98.06
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Ferulic acid

Based on analysis of three concentration levels in triplicate (Table 3.16), the average recovery for ferulic
acid was 102.55% (Cl: 100.72% — 104.38%) with a standard deviation of 2.38%. The recovery for ferulic
acid is statistically different from 100% but within the acceptance levels (97% -103%). The method can

thus be considered accurate.

Table 3.16. Recovery ferulic acid (%).

Concentration Day 1 Day 2 Day 3
100% 102.09 105.78 101.53
125% 104.98 103.86 102.82
150% 98.98 103.76 99.12

3.2 Characterisation of the Pycnogenol® test extract

3.2.1 Total procyanidin content

Based on analysis in triplo on three different days (Table 3.17), the average procyanidin content in the

Pycnogenol® extract was determined to be 78.3% + 3.0%.

Table 3.17. Procyanidin content (%) in Pycnogenol® extract.

Day 1 Day 2 Day 3

Test 1 (%) 75.45 79.73 76.16
Test 2 (%) 77.28 82.70 78.01
Test 3 (%) 72.90 80.79 81.69
Average (%) 75.21 81.07 78.62

3.2.2 HPLC fingerprint
The resulting chromatograms for the reference standards for catechin + taxifolin and caffeic acid +
ferulic acid, determined at 280 nm, can be found in Figure 3.2. The fingerprint chromatogram for the

20 mg Pycnogenol® capsules, determined at 280 nm, can be found in Figure 3.3.
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Figure 3.2. Chromatograms for the reference standards for (A) catechin + taxifolin and (B) caffeic acid +
ferulic acid.
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Figure 3.3. HPLC fingerprint chromatogram for Pycnogenol® capsules.

Based on analysis in triplo on three different days, the average content of catechin, taxifolin, caffeic

acid and ferulic acid in the Pycnogenol® extract was determined (Table 3.18).

Table 3.18. Monomer content (%) in Pycnogenol® extract.

Average SD
Catechin (%) 1.276 0.031
Taxifolin (%) 1.375 0.012
Caffeic acid (%) 0.287 0.005
Ferulic acid (%) 0.274 0.003

SD: standard deviation.
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PART 4

DISCUSSION AND CONCLUSION

Both methods for quality control of Pycnogenol® extract and capsules (total procyanidin level and HPLC
analysis of catechin, taxifolin, caffeic acid and ferulic acid) were validated and were shown to have a
good repeatability and intermediate precision (RSD%uwithin day Of < 2% and RSD%petween days OF < 4%),
linearity (determined for the HPLC method only as this method was optimised), linearity-repeatability

on different concentration levels (between 50% and 150% of the sample) and accuracy.

Pycnogenol® was found to comply with USP requirements for Maritime Pine Extract, as the average
procyanidin content in the Pycnogenol® extract was determined to be 78.3% + 3.0%, including 1.276%
+ 0.031% catechin, 1.375% + 0.012% taxifolin, 0.287% + 0.005% caffeic acid and 0.274% + 0.003%
ferulic acid. Analysis of the trial's 20 mg Pycnogenol® capsules (see Chapter 5) revealed that one
capsule on average contains 14.82 + 0.44 mg procyanidins, including 0.2576 + 0.0073 mg catechin,
0.2754 + 0.0052 mg taxifolin, 0.0571 + 0.0013 mg caffeic acid and 0.0555 + 0.0013 mg ferulic acid.
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The secret of getting ahead is getting started. — Mark Twain
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PART 1

ABSTRACT

Background: Pycnogenol®, an extract of French maritime pine bark, is widely used as a dietary
supplement. It has been shown to exert anti-inflammatory actions by inhibiting the Toll-like receptor 4

(TLR4) pathway.

Aim: The aim of this study was to investigate whether Pycnogenol® might exert its immune modulating
properties through other cell membrane TLRs (TLR1/2, TLR5 and TLR2/6) than TLR4. Moreover, the

effect of gastrointestinal digestion on the immune modulating effects of Pycnogenol® was investigated.

Results: It was shown that non-metabolised Pycnogenol® dose-dependently acts as agonist of TLR1/2
and TLR2/6 and as partial agonist of TLR5. Pycnogenol® on its own does not agonise or antagonise
TLR4. However, after formation of complexes with lipopolysaccharides (LPS), it is a potent activator of
TLR4 signalling. Gastrointestinal metabolism of Pycnogenol® revealed immunosuppressive potential of
the retentate fraction against TLR1/2 and TLR2/6 when compared to the control fraction containing
microbiota and enzymes only. The dialysed fraction containing Pycnogenol® metabolites revealed the
capacity to induce anti-inflammatory IL-10 secretion. The analysis of microbiota revealed that

Pycnogenol® affects microbial composition.

Conclusion: This study showed that gastrointestinal digestion of Pycnogenol® reveals its biological
activity as a potential inhibitor of TLRs signalling. The results suggest that metabolised Pycnogenol®
acts as partial agonist of TLR1/2 and TLR2/6 in the presence of the microbiota-derived TLR agonists
(retentate fraction) and that it possesses anti-inflammatory potential reflected by induction of IL-10

from THP-1 macrophages (dialysate fraction).
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PART 2

INTRODUCTION

2.1 In vitro models

Activation of pattern recognition receptors (PRRs) on innate immune cells, e.g. by recognition of
pathogen/damage associated molecular patterns (PAMPs/DAMPs), leads to activation of signalling
pathways inside the cell, with the involved transcription factors depending on the receptor, resulting
in the transcription of specific genes [1]. An example of a class of PRRs are Toll-like receptors (TLRs;
receptors for e.g. LPS (TLR4), peptidoglycan (TLR2) and flagellin (TLR5)), which can use NF-kB as
transcription factor to stimulate cell proliferation, differentiation, migration and survival. NF-kB is also
involved in the transcriptional regulation of various pro-inflammatory cytokines (e.g. IL-1B, IL-6, IL-8

and TNF-a) and iNOS (2, 3].

2.1.1 THP-1 cell line

The human acute monocytic leukaemia cell line, THP-1, was established in 1980 from a patient with
acute monocytic leukaemia. Regarding its morphological and differentiation properties, this cell line
resembles monocytes and macrophages. THP-1 cells are useful for food- and non-food-derived
compound screening purposes to establish their effects on monocyte and macrophage regulation and
function, like apoptosis and pro-inflammatory responses [4-10], both in the resting and inflammatory
state. Monocytes typically react faster to external stimuli, while macrophages react stronger in terms
of mMRNA expression, cytokine production, phagocytic activity, etc. [7]. For example, simultaneous
exposure of THP-1 cells to LPS and other test compounds is a promising in vitro tool to investigate

modulating effects of these compounds on the induction and severity of inflammation [7-10].

2.1.2 HEK cell line

The human embryonic kidney (HEK) 293 cell line (or shortly: HEK cells) was established in 1973 from
an adrenal cell in a human embryonic kidney cell culture [11]. As opposed to initial assumptions that
HEK cells were generated from a fibroblastic, endothelial or epithelial cell, they have various properties
of immature neurons [12]. HEK cells are known for their easy and reliable growth and transfection

potential and used as a host for induced and stable gene expression, for example by the biotechnology
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industry to produce therapeutic proteins [13]. Using the HEK cell line transfected with specific TLRs and

expressing specific reporter plasmids, a compound can thus be tested for its ability to bind this TLR.

2.2 Immune modulating effects of Pycnogenol®

Pycnogenol® is widely used as a dietary supplement as it was shown to exert multiple putative
biological and pharmacological effects in various health conditions. Next to its well documented
antioxidant and free radical scavenging properties [14-19], Pycnogenol® reduces the release of pro-
inflammatory cytokines from macrophages [16, 20-25]. In addition, Pycnogenol® reduces the
expression of cell adhesion molecules [26], MMP-9 secretion [22, 27, 28], COX and LOX expression [22,
27-31] and levels of NO and iNOS expression (see Chapter 1, 4.4.3) [16, 17, 32, 33]. Newest research
points out that Pycnogenol® exerts its immunomodulatory effects at least in part through the TLR4-NF-
kB pathway [22, 25, 34-36]. Nevertheless, the mechanism by which Pycnogenol® exerts its inhibitory

effects via TLR4 and whether other TLRs and signalling mechanisms play part remains to be elucidated.

The aim of the present study was to elucidate the effect of Pycnogenol® and its primary monomer
catechin on membrane TLR activity and pro-inflammatory cytokine secretion. In addition, the effect of

in vitro Gl metabolism on the immunomodulatory effects of Pycnogenol® was investigated.
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PART 3

MATERIALS AND METHODS

3.1 Sample preparation

3.1.1 Non-metabolised samples

Pycnogenol® was obtained from Horphag Research Ltd, Switzerland, and (+)-catechin hydrate (> 98%)
was purchased from Sigma, USA. These preparations were tested to have undetectably low
contamination with endotoxin according to the manufacturers. 50 mg/ml of the spray-dried
Pycnogenol® and catechin stocks were freshly dissolved in PBS (Lonza, Belgium), dimethyl sulfoxide
(DMSOQ) or ethanol (96%; Thermo Scientific, USA), vortexed for 1 min and centrifuged for 1 min at
1000g. The supernatant was sterilised by filtration using 0.22 um Millex®-GV filters (Millipore, USA).

Further dilutions of the samples were made in different types of culture medium.

3.1.2 PYC-LPS complexes

Pycnogenol®-LPS complexes were made using a stock solution containing 400 pg/ml Pycnogenol®
which was mixed with 50 pg/ml LPS from Escherichia coli 055:B5 (Sigma Aldrich, The Netherlands). This
stock solution was further diluted in medium containing 50 pg/ml LPS and incubated for 1 h at RT to
allow complex formation. Recombinant Factor C Endotoxin Detection Assay (Hyglos GmbH, Germany)
was used to compare the LPS levels of the Pycnogenol®-LPS solution and only LPS at the same

concentration.

3.1.3 Gastrointestinal metabolism

Pycnogenol® extract was metabolised by a Gl dialysis model with colon phase (GIDM-colon) to mimic
the in vivo situation after oral ingestion. The experimental setup was based on an in vitro continuous

flow dialysis model, as described and validated by Breynaert et al. [37].

In summary, physiological conditions of the gastric phase were simulated for 1 h at pH 2 by addition of
6 M HCl and pepsin solution (37°C, shaking conditions). The intestinal phase was simulated using
Amicon stirred cells (Figure 4.1) with a semi-permeable dialysis membrane (1000 Da cut-off) in an

anaerobic glove-box (5% CO,, 5% H, and 90% N,) at 37°C. Dialysis mimics one-way Gl absorption by
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passive diffusion from lumen to mucosa. The small intestine was mimicked for 2.5 h at 37°C, pH 7.5,
while using pancreatic enzymes and bile solution. More specifically, a dialysis tubing (14 kDa cut-off)
containing 1 M NaHCOs required for the gastric digest to reach pH 7.5 was added to the sample in the
dialysis cell. After 30 min, 15 ml of pancreatin-bile mixture was added with an end concentration of
0.052% (w:v) pancreatin and 0.1% (w:v) bile. Afterwards, the colonic phase with retentate samples
from the small intestine was simulated at pH 5.8 by addition of 1 M HCl and by addition of microbial
faecal culture obtained from pooled faeces from healthy donors (n = 3; non-smoking, non-vegetarian
adults (25-58 years old) with normal defaecation, without history of Gl disease and without antibiotics

use during the 3 months before faeces collection).
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Figure 4.1. A dialysis cell.

Both retentate and dialysate samples were taken at specific time points and freeze-dried prior to
analysis. GIDM digestion was performed in duplo for Pycnogenol® (starting dose of 0.024 g up to a high

dose of 0.2 g), in addition to a blank without Pycnogenol® (containing enzymes and faecal suspension).

3.2 HPLC analysis

As the high concentration of Pycnogenol® (50 mg/ml) did not dissolve completely in PBS, HPLC analysis
for the identification of catechin, caffeic acid, taxifolin and ferulic acid as well as detection of the overall
percentage of procyanidins by spectrophotometry were performed according to the (slightly adapted)
USP methods for Maritime Pine Extract (samples were dissolved in 20% MeOH instead of 100% MeOH

to improve chromatographic peaks; see Chapter 3).
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3.3 Endotoxin Detection Assay

Recombinant Factor C Endotoxin Detection Assay was used for quantitative determination of LPS
contamination in the Pycnogenol® extract as well as in catechin. This is an enzymatic assay using
recombinant Factor C in combination with a fluorogenic substrate. Factor C is the LPS receptor of the
blood-clotting cascade in horseshoe crabs. The detection range of the assay is 0.005-50 EU/ml. The
assay was performed according to the manufacturer’s instructions. Results were obtained using
SoftMax Pro software (Molecular Devices, USA) and calculated standard curves. Samples were spiked
with 5 EU/ml LPS to validate if sample components interfered with the assay and heated to exclude
false positive results by protease contamination of the samples. Spiking recovery between 50% and
200% excludes interference of sample components with the assay. To calculate LPS units from EU to

pg/ml, 1 EU is approximately equivalent to 100 pg LPS.

3.4 Cell cultures

HEK293 cells stably transfected with TLR1/2, TLR2/6, TLR4, TLR5 as well as empty pNIFTY plasmids were
obtained from CAYLA-InvivoGen (France). TLR activation upon ligand stimulation was determined by
assessing NF-kB activation. The latter was achieved by stably transfecting the HEK293 cells with pNIFTY,
a family of NF-kB inducible reporter plasmids expressing the luciferase gene. The selection antibiotics
Zeocin™ and Blasticidin (Invitrogen, New Zealand) were used to generate stable clones. HEK293 cells
were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; ThermoFisher, USA), supplemented
with 1% Penicillin/Streptomycin (P/S), 10% Foetal Bovine Serum (FBS) and 2 mM L-Glutamine from

Gibco (Invitrogen, New Zealand) and incubated at 37°C in 5% CO,in a humidified incubator.

THP-1 cells (American Type Culture Collection, USA) were maintained in Roswell Park Memorial
Institute (RPMI) 1640 medium with L-Glutamine and 25 mM hydroxyethy!l piperazineethanesulfonic
acid (Hepes; Lonza, Belgium), supplemented with 10% FBS and 1% P/S. Cells were subcultured twice a
week and medium was changed before every experiment. Cells were incubated at 37°C in a humidified
atmosphere with 5% CO, and were used below passage number 25. THP-1 cells were seeded at 1*10°
cells/well in Costar®3596 flat bottom 96-well plates (Corning Inc, USA). Macrophage phenotype was
induced by stimulating THP-1 cells with 10 ng/ml PMA (Sigma Aldrich, The Netherlands) for another 48
h before stimulation. Differentiated cells were washed twice in culture medium and incubated for

another 48 h before stimulation.

160



Immunomodulatory activity of Pycnogenol®

3.5 Cytotoxicity assay

Cytotoxicity of Pycnogenol® and catechin solutions was determined using the CellTiter 96 Aqueous One
Solution Cell Proliferation assay (Promega, USA). HEK293 cells and THP-1 macrophages were plated at
a density of 6¥10* and 1*10° cells/well, resp. in flat bottom 96-well plates (Corning Inc., USA) and
incubated with Pycnogenol® and catechin extracts at different concentrations for 18 h. Afterwards,
cells were incubated with 15 ul CellTiter96®Agueous One Solution for 1 hour at 37°C in a humidified
atmosphere with 5% CO, Absorbance was recorded at 485 nm using the FilterMax F5 Multi-Mode
Microplate Reader (Molecular Devices, USA). Viability of cells stimulated with sample conditions was
normalised in relation to the negative control (cells cultured in pure medium). All experiments were

performed in triplo.

3.6 Quantification of cytokines in THP-1 supernatants

THP-1 cells were stimulated with different concentrations of Pycnogenol® (400, 100, 25, 6.25 ug/ml),
catechin (250, 50, 5, 0.5 pg/ml) or metabolised samples taken at specific time points (4 h, 10 h, 27 h
and 36 h) diluted in culture medium. These doses were obtained from pilot experiments in which more
doses were tested. The experiment was performed with and without costimulation with PAM3 at a
concentration of 0.1 pg/ml. After 18 h of incubation, human cytokine concentrations (IL-1B, IL-6, IL-8,
IL-10 and TNF-a) in the culture supernatants were determined using Cytometric Bead Array (CBA) kit
(Human Inflammatory Cytokine Kit, BD Bioscience, USA) according to the manufacturer’s instructions.
The samples were analysed by flow cytometry (BD FACS Canto Il, BD Bioscience). The results were

normalised to cytokine levels of unstimulated macrophages cultured in the medium.

3.7 Expression of surface markers on THP-1 macrophages

THP-1 macrophages were incubated for 18 h with dialysates collected after 4 h and 10 h of
metabolism with and without triacylated lipopeptide (PAM3, InvivoGen, USA) as costimulation and
as described before [38]. After incubation, cells were harvested and the expression of receptors
(cluster of differentiation (CD)83, TLR1, TLR5 and TLR6) was analysed using FACS Canto Il (BD
Pharmingen, USA). The antibodies anti-human CD83 (BioLegend, USA), TLR1, TLR5 and TLR6 (BD

Pharmingen, USA) were used.
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3.8 Activation or inhibition of TLRs

HEK293 cells were seeded (6*10* cells/well) in Costar®3610 clear flat-bottom 96 well plates (Corning
Inc., USA) and cultured 24 h. Cells were stimulated with different concentrations of Pycnogenol® (400,
100, 25, 6.25 pg/ml) and catechin (250, 50, 5, 0.5 pug/ml) or metabolised samples taken at specific time
points (4 h, 10 h, 27 h and 36 h) diluted in culture medium. Their known ligands were used as positive
controls: triacylated lipopeptide (PAM3, InvivoGen, USA), PAM2 (PAM?2, InvivoGen, USA), LPS from
Escherichia coli 055:B5 (Sigma Aldrich, The Netherlands) and flagellin (InvivoGen, USA) for TLR1/2,
TLR2/6, TLR4 and TLRS, resp. After 18 h incubation, the luciferase activity in HEK293 cells was measured
and related to the cells grown in medium as control. Bright-Glo Luciferase Assay System (Promega,
USA) was added to medium (1:1) and vortexed for 5 min at 250 rpm before luminescence was read

from top with 750 ms integration time using a microplate reader (Molecular Devices, USA).

3.9 Microbial analysis

Bacterial DNA was isolated from the retentate samples, which were collected from the colonic phase
attime 4 h and 10 h. The samples were added to a bead-beating tube with 300 pL Stool Transport and
Recovery (STAR) buffer (Roche Diagnostics GmbH, Germany), 0.25g of sterilised zirconia beads (0.1
mm) and 3 glass beads (2.5 mm; Sigma, USA). Samples were homogenised by three lots of bead-beating
(60 s x 5.5 ms). Homogenised samples were incubated at 95°C for 15 min and centrifuged (14,000g,
4°C, 5 min). Supernatants were collected and transferred to sterile tubes. Pellets were re-processed,
this time adding 200 uL of STAR buffer, and supernatants from both steps were pooled. DNA was
purified with a customised kit (XAS 1220; Promega) using 250 ul of the final supernatant pool. DNA was
eluted in 50 pl DNAse- and RNAse-free water, and its concentration was measured using the DS-11 FX+

Spectrophotometer/Fluorometer (DeNovix Inc., USA) [39].

For the amplification of the V5-V6 region of the bacterial 16S ribosomal RNA (rRNA) gene, polymerase
chain reaction (PCR) was carried out in duplo with conditions set as described previously [40]. Briefly,
the master mix contained 1 pl of a unique barcoded primer, 784F-n and 1064R-n (10 uM each per
reaction), 1 ul deoxyribonucleotide triphosphate (dNTP) mixture, 0.5 ul Phusion Green Hot Start |l
High-Fidelity DNA Polymerase (2 U/ul; Thermo Scientific, The Netherlands), 10 ul 5x Phusion Green HF
Buffer (Thermo Scientific, The Netherlands), 36.5 ul DNAse- and RNAse-free water (Promega, USA) and
1 uL template DNA (20 ng/ul). The amplification program included 30s of initial denaturation at 98°C,

followed by 25 cycles of denaturation at 98 °C for 10s, annealing at 42°C for 10s, elongation at 72°C
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for 10s and extension at 72°C for 7 min. The PCR products were visualised in 1% agarose gel (~280 bp)
and purified with CleanPCR kit (CleanNA, The Netherlands). The concentrations of the purified
amplicons were measured with Qubit dsDNA BR Assay Kit (Invitrogen, USA) and 200 ng from each
sample was used to create the final amplicon library. Samples were sequenced (paired-end, read

length: 2 x 150 base pairs) with an lllumina HiSeq.2500 platform (GATC Biotech, Germany).

Real-time PCR (RT-PCR) amplification and detection were performed on a CFX384™ RT-PCR detection
system (Bio-Rad, USA). Broad range primers were used, targeting the bacterial 16S rRNA gene [41]. The
reaction mixture was composed of 5 pl iQ™ SYBR® Green Supermix, 0.2 ul forward and reverse primers
(10 nmol), 1.6 pl nuclease-free water and 3 pl DNA template (1 ng/ul). The program for amplification
was initial denaturation at 94°C for 5 min, followed by 40 cycles of denaturation at 94°C for 20 s,
annealing at 52°C for 30 s and elongation at 72°C for 30 s. Standard curves contained 10'-10° 16S rRNA

copies/ul and were included in triplo.

3.10 Statistics

3.10.1 Cell cultures

All data were expressed as mean + SD. Statistical analysis on cell cultures were performed by GraphPad
Prism software by one-way ANOVA with Tukey post-hoc comparison. P-values < 0.05 were considered
statistically significant. Significant differences were indicated by asterisks: * p < 0.05; ** p < 0.01; ***

p <0.001.

3.10.2 qPCR analysis

gPCR results were normally distributed. Statistical analysis on gPCR data and cell cultures were
performed by GraphPad Prism software by one-way ANOVA with Tukey post-hoc comparison. P-values

< 0.05 were considered statistically significant.

Sequencing data filtering and taxonomy assignment were performed using the NG-Tax pipeline using
the default settings [40]. Taxonomy was assigned to the identified Operational Taxonomic Units (OTU)
using the Silva_111_SSU database [42]. The total number of obtained reads was 266972, while 33912
was the minimum number of reads obtained for a sample. The microbiota data were analysed at the
genus level and transformed into the relative abundances prior to downstream analysis. In total, 32

bacterial genera were identified from the four samples.
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3.10.3 Data availability

The 16S rRNA gene sequencing dataset is publicly available at the European Nucleotide Archive (ENA)
database with access code PRJEB29793.

164



Immunomodulatory activity of Pycnogenol®

PART 4

RESULTS

4.1 LPS detection and cytotoxicity

Pycnogenol® was dissolved (50 mg/ml) in three different solvents: ethanol (96%), DMSO and PBS. The
cytotoxicity of these solutions was determined using HEK293 cells and THP-1 macrophages. DMSO,
even at low concentrations, was found to significantly decrease the viability of both cell lines and
therefore Pycnogenol® in DMSO was not used for further experiments. PBS and ethanol solutions of
Pycnogenol® were tested on HEK cells expressing TLR4, TLR1/2, TLR2/6 and TLR5. It was found that the
ethanol solution impaired valid modulation of TLR1/2 and TLR5 (data not shown). Therefore, PBS was
chosen as the most optimal solvent. Moreover, the use of an aqueous solvent like PBS mimics the in

vivo situation after oral administration of PYC.

The putative endotoxin (LPS) contamination of the Pycnogenol® preparation was below the detection
limit of 0.05 EU/ml, even at a high concentration of Pycnogenol® (1 mg/ml) (Figure 4.2A), showing that
samples were essentially not contaminated with LPS. Cytotoxicity of all tested preparations (LPS,
Pycnogenol®, Pycnogenol®-LPS and metabolised samples) at concentrations corresponding with
further experiments was examined for both the HEK and THP-1 cell line. None of the above-mentioned

preparations were found to decrease the viability of these two cell lines (Figure 4.28B,C).

Recombinant Factor C Endotoxin Detection Assay
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Figure 4.2 (part 1). Pycnogenol® contains non-detectable amounts of LPS and does not influence the
viability of HEK293 and THP-1 cells. (A) LPS concentration in Pycnogenol® without and after spiking with 5
EU/mI LPS (n = 4 as technical replicates). Data are expressed as mean + SD.

LPS: lipopolysaccharide; PYC: Pycnogenol®.
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B Cell viability HEK 293 TLR4 C

Cell viability THP-1 cells
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Figure 4.2 (part 2). Pycnogenol® contains non-detectable amounts of LPS and does not influence the
viability of HEK293 and THP-1 cells. (B) Viability of HEK293 cells. (C) Viability of THP-1 macrophages. Results
of (B) and (C) are expressed as fold change of absorbance (490 nm) compared to unstimulated cells
(medium control = 1; n = 4 as technical replicates). Ethanol was used as positive control. Data are
expressed as mean + SD. Significant differences are indicated by asterisks: * p < 0.05; *** p < 0.001.

B: bacteria; E: enzymes; LPS: lipopolysaccharide; PBS: phosphate-buffered saline; PYC/P: Pycnogenol®; TLR: Toll-
like receptor.

4.2 Non-metabolised samples

4.2.1 Pycnogenol® composition

Spectrophotometric analysis revealed that the Pycnogenol® extract dissolved in PBS contained 60.2%
procyanidins as opposed to 78.3 + 3% in the original extract dissolved in MeOH (see Chapter 3, 3.2.1),
confirming a solubility of about 80% for procyanidins. HPLC analysis revealed that the solubility of
catechin, caffeic acid, taxifolin and ferulic acid in Pycnogenol® 50 mg/ml solution was not complete,
though still acceptable (80.4 — 92.2%, % of analysis of the MeOH solution, Table 4.1), while the
fingerprint chromatogram was similar to the reference (Figure 4.3). It was therefore assumed that,
despite a lower concentration, the overall composition of the dissolved extract was not drastically

changed by its incomplete solubility.

Table 4.1. Solubility of catechin, caffeic acid, taxifolin and ferulic acid at 50 mg/ml Pycnogenol® in PBS as
compared to solubility in MeOH determined by HPLC.

Component Solubility (%)
Catechin 88.8
Caffeic acid 92.2
Taxifolin 80.4
Ferulic acid 82.7

HPLC: high-performance liquid chromatography; MeOH: methanol; PBS: phosphate-buffered saline.
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Figure 4.3. Fingerprint chromatogram of (A) 20 mg/ml United States Pharmacopeia (USP)
reference in 20% MeOH and (B) 50 mg/ml Pycnogenol® in PBS.
MeOH: methanol; PBS: phosphate-buffered saline.

Pycnogenol®

4.2.2 Effects on TLRs

The effect of Pycnogenol® and catechin on TLR activation or inhibition was measured using stably
transfected HEK293 cells expressing TLR2, TLR1/2, TLR2/6, TLR4 and TLR5. Responses were determined
by quantifying luminescence upon selective ligand binding, induced by the pNIFTY reporter gene via
the NF-kB pathway (Figure 4.4). The stimulation of cells with Pycnogenol® showed dose-dependent
increase of luminescence of the cells expressing the heterodimeric receptor TLR2/6. The highest
concentration of Pycnogenol® (400 pg/ml) induced 3.2-fold activation for TLR2/6 when compared to
the negative control being culture medium (Figure 4.4B). The highest concentration of Pycnogenol®
induced activation of TLR1/2 and TLR5, which was 4.9- and 3.2-fold higher, resp., than for the medium
control, but no dose dependency was observed (Figure 4.4A,C). Little activation of TLR2 (Figure 4.4D)
and TLR4 (Figure 4.4E) was observed (around 1.4 times higher than that observed for medium control)
upon incubation of HEK293 cells with 400 pg/ml Pycnogenol®. Catechin showed no agonistic effects on
any of the membrane TLRs investigated, suggesting that catechin is not the constituent of Pycnogenol®
responsible for the observed activation of TLR1/2 and TLR2/6 (Figure 4.4A-D). Nevertheless, catechin
dose-dependently reduced the activity of TLR5 (0.6- and 0.7-fold) and TLR1/2 (0.3- and 0.4-fold) below

the activation levels of the negative control being medium.
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To investigate whether Pycnogenol® and catechin function as antagonists or partial agonists of studied
TLRs, costimulation of each receptor with Pycnogenol®/catechin and its known ligand as positive
control was performed. Pycnogenol® dose-dependently inhibited the activation of TLR5 when
costimulated with flagellin, reducing the level of activation to 0.29- and 0.63-fold in the studied
concentrations of 400 and 100 pg/ml, resp. (Figure 4.4F). The affinity of TLR5 for flagellin is therefore
apparently much higher than for Pycnogenol®. Catechin reduced the activation of TLR5 only at the
highest concentration (250 pg/ml). Costimulation of the other receptors did not affect the level of
receptor activation (data not shown). Therefore, these data suggest that Pycnogenol® acts as agonist

of TLR1/2 and TLR2/6 and as partial agonist of TLR5.

TLR1/2 TLR2/8
A
&
=
]
F-
o
=]
B
[
*
q?
TLR2
C D
&
©
s g
5 2
= C]
o 2
w ]
w

Figure 4.4 (part 1). Pycnogenol® acts as agonist of TLR1/2 and TLR2/6 and as partial agonist of TLR5.
HEK293 cells expressing (A) TLR1/2, (B) TLR2/6, (C) TLR5 and (D) TLR2 were incubated 24 h with different
concentrations of Pycnogenol® and catechin or their known ligands as positive controls (PAM3, PAM?2,
flagellin and LTA, resp.). All corresponding positive ligands induced TLR activation, confirming functionality
of the assay. Results are expressed as fold change of fluorescence intensity relative to unstimulated cells
(medium control = 1; n = 4 as technical replicates). All data are expressed as mean + SD. Significant
differences are indicated by asterisks: * p < 0.05; *** p < 0.001.

CAT: catechin; Flag: flagellin; LPS: lipopolysaccharide; LTA: lipoteichoic acid; PBS: phosphate-buffered saline; PYC:
Pycnogenol®; TLR: Toll-like receptor.
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Figure 4.4 (part 2). Pycnogenol® acts as agonist of TLR1/2 and TLR2/6 and as partial agonist of TLR5.
(E) HEK293 cells expressing TLR4 were incubated 24 h with different concentrations of Pycnogenol® and
catechin or LPS as positive control. LPS induced TLR4 activation, confirming functionality of the assay.
(F) HEK293 cells expressing TLRS were incubated 24 h with different concentrations of Pycnogenol® and
catechin in combination flagellin as positive control. Results are expressed as fold change of fluorescence
intensity relative to unstimulated cells (medium control = 1; n = 4 as technical replicates). All data are
expressed as mean * SD. Significant differences are indicated by asterisks: ** p < 0.01; *** p < 0.001.
CAT: catechin; Flag: flagellin; LPS: lipopolysaccharide; PYC: Pycnogenol®; TLR: Toll-like receptor.

4.2.3 Effect on cytokine production
Pycnogenol® (but not catechin) was shown, in a dose-dependent manner, to induce pro-inflammatory
cytokine (IL-8, TNF-a and IL1-B) secretion from THP-1 macrophages, confirming an agonistic effect on

TLR signalling (Figure 4.5).

4.2.4 Costimulation of Pycnogenol® and LPS

Interestingly, a clear stimulating dose-response curve was observed for Pycnogenol® on TLR4 activity
when TLR4* HEK cells were stimulated with mixture of Pycnogenol® and LPS (10 pg/ml). 400, 100 and
25 pg/ml Pycnogenol® in combination with LPS induced a 4.9-fold, 3.5- and 1.7-fold increase in TLR4
activation, resp., when compared to pure LPS (10 pg/ml) (Figure 4.6A). As described above, 400 pg/ml
Pycnogenol® on its own significantly induced TLR4 activation, albeit at a low level (Figure 4.4E). Also,
pre-incubation of cells with similar doses of Pycnogenol® followed by stimulation with LPS did not
influence the level of TLR4 activation when compared to the LPS control (Figure 4.6B). The observation
of increased activation of TLR4 by costimulation with Pycnogenol®-LPS mixture may be explained by
the formation of complexes between Pycnogenol® and LPS, beneficially affecting the activation of TLR4.
This has been confirmed by a decreased concentration of LPS measured in the Pycnogenol®-LPS

preparation after 30 min of pre-incubation (Figure 4.6C).
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Figure 4.5. Effect of non-metabolised Pycnogenol® on pro-inflammatory cytokine secretion from THP-1
macrophages. THP-1 macrophages were incubated 24 h with various concentrations of Pycnogenol® or
catechin, and the concentration of (A) IL-8, (B) TNF-a, (C) IL-1B, (D) IL-6 and (E) IL-10 in supernatant was
determined by flow cytometry. All data (n = 4 technical replicates) are expressed as mean + SD. Significant
differences are indicated by asterisks: * p < 0.05; ** p <0.01; *** P < 0.001.
CAT: catechin; IL: interleukin; LPS: lipopolysaccharide; PYC: Pycnogenol®; TLR: Toll-like receptor; TNF: tumour
necrosis factor.
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Costimulation of TLR4* HEK cells with catechin and LPS did not show any boosting effect on TLR4
activation. When costimulated with LPS, catechin at a concentration of 250 pug/ml showed inhibiting

activity against TLR4 activation which was 30% lower than that of the LPS control (Figure 4.6D).

The enhanced activation of TLR4 in HEK293 cells by costimulation of cells with Pycnogenol® and LPS
was confirmed by the boosted cytokine secretion by THP-1 macrophages stimulated with Pycnogenol®-

LPS complexes (Figure 4.6E-G). Costimulation with LPS and different doses of Pycnogenol® resulted in
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Figure 4.6 (part 1). Pycnogenol® and LPS form complexes, which boost activation of TLR4. (A) Pycnogenol®

pre-incubated with LPS (10 ng/ml) for 30 min before addition to TLR4* HEK293 cells followed by incubation

for 24 h. (B) TLR4* HEK293 cells pre-incubated with Pycnogenol® followed by washing and incubation with

LPS (10 ng/ml) for 24 h. (C) LPS concentration in Pycnogenol® (400 pg/ml), LPS standard and after 30 min
incubation of Pycnogenol® with LPS standard (50 and 550 pg/ml) expressed in LPS units EU/ml. (D)
Catechin pre-incubated with LPS (10 ng/ml) for 30 min before addition to TLR4* HEK293 cells for 24 h.

Results of (A), (B) and (D) are expressed as fold change of fluorescence intensity relative to cells stimulated

with 10 ng/ml LPS. All data (n = 4 technical replicates from two independent experiments) are expressed as
mean = SD. Significant differences are indicated by asterisks: * p <0.05; ** p <0.01; *** p < 0.001.

CAT: catechin; LPS: lipopolysaccharide; PYC: Pycnogenol®; TLR: Toll-like receptor.
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higher levels of IL-1B, IL-8 and TNF-a when compared to stimulation only with LPS at the same
concentration. When costimulated with LPS, 400 and 100 pg/ml Pycnogenol® caused a 26- and 3-fold
increase in IL-1B, a 7- and 2.5-fold increase in IL-8, and a 75- and 21-fold increase in TNF-a
concentration, resp. No effect of costimulation of catechin with LPS on cytokine levels was observed

(Figure 4.6H).
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Figure 4.6 (part 2). Pycnogenol® and LPS form complexes, which boost activation of TLR4. Concentrations
of (E) IL-8, (F) TNF-a and (G) IL-1B in supernatants of THP-1 macrophages after incubation with LPS (1
ug/ml and 50 pg/ml) and with Pycnogenol®-LPS complexes formed during 30 min pre-incubation of LPS (50
pg/ml) with different concentrations of Pycnogenol®. (H) Concentration of IL-8 in supernatants of THP-1
macrophages after incubation with LPS (1 ug/ml and 50 pg/ml) and with both catechin and LPS after 30
min pre-incubation of LPS (50 pg/ml) with different concentrations of catechin. Results are expressed
relative to cells stimulated with 50 ug/ml LPS. All data (n = 4 technical replicates from two independent
experiments) are expressed as mean + SD. Significant differences are indicated by asterisks: *** p < 0.001.
CAT: catechin; IL: interleukin; LPS: lipopolysaccharide; PYC: Pycnogenol®; TNF: tumour necrosis factor.
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4.3 Metabolised samples

4.3.1 Effects on TLRs

Pycnogenol® was subjected to GI metabolism in the presence of human faecal suspension. Retentate
and dialysate fractions from different time points (4 h, 10 h, 27 h and 36 h) were tested for their

potential to activate TLRs using both HEK293 cells and cultured THP-1 macrophages.

When comparing the control retentate samples containing enzymes and bacteria to the test retentate
samples containing Pycnogenol®, enzymes and bacteria, test samples collected at time points 10 h, 27
h and 36 h showed significant suppressive effects upon stimulation of HEK293 cells expressing TLR1/2
and TLR2/6 (Figure 4.7A,C). The control samples stimulated TLR1/2 on average four times more than
50 ng/ml PAM3 positive control for time points 10 h, 27 h and 36 h. This level of stimulation was
reduced by the presence of Pycnogenol® metabolites to a 1.4 times higher stimulation than the PAM3
positive control. The same significant reduction of receptor activation was observed upon the
stimulation of HEK293 cells expressing TLR2/6. No clear effect of the retentate containing Pycnogenol®

metabolites on the stimulation of HEK293 cells expressing TLR4 and TLRS was observed (Figure 4.7E,G).

When comparing the control dialysate fractions containing enzymes and bacteria with the fractions
enriched with Pycnogenol®, significantly higher stimulation was observed by the fraction containing
Pycnogenol® metabolites collected at time point 4 h for HEK293 cells expressing TLR1/2, TLR2/6 and
TLR4 (Figure 4.7B,D,F). These differences declined with time of metabolism, showing even an inverted
tendency for TLR2/6, where the activation level of the receptor was significantly reduced by fractions
enriched with Pycnogenol® when compared to control at time point 36 h. A similar but non-significant
tendency was observed for TLR1/2 and TLR4. No effect of the dialysates containing Pycnogenol®

metabolites on the stimulation of HEK293 cells expressing TLR5 was observed (Figure 4.7H).

4.3.2 Effects on cytokine production

The dialysed fractions collected at time points 4 h and 10 h were incubated with THP-1 macrophages
to study their immunogenicity by measuring the cytokine profile (Figure 4.8). The levels of TNF-a, IL-
1B, IL-6 and IL-10 in the supernatants were evaluated after 18 h incubation with or without PAM3 as
costimulant. Neither the control dialysate fraction containing enzymes and bacteria nor the dialysate
fraction containing also Pycnogenol® metabolites induced the secretion of any of the pro-inflammatory

cytokines (TNF-a, IL-1B, IL-6; Figure 4.8A,E,G) while the dialysate fraction containing Pycnogenol®
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Figure 4.7 (part 1). The effect of GI metabolism on the interaction of Pycnogenol® with TLRs. During Gl
metabolism, retentate and dialysate samples were taken at time points 4 h, 10 h, 27 h and 36 h and used
for stimulation of HEK293 cells expressing (A,B) TLR1/2, (C,D) TLR2/6 and (E,F) TLR4, which were also
stimulated with their known ligands as positive control (PAM3, PAM2 (FSL-1) and LPS, resp.). After 24 h
incubation, luciferase activity was measured and expressed as fold change of fluorescence intensity relative
to cells grown in medium. Data are expressed as mean + SD of n = 4 technical replicates from two
independent experiments. Significant differences are indicated by asterisks: * p < 0.05; *** p < 0.001.
BAC: intestinal bacteria; E: enzymes; Med: medium; PYC: Pycnogenol®; TLR: Toll-like receptor.
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Figure 4.7 (part 2). The effect of GI metabolism on the interaction of Pycnogenol® with TLRs. During Gl
metabolism, retentate and dialysate samples were taken at time points 4 h, 10 h, 27 h and 36 h and used
for stimulation of HEK293 cells expressing (G,H) TLR5, which were also stimulated with their known ligand
as positive control (flagellin). After 24 h incubation, luciferase activity was measured and expressed as fold

change of fluorescence intensity relative to cells grown in medium. Data are expressed as mean + SD of n =
4 technical replicates from two independent experiments.
BAC: intestinal bacteria; E: enzymes; Med: medium; PYC: Pycnogenol®; TLR: Toll-like receptor.

metabolites significantly induced the production of IL-10 compared to cells incubated with control
dialysate fractions (Figure 4.8C). The significant induction of IL-10 was also observed in the presence of
PAM3 for both the control dialysate containing enzymes and bacteria as well as the dialysate sample
containing Pycnogenol® metabolites. However, the samples containing Pycnogenol® showed
significantly lower capacity to induce IL-10 when compared to the control. Nevertheless, both samples
were shown to significantly shift the balance of cytokines produced by PAM3-stimulated macrophages

towards regulatory IL-10 secretion (Figure 4.8D).

4.3.3 Effects on the expression of CD83, TLR1,TLR5 and TLR6

THP-1 macrophages were incubated for 18 h with dialysates of metabolised Pycnogenol® and the level
of expression of the receptors CD83, TLR1, TLR5 and TLR6 was evaluated (Figure 4.9). A significantly
enhanced TLR1 and TLR5 expression was observed upon incubation of THP-1 macrophages with the
dialysate fraction containing Pycnogenol® metabolites compared to the control dialysate fraction
containing only enzymes and bacteria (Figure 4.9B,C). This effect was visible only for time point 4 h of
Gl metabolism and was abolished after 10 h. The expression of the costimulatory molecule CD83 on
the surface of THP-1 macrophages was not affected by the dialysate fraction containing Pycnogenol®

metabolites or by the control fraction.
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Figure 4.8 (part 1). Effect of metabolised Pycnogenol® on cytokine secretion. THP-1 macrophages were
incubated with dialysates collected after 4 h and 10 h of metabolism with (A,C,E) and without (B,D,F)
costimulation with the known ligand PAM3 (0.1 pug/ml). After incubation, the concentration of (A,B) IL-1B,
(C,D) IL-10 and (E,F) IL-6 in the supernatants was determined. All data are expressed as mean £ SD of n =4
independent replicates. Significant differences are indicated by asterisks: * p < 0.05; ** p < 0.01.

BAC: intestinal bacteria; E: enzymes; IL: interleukin; PYC: Pycnogenol®.
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Figure 4.8 (part 2). Effect of metabolised Pycnogenol® on cytokine secretion. THP-1 macrophages were
incubated with dialysates collected after 4 h and 10 h of metabolism with (G) and without (H) costimulation
with the known ligand PAM3 (0.1 pg/ml). After incubation, the concentration of TNF-a in the supernatants
was determined. All data are expressed as mean = SD of n = 4 independent replicates.
BAC: intestinal bacteria; E: enzymes; PYC: Pycnogenol®; TNF: tumour necrosis factor.
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Figure 4.9. Effect of metabolised Pycnogenol® (dialysates) on the expression of (A) CD83, (B) TLR1, (C) TLRS
and (D) TLR6 on THP-1 macrophages. THP-1 macrophages were incubated for 18 h with dialysates collected
after 4 h and 10 h of metabolism or PAM3 as positive control. After incubation, cells were harvested and
the expression of CD83, TLR1, TLR5 and TLR6 was determined and expressed as differences in mean
fluorescence intensity (MFI). All data are expressed as mean * SD of n = 4 independent replicates.
Significant differences are indicated by asterisks: * p < 0.05; ** p < 0.01.

BAC: intestinal bacteria; CD: cluster of differentiation; E: enzymes; PYC: Pycnogenol®; TLR: Toll-like receptor.
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4.3.4 Effects on the microbial profile

To assess the effect of Pycnogenol® on the bacterial composition of retentate samples, Illumina HiSeq
sequencing of PCR-amplified 16S rRNA gene amplicons was used (Figure 4.10). In the 4 h sample, the
addition of Pycnogenol® resulted for instance in an increase for the genera Collinsella (d = +8% points),
Streptococcus (+4%) and Bifidobacterium (+3%) and a decrease for Eubacterium hallii (-11%),
Anaerostipes (-5%) and Lachnospiraceae_UCG-004 (-5%). For the samples from time point 10 h, the
Pycnogenol® sample for instance presented increased abundances for the genera Enterococcus (+5)
and Streptococcus (+4%), while Blautia (-9%), Dorea (-4%) and Veillonella (-4%) were decreased (Figure
4.10C). No differences could be observed for Collinsella. Consistent changes at both time points were
observed for Streptococcus, Sutterella, Bacteroides and Bifidobacterium, which increased in the
Pycnogenol® sample, while relative abundances of Dorea, Lachnospiraceae_UCG-004, Anaerostipes

and Eubacterium hallii were decreased.

Furthermore, alpha diversity was calculated using the Shannon index, which accounts for both evenness
and richness of a community, and Faith Phylogenetic diversity, which yielded results that were
comparable between the different samples (Figure 4.10B). This suggests that the diversity of the
community is stable, despite the changes in the bacterial composition. To determine whether the
absolute number of bacteria was different due to Pycnogenol®, RT-gPCR was performed. No

differences in the absolute concentration of the bacteria between samples were observed (Figure

4.10A).
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Figure 4.10 (part 1). Effect of Pycnogenol® metabolites on microbial composition. (A) Absolute abundance
of bacteria present in the four samples, determined by gPCR, with total counts log 10 transformed. (B)
Alpha diversity. In A, mean and SD are shown of n = 3 independent determinations.

BAC: intestinal bacteria (human faecal suspension); E: enzymes; PYC: Pycnogenol®.
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Figure 4.10 G)art 27. Effect of P:/cnogenol® metabolites on microbial composition. (C) Heatmap
representing the abundances of the fifteen most abundantly present bacterial genera.
BAC: intestinal bacteria; E: enzymes; OTU: Operational Taxonomic Units; PYC: Pycnogenol®.

4.3.5 Effects on Pycnogenol® composition

As expected, fingerprint chromatographic analysis of Pycnogenol® GIDM dialysates (Figure 4.11)
revealed a different phenolic composition of the metabolised sample as compared to Pycnogenol®
reference and control sample without Pycnogenol®. This is possibly due to microbial metabolism,
though also medium interference should be taken into account. The exact composition of dialysates
could not be revealed by HPLC analysis, due to the presence of various unknown compounds in

Pycnogenol® [43].
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Figure 4.11. Fingerprint chromatograms of (A) 4 h GIDM blank dialysate sample containing only enzymes
and bacteria, (B) 4 h GIDM dialysate sample containing Pycnogenol®, enzymes and bacteria, (C) 20 mg/ml

USP Pycnogenol® reference in 20% MeOH.
GIDM: gastrointestinal dialysis model; USP: United States Pharmacopeia.
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PART 5

DISCUSSION

TLRs on macrophages are involved in inflammatory responses through recognition of different
structures of DAMPs and PAMPs. Till now, 13 TLRs (TLR1-TLR13) have been described to be involved in
various phases of the inflammatory response including release of pro-inflammatory cytokines/
chemokines and antimicrobial peptides [44-47]. These signals attract immune cells like macrophages,
NK cells and mast cells, which as a consequence may release ROS and RNS [48]. ROS production not
only directly causes cell injury and initiates associated degenerative processes, but can also act as a
signal for other processes, such as pro-inflammatory pathways involving NF-kB activation. The
antioxidant properties of Pycnogenol® have been elucidated in a variety of in vitro and in vivo studies
[14, 15, 17, 33, 49-54]. Additional to its radical scavenging activity, inhibition of NF-kB-dependent gene
expression as well as inhibition of production and activity of various pro-inflammatory mediators and
adhesion molecules was observed after incubation of different cell types with Pycnogenol® [22, 26, 28,
30, 35, 55]. Despite many studies showing that Pycnogenol® attenuates inflammation via suppressing
oxidative stress, the mechanism of action remains largely unknown. The study of Luo et al. [34] showed
that Pycnogenol® attenuated LPS-induced lipid droplet formation through the TLR4 and NF-«B
pathway. Additionally, other studies suggested the involvement of Pycnogenol® in suppression of the

TLR4-related pro-inflammatory cascade [35, 55].

In the present study with TLR4-transfected HEK293 cells, no inhibitory (antagonistic) action of
Pycnogenol® against LPS-induced TLR4 activation was observed, which is in contradiction with data
presented in literature. The differences between our results and the outcomes of others [34, 56], who
showed that Pycnogenol® reduces TLR4 signalling, are most likely caused by mechanistic differences in
the cell lines used. Liu and colleagues for instance used mouse macrophages, while in the present
study, HEK293 cells transfected with human TLR4 were used [56]. There are a few possible mechanisms
of blocking of the TLR signalling pathway, including (a) extracellular conformational blocking of the
binding of selective ligands to the receptor, resulting in impaired signal transduction, and (b)
intracellular small molecule inhibitors that block intracellular TLR signal transduction [57]. It has been
reported that Pycnogenol® blocks the TLR-JNK (c-Jun N-terminal kinase) pathway, but the exact

mechanisms of action as well as the compounds responsible have not been elucidated. Therefore, it is
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possible that some of the small size Pycnogenol® compounds are able to cross cell membranes and act
on specific intracellular adapter proteins or compartments along the TLR signalling pathways, which
has been described in the literature as the mechanism of action of certain drugs. Such a mechanism
includes the inhibition of mitogen-activated protein kinase (MAPK) signalling and phospholipase A2,
antiproliferative effects and reduction of MMP-9 activity or binding to the intracellular TIR domain of
TLR4, which all lead to diminished LPS-induced TLR4 signalling and inflammation [57, 58]. Taking these
possibilities into account, HEK cells may not express the appropriate transporter(s) for certain

Pycnogenol® compounds, which could explain the differences in the observed results.

It was found that Pycnogenol® and catechin do not function as agonist or antagonist for TLR4 on their
own in the HEK293 model. However, in the presence of costimulators like LPS, Pycnogenol® acts as an
agonist. It was shown that Pycnogenol® and LPS form complexes that show enhanced binding and/or
activation of TLR4. It is likely that LPS and Pycnogenol® form complexes through hydrophobic
interactions, as both have large hydrophobic portions [59]. Previous studies confirm the potential of
Pycnogenol® to interact with proteins (xanthine oxidase) through hydrophobic bonding [60]. Although
it is not known which compound(s) in Pycnogenol® extract form complexes with LPS, our data indicate

that it is not its main monomer catechin.

In the present study, the involvement of TLRs other than TLR4 (TLR1/2, TLR2/6 and TLRS) in the
immunomodulatory effects of Pycnogenol® was elucidated. Moreover, for the first time, the bioactivity

of non-metabolised Pycnogenol® was compared with samples after Gl metabolism.

It was shown that, without costimulation with known agonists, non-metabolised Pycnogenol® induced
activation of TLR1/2, TLR2/6 and TLR5, though only in concentrations higher than 25 pg/ml.
Costimulation of HEK293 cells expressing TLR1/2 and TLR2/6 with agonists of these receptors (PAM3
and PAM2, resp.) in the presence of Pycnogenol® did not result in any reduction of receptor activation,
suggesting no antagonistic action of Pycnogenol® against these receptors. Pycnogenol® thus acts as
agonist of TLR1/2 and TLR2/6. However, Pycnogenol® dose-dependently inhibited the activation of
TLR5 when HEK293 cells were costimulated with flagellin. This finding suggests that Pycnogenol® may
be a partial agonist of TLR5. In the presence of Pycnogenol®, the full agonist of TLRS (flagellin) is unable
to bind to the receptor and activate it fully. Without the presence of the full agonist, Pycnogenol® acts
as a ligand that binds to TLR5 receptor binding site to induce some conformational change without
leading to full activation of the receptor (Fig 4.3C). This phenomenon was already described for
underacylated and underphosphorylated derivatives of lipid A that have partial TLR4 agonist

properties, resulting in weak agonistic properties but also antagonistic properties in the presence of
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full agonist [61, 62]. The agonistic effect of non-metabolised Pycnogenol® against TLR1/2 and TLR2/6
may for example be responsible for the immunomodulatory effects when administrated orally.
Therefore, in the presented work, the question relevant for the in vivo situation, what happens to the

immunomodulatory properties of Pycnogenol® after microbial metabolism, was investigated.

The investigation of immunomodulatory properties of metabolised Pycnogenol® concerned the
analysis of retentate and dialysate fractions. The retentate samples containing Pycnogenol®
metabolised in the presence of enzymes and bacteria showed a significantly lower level of activation
of TLR1/2 and TLR2/6 compared to control samples with enzymes and bacteria only (Figure 4.7A,C).
These data suggest that GI metabolites of Pycnogenol® (retentate fraction) show antagonistic or partial
agonistic effects on TLR1/2 and TLR2/6. TLR1/2 and TLR2/6 signalling was impaired by Pycnogenol®
metabolites. Therefore, in the presence of Pycnogenol® metabolites, the full agonist (bacteria and their
fragments present in the retentate) was unable to bind to the receptor, thereby not leading to full
activation as was observed in the control samples without Pycnogenol®. This effect was not caused by
the differences in bacterial numbers in the samples (Figure 4.10A), but might be partially explained by

differences in microbial composition caused by Pycnogenol® (Figure 4.10C).

The dialysate fraction of time point 4 h containing Pycnogenol® metabolites was able to activate
TLR1/2, TLR2/6 and TLR4, but this effect was not observed for any further time points (Figure 4.78,D,F).
The activation was small (less than 5-fold), albeit significant, as compared to the more than 40-fold
increased activation with retentate fractions. When THP-1 macrophages were exposed to dialysed
Pycnogenol® metabolites, an enhanced expression of TLR1 and TLR5 was observed for time point 4 h
compared to cells exposed to the control samples with enzymes and bacteria only. These findings
suggest that metabolites of Pycnogenol® can activate TLR-dependent signal transduction pathways.
However, this activation is limited, as reflected by the almost complete absence of pro-inflammatory
cytokine levels. Still, enhanced IL-10 secretion was observed by THP-1 macrophages incubated with
metabolised Pycnogenol® (dialysate fraction). IL-10 is often secreted as a feedback inhibitor during
inflammation initiated by LPS or tissue damage [63], though in our study, levels of pro-inflammatory
cytokines were not altered (Figure 4.8). An increased level of IL-10 secreted by THP-1 macrophages
may be explained by the activation of TLRs, as it was already shown for intestinal epithelial cells [64].
Nevertheless, additional studies are needed to confirm this hypothesis. An increased release of IL-10
by THP-1 macrophages upon stimulation with the dialysate fraction containing Pycnogenol®

metabolites confirms the anti-inflammatory properties of Pycnogenol® reported by other studies [16,
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17, 20, 21, 24, 36, 65-69] and suggests that Pycnogenol® may help in balancing intestinal homeostasis,

especially during chronic inflammatory conditions.

Because Pycnogenol® is a complex mixture of polyphenols, it is difficult to speculate about the specific
compounds or metabolites which may exert the described effects. One of the known metabolites of
catechin, M1 (6-(3,4-dihydroxy-phenyl)-y-valerolactone), was already shown to be taken up by
macrophages via facilitated transport, where it accumulates and undergoes further intracellular
metabolism to levels that could be bioactive [32, 43, 70]. Our results show that catechin acts as
antagonist of TLR4 and TLR5, but only at the highest concentration (250 pg/ml). In addition,
Pycnogenol® displayed stronger biological activity as a mixture than its primary monomer. Previous

research has already indicated that its components act synergistically [71].

Another explanation for the observed inhibition of TLR signalling by Pycnogenol® may be the influence
of Pycnogenol® and its metabolites on gut microbiota composition. Although this result needs to be
interpreted with caution because a strong effect of digestion time on microbial composition was also
observed, the sample containing Pycnogenol® showed differences in microbial composition when
compared to the control sample for both analysed time points. It was observed that Pycnogenol®
modulates the microbial composition for instance by increasing the presence of Bifidobacterium,
Streptococcus, Sutterella and Bacteroides. Therefore, the different diversity of PAMPs may also
influence the levels of activation of the different TLRs by the metabolised samples. There are currently
no data on the specific effect of Pycnogenol® on microbial composition, but it has been shown that
dietary polyphenols affect gut microbiota [72-75] as well as the expression of TLRs on immune cells
[73]. Here, we showed that metabolised Pycnogenol® samples (retentates) are able to modify microbial
composition and to inhibit TLR signalling (TLR1/2 and TLR2/6), although downstream signalling

mechanisms of these activities need to be further investigated.
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PART 6

CONCLUSION

In conclusion, this study showed that non-metabolised Pycnogenol® acts as agonist of TLR1/2 and
TLR2/6 and as partial agonist of TLR5. Pycnogenol® on its own does not agonise or antagonise TLR4.

However, after formation of complexes with LPS, it is a potent activator of TLR4 signalling.

Gl digestion of Pycnogenol® reveals the biological activity of its metabolites as potential inhibitors of
TLR1/2 and TLR2/6 signalling (retentate fraction) and inducers of IL-10 secretion from THP-1
macrophages (dialysate fraction). Moreover, Pycnogenol® was shown to influence the intestinal
microbial composition, though a more detailed study, including larger numbers of faeces donors, is
required to get more insight into the microbial composition promoted by the presence of Pycnogenol®

and its metabolites.

Based on the presented data, microbially metabolised Pycnogenol® can show local gut (retentate) but
also systemic (dialysate) immunomodulatory effects via (1) inhibition of TLR signalling by acting as an
antagonist or a partial agonist; (2) alteration of microbial composition by directly or indirectly (via
metabolites) affecting specific microbial growth; and (3) affecting signal transduction, by interfering
with transcription factors involved in inflammatory and immune response activation (upregulation of
surface markers on immune cells and increased expression of IL-10). The molecular mechanisms
underlying these immunomodulatory activities are not completely characterised and need to be
elucidated in further studies. The present data represent a pioneer study on the potential role of
Pycnogenol® in promoting specific health conditions due to its immunomodulatory activity, next to its

well-documented antioxidant and free radical scavenging properties.
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Our greatest weakness lies in giving up. The most certain way to succeed is always to try just one more

time. — Thomas A. Edison
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PART 1

INTRODUCTION

MPH, the first-choice medication for ADHD, is linked to concerns about adverse effects and possible
publication bias in reported efficacy [1, 2]. However, ADHD is associated with immune imbalances and
increased oxidative stress, which offer potential for nutritional supplementation as therapy [3-10]. Due
to its antioxidant, anti-inflammatory and immune modulating activities, a commercially available
extract from Pinus pinaster bark with a high content of phenolic compounds, Pycnogenol®, was
selected for this study [11-14]. One small randomised trial suggests therapeutic benefit from
Pycnogenol® in ADHD [15]. However, this trial had several limitations (e.g. small sample size, very small
placebo group and short supplementation period) and the mechanism of action involved remains

unclear [12, 15-17].

Therefore, a trial was designed to address the potential of Pycnogenol® in ADHD by investigating its
efficacy, mechanism of action and value as compared to MPH treatment. This clinical trial will be
conducted in accordance with the guidelines for Good Clinical Practice (GCP) and applicable legislation.
GCP is an international quality standard for the design, conduct, recording, report and audit of trials
with human subjects, in order to assure the rights, safety and well-being of these subjects and that the
trial data are accurate and traceable [18]. These principles cover, amongst other aspects, ethics
committee procedures, obtaining of informed consent from trial subjects, adherence to the trial
protocol, administrative documentation, documentation regarding the IMP, data collection, trial
subjects’ medical records (source documents), documentation and reporting of AEs, preparation for

inspections and audits and archiving trial documentation.

This chapter therefore describes the setup of a randomised double-blind placebo and active product
controlled 10-week clinical trial with three parallel treatment arms in paediatric ADHD patients,
including the protocol, registration requirements, ethical approval and safety monitoring. The ultimate
goal of this trial is to investigate the efficacy, mechanism of action and value of Pycnogenol® in ADHD
therapy as compared to MPH treatment and placebo, including effects on immunity, antioxidant levels,
oxidative damage and comorbid psychiatric and physical complaints, and to evaluate the tolerability of
Pycnogenol® compared to MPH. Final results of this trial, which is currently ongoing, will only be

available after publication of this PhD thesis. The main research question is whether Pycnogenol® is
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more effective than placebo and not less effective than MPH in improving behaviour. Other research
guestions are whether, as compared to placebo and MPH, Pycnogenol® increases antioxidant levels,
reduces oxidative damage, improves immune and neurochemical status and reduces comorbid physical

and psychiatric complaints.
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PART 2

PROTOCOL

The protocol describes how the clinical trial will be conducted, including the design, methodology,
statistics and organisation, and ensures participant safety and integrity of collected data. According to

GCP requirements, a protocol should include [18-20]:

e Title page with protocol number and date;

e Name and address of the sponsor and investigator(s);

e Background information;

e Objectives;

e Study design and duration;

e Selection procedures, in- and exclusion criteria;

e Treatment of participants, treatment allocation, dosage, accountability;
e Primary and secondary endpoints;

e Assessment of efficacy, safety and AEs;

e Dropout, withdrawal, discontinuation and unblinding conditions, definition of end of trial;
e Statistics, including methods, power calculation and missing data;

e Quality control and assurance;

e FEthics;

e Data handling and storage;

e Publication policy;

e Timetable;

e References.

In addition, the protocol should be signed by the sponsor (trial initiator) and principal investigator. The
protocol presented in this thesis is a summary of the official trial protocol, which contains more detailed

information on subject safety, AEs, publication policy, etc.
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2.1 Synopsis

Sponsor:

Principal Investigator:

Coordinating investigator:

Other investigators:

Title of the clinical

trial:

Phase:

University of Antwerp Represented by:
Universiteitsplein 1 Prof. dr. N. Hermans

2610 Wilrijk, Belgium

B. Ceulemans, M.D., PhD
Paediatric Neurology, University Hospital Antwerp

Wilrijkstraat 10, 2650 Edegem, Belgium

N. Hermans, PhD
Department of Pharmaceutical Sciences, University of Antwerp

Universiteitsplein 1, 2610 Wilrijk, Belgium

A. Verlaet, MSc
Department of Pharmaceutical Sciences, University of Antwerp

Universiteitsplein 1, 2610 Wilrijk, Belgium

H.F.J. Savelkoul, PhD
Cell Biology and Immunology Group, Wageningen University

De Elst 1, 6709 PG Wageningen, The Netherlands

H. Verhelst, M.D., PhD
Paediatric Neurology, University Hospital Ghent
De Pintelaan 185, 9000 Gent, Belgium

D. Van West, M.D., PhD
University Child & Adolescent Psychiatry, Hospital Network Antwerp
Luitenant Lippenslaan 55, 2140 Borgerhout, Belgium

Effect of a polyphenol-rich plant extract on Attention Deficit Hyperactivity
Disorder (ADHD): a randomised double-blind placebo and active product

controlled multicentre trial.

Phase Il



Type of trial, trial

design, methodology:

Number of subjects:

Principal inclusion criteria:

Principal exclusion criteria:

Primary trial objective:

Trial setup and procedures

Multicentre randomised double-blind placebo- controlled parallel-

group design with three treatment arms (Pycnogenol®/Medikinet®

Retard/placebo)

48 per treatment group (total 144)

6-12 years old (both inclusive)

Diagnosis of ADHD/ADD

Responsible caregiver able to provide information about the patient’s
functional status

Sufficient level of Dutch

Written informed consent from the legally accepted representative

Diagnosis of Autism Spectrum Disorder (ASD)

Situational hyperactivity, pervasive developmental disorder,
schizophrenia, personality disorder, IQ < 70, CD, dyskinesias, tics or
Tourette's syndrome, personal/family history of psychotic disorder,
bipolar illness, depression or suicide attempt

Any chronic medical disorder or acute inflammatory disease,
glaucoma, heart disease or rhythm disorder, high blood pressure, or
peripheral vascular disease

Contraindications for the use of MPH

Pregnancy

Use of any of these medications during the past 3 months: clonidine,
guanethidine, blood thinners, antidepressants, medication with
decongestant, blood pressure medicine, seizure medicine or diet pills
Use of MAO inhibitor in the past 2 weeks

Use of vitamin/mineral/herbal/omega-3 supplements or any

medication > 1 week during the past 3 months

To assess the efficacy of Pycnogenol® for improving ADHD behaviour as

compared to placebo and Medikinet® Retard.
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Study end points: Primary end point:
e Summed ADHD score of the ADHD Rating Scale (ADHD-RS) rated by

teachers

Secondary end points:
e Summed ADHD score of the ADHD-RS rated by parents
e Summed ADHD score of the SEQ rated by parents and teachers

e Percentage of responders

Other variables:

e Social behaviour problems and anxiety subscales of the SEQ rated by
parents and teachers

e Physical and sleep complaints measured by the PCQ rated by parents

e Erythrocyte GSH level

e Lipid soluble antioxidant status

e Antioxidant enzyme activity

e Urinary 8-OHdG level

e Plasma MDA level

e Plasma cytokine levels

* Plasma antibody levels

e White blood cell count, measurement of their functional response

* Intestinal microbial composition

e Gene expression quantification by RT-qgPCR

e Serum neuropeptide Y (NPY) level

e Serum zinc level

e Urinary catecholamine level

e Long-term follow up on treatment choice, behaviour and comorbid
physical/psychiatric complaints

e Acceptability: dropouts, adherence, adverse events
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Criteria for evaluation:

Name investigational
medicinal product
(IMP), dosage,

administration:

IMP or therapy used
as comparator,
dosage,

administration:

Duration of treatment:

GCP conformance:

2.2 Abstract

Trial setup and procedures

Efficacy:
e Summed ADHD score of the ADHD-RS and SEQ, percentage of

responders

Tolerability:
e Adverse effects

e Physical and sleep complaints measured by the PCQ

Pycnogenol®, oral intake
20 mg/day if body weight < 30 kg,
40 mg/day if body weight > 30 kg.

First two weeks: all participants 20 mg/day

Placebo, oral intake

Medikinet® Retard, oral intake

First week: 10 mg/day methylphenidate hydrochloride

Second week: 20 mg/day methylphenidate hydrochloride
Afterwards: 20 mg/day methylphenidate hydrochloride if < 30 kg;
30 mg/day methylphenidate hydrochloride if > 30 kg

10 weeks

This trial will be conducted in accordance with the valid versions of
the protocol and the internationally recognised Good Clinical Practice

Guidelines (ICH-GCP).

Background: Methylphenidate (MPH), the first-choice medication for ADHD, is associated with serious

adverse effects like arrhythmia. Evidence on the association of ADHD with immune and oxidant-

antioxidant imbalances offers potential for antioxidant and/or immunomodulatory nutritional

supplements as ADHD therapy. One small randomised trial in ADHD suggests, despite various

limitations, therapeutic benefit from Pycnogenol®, an herbal, polyphenol-rich extract.

Methods: This phase Il trial is a 10-week randomised double-blind placebo and active treatment

controlled multicentre trial with three parallel treatment arms to compare the effect of Pycnogenol®,
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MPH and placebo on the behaviour of 144 paediatric ADHD and ADD patients. Evaluations of behaviour
(measured by the ADHD-Rating Scale (ADHD-RS, primary endpoint) and the Social-Emotional
Questionnaire (SEQ)), immunity (plasma cytokine and antibody levels, white blood cell counts and
faecal microbial composition), oxidative stress (erythrocyte glutathione, plasma lipid soluble
antioxidants and malondialdehyde and urinary 8-hydroxy-2’-deoxyguanosine levels, as well as
antioxidant enzyme activity and gene expression), serum zinc and neuropeptide Y level, urinary
catecholamines and physical complaints (Physical Complaints Questionnaire) will be performed in week
10 as compared to baseline. Acceptability evaluations will be based on adherence, dropouts and

reports of adverse events. Dietary habits will be taken into account.

Discussion: This trial takes into account comorbid behavioural and physical symptoms as well as a broad
range of innovative immune and oxidative stress biomarkers expected to provide fundamental
knowledge on ADHD aetiology and therapy. Research on microbiota in the context of an intervention
trial in ADHD is novel. Moreover, the active control arm is rather unseen in research on nutritional
supplements, but of great importance, as patients and parents are often concerned about side effects

of MPH.

Trial registration: Clinical Trial Registry number NCT02700685 (registered 18™ of January 2016),
EudraCT 2016-000215-32 (registered 4™ of October 2016).

2.3 Background (as presented in the study protocol)

ADHD is a common neurodevelopmental behavioural disorder with childhood onset and core
symptoms of hyperactivity, impulsivity and inattention [21]. ADHD has a worldwide prevalence of 5.9-

7.1% and is associated with other psychiatric disorders, such as ODD, autism and anxiety [22, 23].

MPH, the first-choice medication for ADHD, is a CNS stimulant. It increases attentiveness and reduces
hyperactivity and impulsivity by inhibition of dopamine reuptake in the prefrontal cortex and striatum,
without triggering its release. MPH is prescribed for chronic use to a large proportion of ADHD patients,
but is linked to possible publication bias in reported efficacy [2, 24, 25]. In addition, parents are often
disinclined to use MPH due to negative publicity and its frequent side effects and, subsequently, non-
adherence to therapy is high [2, 24-26]. A recent review reports adverse effects like insomnia and
decreased appetite in about 25% of patients using MPH [27]. Other therapeutic options are therefore

warranted, at least for a subgroup of patients [24-27].
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ADHD is a complex and multifactorial disorder, influenced by genetics and environment. Its exact
pathophysiology remains however unclear. Brain and peripheral catecholamines are dysregulated in
ADHD (dopaminergic dysfunction is for instance involved), but also associations with immune and
oxidant-antioxidant imbalances exist [3, 28]. Various studies demonstrated for example increased
levels of plasma MDA and exhalant ethane (oxidative stress markers) and decreased activity of
antioxidant enzymes such as GPx and CAT [29-32]. Also, catecholamine metabolism is considered a
source of free radical formation [33]. In addition, ADHD has been hypothesised to be a hypersensitivity
disorder, with a disrupted immune regulation contributing to its aetiology [28]. I.e., ADHD has a high
comorbidity with both Tyl- and Ty2-mediated disorders and several genes that have been linked to
ADHD have immune functions [3, 28, 34-37]. Ceylan et al. observed increased levels of adenosine
deaminase, a marker of cellular immunity, and decreased levels of the antioxidant enzyme GST. These

results indicate involvement of oxidative changes and cellular immunity in ADHD [3].

Still, specific immune biomarkers other than antibodies have not been systematically studied in ADHD,
despite growing evidence on associations in autism [38, 39]. In addition, immune and oxidative effects
of both standard therapy and nutritional supplementation in ADHD is a neglected topic in research.
Yet, immune and oxidative imbalances linked with ADHD offer potential for appropriate

supplementation in ADHD therapy [40].

Due to its antioxidant and immune modulating properties, a commercially available standardised
extract from French maritime pine (Pinus pinaster) bark with a high content of polyphenolic
compounds (including phenolic acids and procyanidins), Pycnogenol®, was selected for this study [11,
14, 15]. One small randomised trial suggests its therapeutic benefit in ADHD. Still, this trial had some
limitations (e.g. short supplementation period) and the mechanisms of action involved remain unclear
[15]. In addition, the efficacy and value of Pycnogenol® in ADHD as compared to MPH treatment remain

to be confirmed.

The present trial protocol and amendments were and will be prepared in accordance with the

Declaration of Helsinki (version of October 2013).
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2.4 Methods

2.4.1 Objective

To evaluate the effect of Pycnogenol® on ADHD behaviour and comorbid physical and psychiatric
symptoms, as well as on immunity, oxidative damage, antioxidant status and neurochemical

parameters, in addition to its acceptability as compared to placebo and MPH treatment.

2.4.2 Hypotheses

e In ADHD therapy, Pycnogenol® is more effective than placebo and not less effective than MPH;

e As compared to placebo and MPH, Pycnogenol® increases antioxidant levels, reduces oxidative
damage, improves immune and neurochemical status and reduces comorbid physical and
psychiatric complaints;

e The tolerability of Pycnogenol® is higher than that of MPH.

2.4.3 Design

This is a phase Il randomised double-blind placebo and active product controlled, multicentre clinical
trial with three parallel treatment arms, to compare effects on ADHD behaviour between Pycnogenol®,
MPH (Medikinet® Retard) and placebo, using the ADHD-RS as a primary outcome measure. Secondary
outcomes are comorbid physical and psychiatric complaints (including side effects), oxidative stress,
immunity, neurochemical parameters and acceptability of the interventions. Following screening and
baseline assessments, 144 patients (6-12 years) will receive one of the three treatments for 10 weeks
(Figure 5.1). Evaluations will be performed in week 5 and 10 as compared to baseline. Dietary habits
will be taken into account. Moreover, long-term follow up is planned (6 months) to assess eventual

treatment choice and concurrent behaviour and comorbid physical/psychiatric complaints.

Two study visits with similar evaluations and sample collections will be conducted: at baseline and after
10 weeks. Evaluations scheduled in week 10 could be performed in week 11 as well, to increase trial
feasibility. Enough capsules for 11 weeks treatment will be provided. To analyse biomarkers of interest,
16 ml venous blood will be collected at the start and the end of the intervention, as well as urine. Faecal
samples will be collected from participant subgroups (n = 60). Next to baseline and final evaluations,
an extra evaluation of behaviour and physical symptoms will be conducted in week 5 by means of
questionnaires. Filling out questionnaires takes approximately 30 min. Two reminders will be sent in
case questionnaires are not received within one week after the required date. After every blood and

urine collection and in case questionnaires are completed, participants receive two movie tickets.
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Figure 5.1. Design of the trial.
MPH: methylphenidate.

2.4.4 Inclusion and randomisation

Recruitment started in September 2017. The trial population (eligibility criteria in Table 5.1) will consist
of ADHD patients, both diagnosed de novo and formerly treated, recruited at the University Hospitals
of Antwerp (UZA) and Ghent (UZ Ghent) and the Hospital Network Antwerp (ZNA). With an expected
inclusion rate of 30-50 patients per year (10-20 participants in UZA, 15-20 in UZ Ghent and 5-10 in
ZNA), about 3 years will be required for subject recruitment. Though, as compared to inclusion rate, a
ten-fold higher diagnosis rate of ADHD and ADD is expected in these centres, in- and exclusion criteria
of the proposed trial (e.g. regarding autism or the recent intake of supplements or medication) are
expected to exclude at least half of all newly diagnosed patients, while a consent rate of 30% is
expected, taking into account potential reluctance regarding the use of medication or supplements, as
well as “risk” for placebo treatment [41, 42]. In addition, patients from random primary schools in
Flanders will be invited for this trial by letters and diagnosed in one of the trial centres before inclusion.
In case of slow recruitment, also “ZitStil” (information centre on ADHD/ADD), revalidation centres,
independent child psychiatrists/paediatricians and other hospitals can be involved. Assessments of
patients will take place at the outpatient departments of Child Neurology of UZA and UZ Ghent and the
University Child and Adolescent Psychiatry department of Hospital Network Antwerp. Diagnosis of all

subjects will be confirmed by a child neurologist or psychiatrist according to DSM-5 guidelines.

The allocation sequence will be generated by the participating pharmacies. Participants will be

randomised, stratified by trial centre, to one of the three treatment arms (placebo, Pycnogenol® or
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Medikinet® Retard) by randomisation software (randomization.com, original generator, different
starting number across trial sites and taking into account body weights below and above 30 kg). The
number of participants per trial site is not limited. Participants will choose a sealed envelope within
their weight category, containing their randomisation number. Trial participants, physicians, care
providers, outcome assessors and data analysts will be blinded to avoid bias. The involved physicians
and hospital pharmacies will assure confidentiality by retaining the randomisation code at all times in
a sealed envelope, only to be used in case of emergency or SAEs. Patients will receive contact
information from the three trial centres, so that questions could be answered by a trial investigator

other than their attending physician.

Table 5.1. Inclusion and exclusion criteria for patient selection.

Inclusion criteria Exclusion criteria
Age 6-12 years (both inclusive) 1. Diagnosis of autism spectrum disorder
ADHD diagnosis 2. Pervasive developmental disorder, personality
a. by the investigating physician disorder, IQ < 70, CD, tics, schizophrenia, dyskinesia,
b. based upon the ADHD-RS personal or family history of psychotic disorder, bipolar

iliness, depression or suicide attempt

3. Responsible caregiver to provide 3. Chronic medical disorder or acute inflammatory
information about the patient’s disease, glaucoma, heart disease, high blood pressure,
functional status or peripheral vascular disease.

4. Patient and responsible caregiver 4. Use of MAO inhibitor 14 days before inclusion. Use of
have sufficient knowledge of Dutch clonidine, guanethidine, seizure medication,

antidepressants, blood thinners, blood pressure or diet
medication 3 months before inclusion.

5. Written informed consent by the 5. Use of vitamin/mineral/herbal/omega-3 supplements
patient’s legally accepted or any medication for longer than 1 week 3 months
representative before inclusion

6. Other contraindications for MPH or Pycnogenol®, as
defined in the Summary of Product Characteristics and
Investigator’s Brochure, resp.
ADHD-RS: ADHD Rating Scale; CD: conduct disorder; IQ: intelligence quotient; MAO: monoamine oxidase; MPH:
methylphenidate.

Withdrawal, the presence of SAEs, development of a severe and unstable disease, failure to provide
follow up information or to come to the follow up appointment and intake of concomitant
medication/supplements during more than one week will lead to drop-out. Drop-outs will not be

replaced.

204



Trial setup and procedures

2.4.5 Treatment

Patients will receive all capsules required for the complete study at inclusion, at a dose based on their
body weight (1 or 2 oral capsules at breakfast):
e  MPH (Medikinet® Retard, methylphenidate hydrochloride modified release, Medice GmbH):
Patients with a body weight < 30 kg will receive 20 mg/day, those with a body weight > 30 kg
30 mg/day. Treatment during the first week always contains 10 mg, increasing 10 mg per week
to limit side effects.
e Pycnogenol®: Patients with a body weight < 30 kg will receive 20 mg/day, those with a body
weight > 30 kg 40 mg/day, aiming at a daily dose of 1 mg/kg and taking into account
formulation issues [15]. Treatment during the first two weeks always contains 20 mg.

* Placebo: Placebo contains excipients only.

Pycnogenol® and placebo will be produced in capsules identical to Medikinet® Retard. Capsules to be
used are hard gelatine capsules (Capsugel NV, Belgium) and excipients are microcrystalline cellulose
and magnesium stearate, which are also used for marketed Pycnogenol® capsules. All treatments will
be provided in identical jars, labelled with the subject’s trial number and week of intake. Encapsulation,
primary packaging and labelling will be performed by Qualiphar NV under full GMP regulations.
Compliance will be determined based on accountability of investigational products (IPs) and self-

reported adherence.

In case of AEs, the investigator, principal caregiver and participant can decide to discontinue the trial
medication. No dose adjustment will be performed. With a standardised questionnaire, AEs will be
documented at week 5 and 10, taking into account the patient’s medical records as well. Also
spontaneously reported AEs will be recorded. Abnormal test results are not considered AEs, unless
inducing clinical symptoms or requiring therapeutic intervention. In case of a SAE, the trial code will be

broken and treatment discontinued.

Premature termination of the trial will be considered if the risk-benefit balance for trial subjects
changes markedly, it is no longer ethical to continue treatment with the investigational medicinal
product (IMP), an unacceptable high number of SAEs occurs (i.e. if 10% of the participants experience
a potentially related SAE), the sponsor (trial initiator, not provider of financial support) or principal
investigator considers that the trial must be discontinued for safety reasons, it is no longer practicable
to complete the trial, or a high number of drop-outs (> 40 %) is noticed. The sponsor decides on

whether to discontinue the trial in consultation with the principal investigator and/or statistician.
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2.4.6 Outcomes

2.4.6.1 Primary outcome

The primary objective is to assess the efficacy of Pycnogenol® for improving ADHD behaviour as rated
by teachers compared to placebo and Medikinet® Retard. The primary outcome is therefore the
summed ADHD score of the ADHD-RS as rated by teachers (Table 5.2 and Appendix 4.1, see bookmark
for QR code). Power calculation is based on this scale. Teachers will fill out this questionnaire before

the start of the intervention and after 5 and 10 weeks.

2.4.6.2 Secondary outcomes
Secondary outcomes related to ADHD behaviour are:
e Summed ADHD score of the ADHD-RS, rated by parents, as a reflection of the child’s
ADHD/ADD behaviour at home;
e Summed ADHD score of the SEQ (Appendix 4.5.2, see bookmark for QR code), rated by
parents and teachers.
e Scores on ADHD subscales of the ADHD-RS and SEQ, rated by parents and teachers
(hyperactivity, impulsivity and inattention);
e Percentage of responders, rated by parents and teachers, defined as participants with a

reduction of at least 20% of their baseline summed ADHD-RS score [43].

Other secondary outcomes are:

Psychiatric complaints
e Social behaviour problems subscale of the SEQ, rated by parents and teachers, to evaluate to
what extent symptoms of ODD and CD are displayed [44];
e Anxiety subscale of the SEQ, rated by parents and teachers, to evaluate symptoms of general

anxiety, social anxiety and anxiety-depression [44].

Physical complaints
e Physical and sleep complaints, including various potential side effects, measured by the PCQ

(Appendix 4.3.2, see bookmark for QR code) [45].

Neurochemistry
e Urinary catecholamines (dopamine, norepinephrine and epinephrine) and their metabolites,
determined by HPLC with electrochemical (detection [33];

e Serum neuropeptide Y (NPY), analysed by ELISA [57].
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Antioxidant levels

Erythrocyte GSH level, the most important intracellular antioxidant, analysed by HPLC with
electrochemical detection [46] (see Chapter 2, 3.4.1);

Lipid soluble antioxidants: plasma vitamin E (a- and y-tocopherol), vitamin A (B-carotene,
retinol, retinyl palmitate) and coQ10, analysed by HPLC with electrochemical detection [47-
50] (see Chapter 2, 3.4.2);

Antioxidant enzyme activity (CAT, SOD and GPx), analysed by ELISA [29, 51];

Gene expression, quantified by RT-gqPCR, focusing on networks counteracting oxidative stress
(GPx, CAT, SOD, XO) and stress-related proteins (Clusterin) [52, 53];

Serum zinc level, analysed by atomic absorption spectroscopy (AAS) [54].

Oxidative damage

Plasma MDA level, a marker of lipid peroxidation, analysed by HPLC with fluorescence
detection [55] (see Chapter 2, 3.4.3);

Urinary 8-OHdG level, a marker of oxidative DNA damage (though also considered a general
marker of in vivo oxidative damage, as it is also produced from nucleotides in cellular pools),

corrected for urinary creatinine concentration, analysed by ELISA [56] (see Chapter 2, 3.4.4).

Immunity

Plasma cytokines for monocytes (IL-1B, IL-6, IL-8, IL-10, IL-12, TNF-a) and T cells (IL-4, IL-5, IL-
6, IL-10, IFN-y) as well as antibody levels (IgA1, 18G14, IgE), analysed by flow cytometry, as
markers of immune activation state and skewing [40, 58, 59] (see Chapter 2, 3.4.5 and 3.4.6);
Identification of peripheral blood mononuclear cells (PBMCs; like CD4, CD8 and B cells) and
neutrophils and measurement of their functional responses (e.g. cytokine release) after
stimulation, as a marker of immune activation state, skewing and responsivity by flow
cytometry [40, 58, 59];

Intestinal microbial composition, assessed using extreme throughput multiplexed sequencing

of 16S rRNA gene pools PCR-amplified from faecal samples [60, 61].
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Table 5.2. Investigations and data acquisition during the trial.

Baseline
Evaluations/Interventions Screening Week O Week 5 Week 10
Inclusion and exclusion criteria X X
Current use of medication/supplements X
Informed consents X
Randomisation
Treatment
Treatment distribution
Medication count
ADHD-RS
SEQ
PCQ
FFQ
Sample collection (blood, urine, faeces)
GSH analysis
Lipid soluble antioxidants analysis
Antioxidant enzyme activity
Genetics analysis
MDA analysis
8-OHdG analysis
Cytokine analysis
Antibody analysis
PBMC count and reactivity analysis
Microbial composition analysis
Catecholamine analysis
NPY analysis
Zinc analysis
8-OHdG: 8-hydroxy-2’-deoxyguanosine; ADHD-RS: ADHD Rating Scale; FFQ: food frequency questionnaire; GSH:
reduced glutathione; MDA: malondialdehyde; NPY: neuropeptide Y; PBMC: peripheral blood mononuclear cell;

> X X

X X X X X X X X X X X X X X X X X X X X
X X X X X X X X X X X X X X X X X X

>

PCQ: Physical Complaints Questionnaire; SEQ: Social-Emotional Questionnaire.

The safety of both MPH and Pycnogenol® has been investigated and demonstrated before and is
therefore beyond the scope of this trial. A final objective is however to investigate the acceptability of
Pycnogenol® compared to Medikinet® Retard and placebo, based on the prevalence of side effects,
treatment adherence (defined as > 90% ingestion as scheduled) and proportion of drop-outs. Though
seemingly trivial, adherence and dropouts are important real-life indicators of the effectiveness of a
treatment, based on both the achievement of positive effects and the absence of adverse effects, and

therefore highly valuable.

Dietary habits of participants, such as consumption of vegetables, chocolate, fruit, etc., possibly
influence the results of the trial and will therefore be assessed by an FFQ at the start and end of
intervention [62, 63], to assess potential dietary adaptations during the study as well as baseline

differences between treatment groups. The highest educational achievement of both parents will be
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determined as a proxy for socioeconomic status, while also questions regarding the course of

pregnancy will be asked (Appendix 4.4.2, see bookmark for QR code).

Long-term follow up to assess eventual treatment choice and concurrent behaviour and comorbid
physical/psychiatric complaints will be based on parental questionnaires 6 months after study
termination (ADHD-RS, SEQ, PCQ and few additional questions). Though open label, this provides
additional information on the efficacy of experimental and standard treatment, long-term Pycnogenol®

treatment, or potential symptom relapse after ceasing Pycnogenol® intake [15, 64].

Analyses of oxidative stress and antioxidants, as well as NPY, catecholamines and questionnaires, will
be performed at the Laboratory of Nutrition and Functional Food Science of the University of Antwerp.
Immune profiling and genetics will be performed at the Cell Biology and Immunology Department and
the Microbiology department of Wageningen University. Plasma zinc status (and possibly

catecholamine status) will be determined by the General Medical Laboratory (AML) in Antwerp.

2.4.7 Statistics

The minimum number of patients required, based upon the effect size of 1.38 found by Trebaticka et
al. (teacher evaluation), is only 13 patients per group to reach statistical power of 80% and a
significance level of 0.016 (0.05 with Bonferroni correction), not taking into account dropouts [15].
However, based on results of other previous studies on nutrition and supplementation in ADHD, a more
modest improvement of 0.75 SD on behaviour rating scales is rather expected [65]. For the estimation

of the required sample size, following assumptions were therefore made:

e Patients improve 0.75 SD on the ADHD-RS summed ADHD score as rated by teachers if using
Pycnogenol® for 10 weeks [15, 65], which corresponds to a 20% improvement with active
treatment as compared to placebo;

e Power of 80%, drop-out of 20%;

e Two-sided testing at a significance level of 0.05 with Bonferroni post-hoc testing correction.

Based on these considerations, 48 patients per treatment will be necessary (n = 144 in total).

Data will be checked for outliers. Missing data will not be accounted for. The three groups will be
compared regarding baseline characteristics to check for differences at the start. A two-way ANOVA
will be performed to investigate a potential interaction between treatment and weight. In case of a
significant interaction, the two weight categories will be studied separately. In case of a non-significant

interaction, both weight categories will be studied together. Change in ADHD-RS score as rated by
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teachers (primary outcome measure) will be compared between the three treatments by means of a
one-way ANOVA (categories: treatment, time; a = 0.05) with post-hoc testing. Changes regarding
secondary target variables will be compared between the three treatment groups by one-way ANOVA
with post-hoc analysis with multiple testing correction, Kruskal-Wallis or Fisher’s exact test, depending
on normality and the type of variable. Separate analyses for subgroups (e.g. based on gender, severity
or subtype of ADHD, dietary habits, etc.) will also be performed. Effect of sample processing time will
be tested and, if significant, taken into account by multiple regression. Non-inferiority of Pycnogenol®
as compared to Medikinet® Retard will be demonstrated when the difference in effect on ADHD-RS
score (after 10 weeks vs. at baseline) is no more than 5 points [66]. This wide margin might be justified
due to frequent side effects of MPH. Non-inferiority will only be accepted if supported by both

intention-to-treat and per protocol analyses [67, 68].

2.4.8 Trial management and research team

The University of Antwerp (Laboratory of Nutrition and Functional Food Science) is the sponsor of this
trial, with Nina Hermans being the coordinating investigator. As principle investigator, Berten
Ceulemans, as well as investigators Dirk Van West and Helene Verhelst, will be primarily responsible
for patient inclusion. Nina Hermans and Annelies Verlaet are responsible for the analysis of oxidative
stress and neurologic biomarkers and questionnaire results, as well as for data management. Huub
Savelkoul is responsible for the analysis of immune biomarkers and genetics. No data monitoring
committee will be set up. Berten Ceulemans, Helene Verhelst, Dirk Van West, Nina Hermans and
Annelies Verlaet will discuss potential issues regarding e.g. the progress of the trial, including safety
data, accurate reporting and compliance with GCP and the protocol. Practical and financial agreements

were signed between the sponsor, investigators and any other parties involved with the trial.

2.5 Discussion

2.5.1 Design

This randomised controlled trial addresses the potential of an herbal extract in ADHD by investigating
its efficacy, mechanism of action and value as compared to standard treatment and placebo. Results
can be partly compared to a previously conducted study [15, 64, 69]. A double-blind design was chosen
to avoid bias, due to the subjectivity of questionnaire responses. In addition, both parents and teachers

will rate the behaviour of participants. Behavioural assessment by teachers is preferred as primary
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objective due to the higher sensitivity of teachers’ ratings [70, 71]. A 10-week treatment is considered
long enough to see clear effects of both Pycnogenol® and Medikinet® Retard, though still minimising
patient burden and thus maximising compliance [15]. The parallel design was also chosen to reduce
patient burden and as it is unclear how long the wash out period for Pycnogenol® should be in case of
a crossover design. Compliance control by additional blood sampling as well as objective behaviour
assessment (e.g. movement trackers) rather than questionnaires would increase participants’ burden.
In addition, such compliance control is expensive and difficult for Pycnogenol®, as diet might limit the

relevance of plasma polyphenol analysis.

2.5.2 Inclusion

Though the symptoms of adult ADHD are similar to the restlessness, distractibility and impulsivity of
childhood ADHD, the expression of symptoms changes as the individual matures. Moreover, as ADHD
is generally diagnosed in childhood, persisting into adulthood in about 60% of individuals with

childhood onset, children rather than adults were chosen for this trial [72].

2.5.3 Treatment

Patients and especially their parents are often worried about side effects of MPH, the standard
medication for ADHD. It is therefore important not only to investigate the behavioural effect of
Pycnogenol® compared to placebo, but also compared to MPH, as well as to take into account side
effects and effects on comorbid complaints. This active control is rather unseen in research on
nutritional supplements. In one previous trial in adult ADHD, the effect of Pycnogenol® was compared
to MPH and placebo. However, neither MPH nor Pycnogenol® outperformed placebo, possibly due to

the short treatment period of 3 weeks [17].

Despite being the first-choice medication for ADHD, MPH is associated with various side effects
(including SAEs), some of them frequently occurring, including irritability, insomnia, loss of appetite
and headache (see Chapter 1, 1.3) [27]. The overall frequency of side effects due to Pycnogenol® is
very low (1.8%) and unrelated to dose or duration of use (see Chapter 1, 4.4.1). Gl discomfort, the most
frequently occurring adverse effect, may be avoided by taking Pycnogenol® with or after meals. In
children with ADHD, 2 of 41 Pycnogenol® supplemented participants experienced side effects (rise of
slowness and moderate gastric discomfort), while various biochemical parameters (bilirubin, glucose,
GGT, ALP, AST, ALT, uric acid and fatty acid profile) remained normal after Pycnogenol®
supplementation (1 mg/kg for 4 weeks) [15]. Pycnogenol® did not cause any significant changes in

blood pressure or heart rate in 4 clinical studies (total n = 185). There have been no reports of SAEs
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since its introduction into the European market around 1970 [61]. Therefore, the use of Pycnogenol®
in children is considered to be safe. A small discomfort for the patient will be the puncture to get blood

samples.

The Pycnogenol® dosage is based upon the previous clinical trial, using 1 mg/kg body weight [15]. In

the present trial, due to practical reasons, 0.67-1.33 mg/kg body weight will be applied.

Though the Belgian law and the Declaration of Helsinki (2013) discourage the use of a placebo
treatment in case an active treatment is available, ethical problems regarding the placebo group are
not anticipated as MPH treatment often causes side effects. In addition, a 10-week waiting time
between ADHD diagnosis and the start of treatment (the period in which the clinical trial will be
performed as much as possible) is not exceptional in routine care (oral communication with prof. dr.
Ceulemans, UZA). Moreover, since placebo effects could be large due to e.g. the subjectivity of
guestionnaire responses, despite blinding of patients and their parents and teachers, it is uttermost
important to include a placebo arm. Furthermore, various placebo-controlled trials, also in paediatric
ADHD patients, have been performed and published recently, like a six-week treatment with Ginkgo
biloba extract as compared to placebo [73] or an eight-week treatment with ALA as compared to
placebo [74]. Though ADHD is a serious condition with a vast impact on the patient and its environment,
it is not life-threatening. A 10-week placebo treatment will not have a negative impact on the patient
or academic achievements in further life. Finally, participation is voluntary and all participants and their
principal caregiver will be informed about the potential risks and benefits, including placebo treatment.

After 10 weeks, routine care for ADHD is started.

2.5.4 Outcomes

The ADHD-RS is validated and internationally accepted and consists of 9 inattention and 9 impulsivity
and hyperactivity questions based on the DSM, each marked out on a four-point rating scale [11]. Use
of the ADHD-RS allows comparison of results to those of previously performed trials [65]. In addition
to analysing teacher and parent ratings separately, their comparison will provide information on
differences between treatments. For instance, the extended release formulation of MPH is effective

for about 8 h, while the effect of Pycnogenol® on behaviour is not expected to wear off suddenly.

In addition to the ADHD-RS, the SEQ (see Chapter 2, 3.3.2) is used in this trial. Though this increases
the number of questions on behaviour significantly (72 questions), the SEQ also assesses frequently

occurring psychiatric comorbidities of ADHD [44].
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The PCQ (see Chapter 2, 3.3.3) includes questions on various potential AEs [45, 65]. In addition, parents
will be asked whether the participant experienced any illness during the trial, which illness it was,

whether any medication was taken, and the type, dose and duration of medication intake.

The FFQ (Appendix 4.2.2, see bookmark for QR code) consists of 50 questions on different food groups
to be rated on a nine-point scale by parents at the start and end of the intervention, to assess baseline
dietary habits and potential adaptations during the study, as well as to relate potential differential
effects of Pycnogenol® to dietary polyphenol intake [62, 63]. Insight in global dietary habits (e.g.
whether the participant consumes fresh fruit daily) is therefore aimed for. In addition, the frequency
of eating breakfast, lunch and dinner is asked for, as well as further information on the type of milk,

rice, chocolate, etc.

Zinc is essential for CNS structure and function, including regulation of the dopamine transporter [75-
77]. In addition, it is a cofactor in antioxidant defence systems, like CuZn-SOD [78, 79]. Reduced serum,
plasma, urine and hair zinc levels have been found in ADHD patients compared to controls [80]. Serum

zinc is therefore a relevant marker in this study.

NPY participates in thermoregulation, feeding regulation and circadian rhythms, while it frequently
colocalises with catecholamines. In addition, elevated plasma NPY levels in ADHD patients indicate that

NPY could be a potential biomarker of ADHD [81, 82].

2.5.5 Originality

Most research on nutritional supplements or medication in ADHD predominantly assesses effects on
ADHD behaviour. This trial however takes into account comorbid behavioural and physical symptoms,
such as ODD, anxiety and side effects, as well as a broad range of innovative immune, oxidative and
neurochemical biomarkers, which have not been systematically studied in ADHD. Research on

microbiota in the context of an intervention trial in ADHD patients is novel, too.

In addition, as opposed to most studies, this trial includes both placebo and active control. Inception
of therapeutic intervention with large treatment groups and comparison to MPH treatment is highly
useful, as an alternative approach to ADHD based on underlying mechanisms might have more

potential than the current therapy, which has serious limitations.

Assessment of improvement in behaviour and comorbid complaints, and their correlations [45], as well
as determining effects on immune and oxidative status, is crucial to increase understanding of ADHD

pathophysiology, potentially effective therapies and mechanisms by which polyphenol-rich extracts
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might lead to improvements. Previous research overall failed to perform these assessments [15, 83].
Finally, also intervention acceptability will be taken into account. Results of this project will therefore
increase insight in ADHD aetiology and (dietary) treatment options, which is highly desired by medical

staff, parents and patients.
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PART 3

PREPARATION OF TRIAL-RELATED FILES

This clinical trial involves various files and questionnaires (clinical research files, CRFs) to be signed or
filled out by the participant, his/her primary caregiver and teacher as well as by involved investigators,
but also information folders, manuals and standard operating procedures (SOPs). In addition, an
Investigator’s Brochure (IB) for Pycnogenol®, Summary of Product Characteristics (SmPC) for
Medikinet® Retard and Investigation Medicinal Product Dossier (IMPD) for both Pycnogenol® and
placebo were required. Here, an overview is given of all files that were prepared. All documents are

identical in the different trial sites, except for e.g. the contact information of the local investigator.

3.1 Recruitment advertising

A poster (Figure 5.2) for hospital waiting rooms was developed, as well as a flyer (Figure 5.3) with

more specific information for potentially interested ADHD patients and their parents.

i

Universiteit
Antwerpen \ /
e

/é\/é\/é\/é\ /é\

Ben je tussen 6 en 12 jaar?
Heb je ADHD of ADD?

ONDERZOEK
ADHD/ADD EN VOEDING

Hebben voedingssupplementen
een positief effect op ADHD/ADD?

Interesse?
Vraag meer info aan uw arts!

Figure 5.2. Poster for waiting rooms.
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UZA’ vzX Yzna

Ben je tussen 6 en 12 jaar?

Heb je ADHD of ADD?

ONDERZOEK
ADHD/ADD en voeding

Kunnen voedingssupplementen
helpen bij ADHD/ADD?

Wat is het doel van het onderzoek?

Het doel is om patiénten met ADHD zo goed moge-
lijk te helpen. De resultaten van dit onderzoek zijn
cruciaal om meer wetenschappelijk inzicht te verkrij-
gen in ADHD, en em de rol van bepaalde plantaardige
voedingssupplementen in de behandeling ervan te
evalueren.

Het effect van een pl dig voeding:
(Pycnogenol®) op ADHD en bijhorende psychische en
fysieke symptomen wordt onderzocht, in vergelijking
met methylfenidaat (standaardbehandeling bij ADHD)
en placebo. Ook immuniteit, oxidatieve stress en voe-
dingsgewoonten bij ADHD worden onderzocht. Het
immuunsysteem is het verdedigingssysteem van het
lichaam. Bij oxidatieve stress is er meer dan een nor-
male hoeveelheid schadelijke stoffen, vrije radicalen
genaamd, aanwezig in het lichaam. Deze stoffen be-
schadigen delen van de cel.

Waarom dit onderzoek?

Resultaten van verschillende studies wijzen op een
andere immuunstatus en meer oxidatieve stress bij
ADHD patiénten, in vergelijking met persenen zonder
ADHD. Omdat het plantaardig voedingssupplement in
deze studie zowel het immuunsysteem kan verbete-
ren als oxidatieve stress kan verminderen, lijkt dit
supplement ideaal bij ADHD. Bovendien blijkt uit een
voorgaande, kleine studie al dat het voedingssupple-
ment cok de symptomen van ADHD kan verbeteren.
Verder onderzoek is echter noodzakelijk om een vol-
ledig beeld te krijgen van deze effecten, zodat de
behandeling van ADHD aangepast en verbeterd kan
worden.

Figure 5.3. Part of the information flyer.

Waarom deelnemen?

Om waardevol en betrouwbaar wetenschappelijk
onderzoek te kunnen doen, is het zeer belangrijk dat
er voldoende patienten meedoen. Hiervoor zijn wij op
zoek naar kinderen met ADHD of ADD die willen
meewerken aan het onderzoek. Het betreft hier zui-
ver wetenschappelijk cnderzoek, zonder commerciéle
doeleinden

Deelname van uw kind aan dit onderzoek is volledig
vrijwillig. U kunt uw kind later op ieder moment uit
het onderzoek terugtrekken.

Wat houdt deelname in?

Bij deelname krijgt uw kind willekeurig één van de
drie behandelingen gedurende 10 weken:

een voedingssupplement, medicatie of placebo.

: Pycnog 12, schorsextract van
de Franse maritieme pijnboom. Een gecontroleerde
klinische studie bij kinderen suggereert een positief
effect van het gebruik van Pycnogenol® bij ADHD

Medicatie: Methylfenidaat, de standaardbehandeling
bij ADHD.

Piacebo: Heeft geen werkzame eigenschappen.

Aan de start van het onderzoek en na 10 weken
wordt een urine- en bloedstaal afgenomen. Mogelijk
vragen we ook een stoelgangstaal. Op dezelfde tijd-
stippen en na 5 weken vragen wij u enkele vragenlijs-
ten in te vullen_

De reguliere behandeling van ADHD kan na deze 10
weken gewoon gestart worden.

3.2 Informed consent forms

Trial subjects cannot be enrolled unless they and their legal representatives have voluntarily consented
to take part in the trial after having been informed verbally and in writing in comprehensible language
of all aspects of the trial relevant to his/her decision by a trial investigator (informed consent). These
aspects include the nature, scope and possible consequences of the trial as well as reasons to conduct
a placebo-controlled trial. Informed consent should be documented by means of a written, dated and
signed informed consent form. In case the teacher of the trial subject agrees to participate in the trial

and to fill out various questionnaires, he/she should also sign the informed consent form.

The originally signed consent form should be archived in the investigator site file. Trial subjects receive
copies of the written information sheet, confirmation of insurance and the informed consent form. An
example of the informed consent forms can be found in Figure 5.4 and Appendix 3.2 (see bookmark

for QR code).

216



Trial setup and procedures

An informed consent form should contain the following information [18, 84]:

Title of the trial;

Contact information of the principal and local investigator, sponsor and emergency help;
Explanations that the trial involves research and those aspects that are experimental;
Rationale and objectives, type and design of the study, duration, anticipated number of
participants, dose and expected mechanism of action of the investigated product;
Implications of participation, e.g. financially and compared to standard care, procedures to be
followed;

The subject's responsibilities;

Voluntary participation: withdrawal can occur at any time without justification and without
jeopardising the further course of treatment or quality of further care;

(Lack of guarantee on) potential advantages, random treatment assignment, risk of placebo
treatment;

Other potential treatment options and their potential benefits and risks;

Reasonably foreseeable risks or inconveniences, possible AEs including those unknown;
Confidentiality according to GCP and national law;

Coding of study data ensuring anonymity to third parties;

Access to the medical record and the information recorded within the framework of the
clinical trial by authorised representatives of the sponsor (e.g. monitors or auditors) or the
competent supervisory or federal authorities;

Rights of the participants, including inspection of the own personal information;

Notification of the participant’s general practitioner for safety reasons;

Potential treatment after the trial, including the option for continuation of study medication
(if this option is available);

Costs and financing, including the anticipated payment and expenses (if any) for participation;
Trial insurance;

Approval by the central and local ethics committee;

Consent form, stating that all questions about the trial are answered to the satisfaction of the
participant (or legal representative), to be signed and dated by both the participant (or legal

representative) and the investigator.
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ADHD-UAntwerpen

Formulier voor geinformeerde toestemming Deelnemersn®:

Titel: Effect van een polyfenolrijk plantenextract op Aandachtstekort-Hyperactiviteitsstoornis
(ADHD): een gerandomiseerde, dubbelblinde, placebo en actief product gecontroleerde
multicentrische klinische studie.

01/01/2018 —31/12/2021, FWO referentienummer: G038218N, Peoplesoft ID: 36193.

Protocelnr.:  2017/11
Organisator:  Universiteit van Antwerpen

Onderzoeker: Prof. Dr. Berten Ceulemans

Je wordt gevraagd om mee te doen aan dit onderzoek omdat jij ADHD hebt. Een onderzoek is een
manier om meer te weten te komen over hoe ADHD ontstaat en wat we eraan kunnen doen. Met
deze informatie kun je beslissen of je wel of niet aan dit onderzoek mee wilt doen.

We willen meer weten over hoe ADHD ontstaat en of we het met voeding kunnen behandelen. Zo
kunnen we kinderen met ADHD beter verzorgen.

Er doen ongeveer 144 kinderen aan dit onderzoek mee.

Wat zal er tijdens dit onderzoek met mij gebeuren?

Als je aan het onderzoek mee wilt doen, krijg je één van de drie mogelijke behandelingen. Je kunt
een pilletje met een soort vitamine krijgen, een pilletje met een medicijn, of een pilletje zonder iets
in. Deze behandeling moet je dan 10 weken volgen. Ook wordt je gewogen en wordt je lengte
gemeten aan het begin en het einde van deze 10 weken. Dan neemt de dokter of verpleegkundige
ook wat bloed van je af, met een naald. Je moet ook een plasje en een beetje stoelgang inleveren.

ADHD-UAntwerpen

Formulier voor geinformeerde toestemming Deelnemersn®:

Titel: Effect van een polyfenolrijk plantenextract op Aandachtstekort-Hyperactiviteitsstoornis
(ADHD): een gerandomiseerde, dubbelblinde, placebo en actief product gecontroleerde
multicentrische klinische studie.

01/01/2018 - 31/12/2021, FWO referentienummer: G038218N, Peoplesoft ID: 36193,

Protocolnr.:  2017/11
Organisator:  Universiteit van Antwerpen

Onderzoeker: Prof. Dr. Berten Ceulemans

Inleiding

Uw kind wordt gevraagd om deel te nemen aan een klinisch-wetenschappelijk onderzoek naar het
effect van een plantaardig voedingssupplement (Pycnogenol®, een schorsextract van de Franse
pijnboom, Pinus pinaster) op de symptomen van ADHD (attention-deficit/hyperactivity disorder of
aandachtstekort—hyperactiviteitstoornis) in vergelijking met de standaardbehandeling voor ADHD
(methylfenidaat) en placebo.

Dit onderzoek wordt uitgevoerd omdat resultaten van verschillende studies wijzen op een andere
immuunstatus en meer oxidatieve stress bij ADHD pati&nten, in vergelijking met gezonde personen.
Het immuunsysteem is het verdedigingssysteem van het licheaam met als doel indringers zoals
bacterién en virussen te bestrijden. Oxidatieve stress is een toestand in het lichaam waarbij meer
dan een normale hoeveelheid schadelijke stoffen, vrije radicalen genaamd, aanwezig zijn. Deze
stoffen beschadigen delen van de cel.

Omdat Pycnogenol® zowel het immuunsysteem kan verbeteren als oxidatieve stress kan

Figure 5.4. Example of the information and consent forms for (A) patients and (B) their legal representative (first page).
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3.3 Documents for the primary caregiver and teacher

Various files, forms and questionnaires in this trial are specifically for the primary caregiver and/or
teacher of the patient to acquire information, as a reminder or to inform them on specific details of
the trial. Examples are a brochure for the caregiver with information on capsule intake, questionnaire
completion, potential side effects and contact information (Figure 5.5), a letter informing the subject’s
teacher on the objective of the trial and asking for participation (not shown), a document with
instructions for faeces collection (not shown) and various questionnaires, i.e. on the course of
pregnancy and the educational level of both parents, as well as the ADHD-RS, SEQ, PCQ and FFQ
(Figures 5.6, 5.7 and 5.8).

VA yz* ©zna

g De reguliere behandeling van ADHD kan, indien gewenst, na deze 10 weken
qd gewoon gestart worden. Indien na deze 10 weken blijkt dat uw kind in de
[} 8 ® ] o ] methylfenidaat- of placebogroep terechtkwam, kan u gratis Pycnogenol®
supplementen krijgen voor 10 weken behandeling (op eigen initiatief en
Q g g g g verantwoordelijkheid).
R WAL WL LWL [
Inname capsules
Ben je tussen 6 en 12 jaar? Deelname aan dit onderzoek vereist het strikt volgen van de opgelegde
Heb je ADHD of ADD? behandeling (Pycnogenol®, methylfenidaat of placebo) gedurende 10
weken. Uw kind wordt verwacht elke dag 1 capsule in te nemen, vanaf de
ONDERZOEK dag na de bloedafname tot en met de dag van de tweede bloedafname
ADHD/ADD en voeding (ook indien deze bloedafname niet exact na 10 weken ingepland werd):

- Week 1: Bij het onthijt: inname van 1 capsule uit de “week 1” container

Zijn voedingssupplementen zinvol bij ADHD/ADD?
- Week 2-einde: Bij het ontbijt: inname van 1 capsule uit de “week 2-10"

container

Universiteit 3 .
Artweroen Wij vragen u de capsules niet te openen, en alle resterende capsules mee te
P nemen bij de vervaolgafspraak voor de 2* bloedafname. Het is heel normaal
dat er capsules overblijven aan het eind van het onderzoek. Tijdens

i
D deelname aan het onderzoek, vragen we ook geen andere
voedingssupplementen in te nemen. Wanneer uw kind een capsule is
Eerste bloedafname: /. /. om__u Es R PP P P

— — vergeten innemen, mogen er op een later tijdstip niet twee capsules samen
Invullen vragenijsten week 5: , / ingenomen \_morden. De vergeten capsule laat u gewoon in c%e pot. Bewagr
de capsules in de gesloten pot, op kamertemperatuur en buiten het bereik

Vervolgafspraak: / /. om__u van kinderen of huisdieren.

Figure 5.5. Information brochure for the primary caregiver (two example pages).
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ADHD-UAntwerpen

Algemene vragenlijst: start Deelnemersn®:

Het is van belang dat u alle vragen zo goed mogelijk beantwoordt, ook als u niet helemaal zeker bent
of als u de vraag raar vindt.

Deelnemersnummer:

Vragenlijst ingevuld door:

ADHD-UAntwerpen

ADHD ratingschaal-IV: Thuisversie (1): start

Datum:

Moeder / Vader / Grootouder / Andere, nl.:

Deelnemersn®:

Kruis aan welk van de antwoordmogelijkheden het beste het gedrag van uw kind omschrijft in de

huiselijke situatie van de afgelopen 6 maanden.

Deelnemersnummer: Datum: Noot of
Het kind: z::] des Soms Vaak Heel vaak
Vragenlijst ingevuld door: Vader / Moeder / Grootouder / Andere, nl.:
Slaagt er niet in om veel aandacht te besteden aan
1 | details of maakt slordige fouten in schoolwerk
Friemelt met handen of voeten of draait op
1. Waren er problemen tijdens de zwangerschap? JA [ NEE 2 | zijn/haar stoel
Welka? Heeft moeite de aandacht bij taken of spelletjes te
3 | houden
» Staat op in de klas of in andere situaties waarin
2. Heeft de moeder van de deelnemer tijdens de zwangerschap JA [/ NEE e A B
ici ikt?
medicijnen gebruikt: Lijkt niet te luisteren als er tegen hem/haar wordt
Welke en waarom? 5 | gepraat
Rent rond of klimt veel in situaties waarin dit
3. Heeft de moeder van de deelnemer tijdens de zwangerschap A / NEE 6 | ongepastis
gerookt? Volgt instructies niet op en slaagt er niet in om
7 | werk af te maken
4. Heeft de moeder van de deelnemer tijdens de zwangerschap JA / NEE [icciUmose stk spelenofimiee te doebiaan
8 | vrijetijdsactiviteiten
alcohol gebruikt?
Heeft moeite met het organiseren van taken en
9 | activiteiten
5. Heeft de moeder van de deelnemer tijdens de zwangerschap 14 / NEE T T
Is altijd gehaast of doet alsof hij/zij is aangedreven
verdovende middelen gebruikt? il e
o . i Vermijdt taken (bijv. schoolwerk, huiswerk) die
6. Waren er complicaties bij de bevalling? JA | NEE 11 | langdurige mentale inspanning vereisen
Welke? 12 | Praat overdreven veel

Figure 5.6. Example of (A) the general questionnaire and (B) ADHD-RS (first pages).
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ADHD-UAntwerpen

Sociaal-Emotionele Vragenlijst — OQuders (1): start  Deelnemersn=:

Waarom deze vragenlijst?

Elk kind heeft op zijn tijd wel eens (gedrags)problemen. Wij willen graag weten welke vaak en welke
minder vaak voorkomen. Daarom noemit deze lijst een groot aantal (72) mogelijke gedragsproblemen van
kinderen. Wij vragen u aan te kruisen welke problemen het kind weleens heeft.

Hoe vult u de vragenlijst in?

U leest de bewering eerst goed door. Vervolgens geeft u aan in welke mate het genoemde gedrag of
probleem bij het kind voorkomt. Baseer u hierbij op de laatste 6 maanden. U kunt de volgende
antwoorden geven:

Nooit: Gedrag komt niet of nauwelijks voor.
Af en toe: Gedrag komt incidenteel voor.
Geregeld: Gedrag komt maandelijks voor.
Vaak: Gedrag komt wekelijks voor.

Heel vaak: Gedrag komt dagelijks voor.

Per bewering kruist u één antwoord aan. Wilt u alstublieft geen beweringen overslaan?

N.B. Sommige gedragingen komen alleen voor bij oudere kinderen, zoals 's nachts over straat zwerven.
Indien een vraag duidelijk niet van toepassing is vanwege de Jeeftijd of omgeving (bv. school), dan kuntu
“Nooit” aankruisen. Dat geldt ook als u het antwoord op een vraag beslist niet weet.

Deelnemersnummer: Datum:
Vragenlijst ingevuld door: Vader / Moeder [/ Leerkracht / Andere, nl.:
Het kind: Nooit Afentoe | Geregeld Vaak Heel vaak

Wordt makkelijk afgeleid

Praat aan één stuk door

Heeft moeite om rustig te spelen

Is vergeetachtig

Begint gauw vechtpartijtjes of is snel in
vechtpartijtjes betrokken

Trial setup and procedures

B
Fysieke klachten: Thuisversie (1): start pDeelnemersn":
Wilt u alstublieft bij iedere vraog aanduiden of uw kind het symptoom “Nooit”, “Af en toe”, “Geregeld”,
“Vaak” of “Heel vaak™ heeft? Wilt u alstublieft uw antwoorden baseren op de loatste zes maanden?
Nooit: Symptoom komt niet of nauwelijks voor.
Af en toe: Symptoom komt incidenteel voor.
Geregeld: Symptoom komt maandelijks voar.
Vaak: Symptoom komt wekelijks voor.
Heel vaak: Symptoom komt dagelijks voor.
. Heel
Klacht: Nooit Afentoe | Geregeld Vaak
vaak
1 | Hoofdpijn
2 | Buikpijn
3 | Misselijkheid, overgeven
4 | Ongebruikelijke dorst
5 | Ongebruikelijk veel zweten
6 | Ongebruikelijk warm hebben
7 | Gevoelige huid
8 Eczeem
9 | Neus/keel/oorklachten
10 | Verkoudheid
11 | Astma
12 | Diarree
13 | Obstipatie
14 | Winderigheid

Figure 5.7. Example of (A) SEQ and (B) PCQ (first pages).
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Deelnemersnummer:

Vragenlijst ingevuld door:

ADHD-UAntwerpen

Voedselvragenlijst: start

Datum:

Vader / Moeder / Grootouder / Andere, nl.:

Gelieve onderstaande vooraf aandachtig te lezen. Hoe deze vragenlijst in te vullen:

Duid in de tabellen op de velgende pagina’s aan hoe vaak uw kind de vermelde producten eet.

Denk hierbij aan uw kinds gemiddelde over een volledig jaar.

Ter verduidelijking wordt een voorbeeld uitgewerkt:

Voorbeeld 1:  Uw kind eet noeit andijvie.

Voorbeeld 2:  Uw kind eet in het seizoen {mei-juni) ongeveer 2 maal per week asperges.

Deelnemersn®:

Als u dit over een gans jaar bekijkt, komt dit neer op een gemiddelde van 8 tot 10 maal per jaar.
U kruist het vakje “Minder dan 1 dag per maand aan”.

Voorbeeld3:  Uw kind eet gemiddeld om de twee dagen een appel.

U kruist het vakje “2-4 dagen per week” aan.

Duid slechts één keuze aan voor elke vraag.

Voedingsproduct:

Nooit

Minder dan
1 dag per
maand

1-3 dagen
per maand

1 dag per
week

2-4 dagen
per week

5-6 dagen
per week

1 maal
per dag

2-3 maal
per dag

Meer dan 3
maal per
dag

Water (leidingwater, flessenwater,

-}

Koffie, thee

3.4 Documents for the investigator

Figure 5.8. Example of the FFQ (first page).

Various forms were developed to be filled out by the involved investigators. Examples are the screening

checklist (Figure 5.9A), which contains all in- and exclusion criteria to be confirmed before inclusion of

a patient, and the prescription form (Figure 5.9B), for participants to receive trial medication from the

hospital pharmacy. Other examples include forms for participants’ personal information (e.g. full name,

address), basic information (gender, birth date, date and time of blood and urine collection, etc.), vital

signs (blood pressure, heart rate, weight and length), spontaneously reported AEs and deviation from

the protocol, among others.
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A
Screening deelname ADHD/ADD Datum:
Pycno 2015-14 Arts:
Initialen mogelijke Geboortedatum: Ti.jd sinds
deelnemer diagnose:

Opmerkingen

Criteria*®

O6-12 jaar oud
(O ADHD of ADD diagnose (of positieve ADHD-RS)

O Geen autisme of chronische ziekte (diabetes, epilepsie, autoimmuun-ziekte, maag-
darm/nier/cardiovasculaire aandoening, etc.) of acute ontsteking

O Geen glaucoom, hartaandoening, hartritmestoornis, hoge bloeddruk, of perifere
vasculaire aandoening (bv. syndroom van Raynaud).

(O Geen ernstige mentale aandoening of retardatie (1Q < 70}

O Geen situationele hyperactiviteit, pervasieve ontwikkelingsstoornis, schizofrenie,
andere psychotische aandoeningen (stemmings-, angst- of persconlijkheids-
stoornis), persoonlijkheidsverandering door medische aandoening, onvoldoende
stimulerende omgeving, antisociale gedragsstoornis, chorea of dyskinesie.

O Geen tics of syndroom van Tourette, persoonlijke of familiale geschiedenis van
psychoses, bipolaire stoornis, depressie of zelfmoordpoging

O Geen zwangerschap of plannen voor zwangerschap

OTen minste 3 maanden voorafgaand deelname geen medicatie of vitaminen/
mineralen/visolie {omega-3 vetzuur) supplementen gedurende langer dan 1 week,
geen gebruik van cloniding, guanethidine, bloedverdunners, antidepressiva, mediatie
tegen verkoudheid of allergie met decongestivum, medicatie tegen hoge of lage
bloeddruk, beroertemedicatie, of dieetpillen

O Geen gebruik van MAO inhibitor gedurende de laatste 14 dagen

(O Geen contraindicatie voor MPH of Pycnogenol of deelname aan andere studie

Oerantwoordelijke volwassene kan informatie geven over functionele status

Ovoldoende kennis Nederlands

O Geen athankelijkheid van de onderzoeker of verblijf in instelling

Trial setup and procedures

Klinische Studie PYCNO 2015-14

VOORSCHRIFT

Hoofdonderzoeker:

Onderzoeker:

Patiént naam:

Geboortedatum:

Deelnemersnummer:

Gewicht (< of 2 30 kg)

*Duid aan welke criteria wel gehaald werden [aanduiden), en welke niet (open laten).
Enkel deelname indien voldaan aan alle criteria.

Behandeling gedurende 10 weken.

Orale inname.

1 capsule per dag bij het ontbijt.

2 30 kg: 2 capsules per dag bij het onthijt vanaf week 3.

Handtekening voorschrijver:

Naam voorschrijver:

Datum:

Afgeleverd: (datum)

(paraf, initialen)

Figure 5.9. Example of (A) the screening checklist and (B) prescription form for trial medication.
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3.5 Standard operating procedures and related forms

All investigators were given instructions on compliance with the protocol and GCP in general. In
addition, the rules and regulations of the trial (based on official regulations, laws and trial specific
standards) were written down in various manuals, SOPs and related files. For instance, SOPs and
manuals were created regarding inclusion of participants, obtaining of informed consents, CRF
completion and filing, data entry and security, sample collection and pick-up, treatment storage,
randomisation and disposal, AEs, breaches and deviations, internal audits, etc. Every SOP should be
read and signed by the involved trial personnel. These SOPs and manuals serve to implement and
maintain quality assurance and control, by ensuring that the whole trial team and the different trial
sites are operating in a correct and formalised way, thereby increasing comparability, reducing the risk
of errors and guaranteeing participant safety. SOPs thus ensure that the trial is conducted and data are

generated, recorded and reported in compliance with the protocol, GCP and regulatory requirements.

Additionally, a signature list should be signed by every involved investigator, lab technician, etc., to be
able to trace signatures on every document. Other examples are a training log to be signed by everyone
who was trained for a specific activity in the trial and a list with contact information of all personnel
involved. Finally, also a drug dispensation and accountability form was developed for the involved
hospital pharmacies, to keep record of the “products’ deliveries to the trial site, the inventory at the
site, the use by each subject and the return to the sponsor or alternative disposition of unused
product(s). These records include dates, quantities, batch/serial numbers, expiration dates (if

applicable) and the unique code numbers assigned to the IPs and trial subjects” [18].

3.6 Investigator’s Brochure

When planning a clinical trial, sufficient safety and efficacy data from non-clinical and/or clinical studies
should be available “to support human exposure by the route, at the dosages, for the duration and in
the trial population to be studied”. The IB (Figure 5.10) compiles all preclinical and clinical data about
an IP relevant to the use of this product in human subjects and summarises potential risks and benefits,
if any. This document is intended to provide the investigator with information underlying specific
features of the protocol, such as dosage and safety monitoring procedures. This information must be
presented in an objective and concise manner, so that the investigator can make his/her own risk-

benefit assessment. The IB should include [18]:
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e Title page: IB number and release date, sponsor, chemical or generic and trade name of the
IP;

e Summary: main physical, chemical, pharmacokinetic, pharmaceutical, pharmacological,
toxicological and clinical information;

e Introduction: active ingredients, pharmacological class and rationale for research;

e Physical, chemical and pharmaceutical properties, formulation (incl. excipients) and storage;

e Non-clinical studies: pharmacology (incl. therapeutic activity and safety), toxicology and
pharmacokinetic studies with their methodology (species tested, number of animals, dosing
and route of administration), results (nature, severity, time of onset, reversibility and duration
of effects) and relevance to humans;

e Effects in humans: pharmacokinetics, pharmacodynamics, dose-response, safety and efficacy
studies, incl. population subgroups and interactions, with a summary of every completed
clinical trial and implications of results, as well as marketing experience;

o Reference safety information: guidance for the investigator regarding possible risks and

adverse reactions and regarding specific precautions possibly required in the clinical trial.

If the IP is marketed as a medicinal product and studied for its intended indication, an IB might not be
necessary and a basic information brochure or package leaflet can be sufficient. In case a marketed

product is studied for a different indication, a specific IB should still be prepared.

The IB should be reviewed at least once a year and should be updated with any new and important

information [18].
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may play a role in UV-induced erythema. Pycnogenol added to keratinocyte cell culture inhibited Uv-
induced NF-kB-dependent gene expression in a concentration-dependent manner [68]. However, NF-
kB-DNA-binding activity was not prevented, suggesting that Pycnogenal affects the transactivation
capacity of NF-kB, Inhibition of NF-kB-dependent gene expression by Pycnogenol may contribute to its
mechanism of protecting human skin against solar UV-simulated light-induced erythema [68].
Pycnogenol may also be beneficial for inflammatory skin disorders. Human keratinocytes were treated
with Pycnogenol or control in cell culture. Pycnogencl downregulated calgranulin A and B genes,
which are upregulated in patients with psoriasis [69]. Also, patients with psoriasis, atopic dermatitis,
and lupus erythematosus have upregulation of ICAM-1 expression in keratinocytes, A cell culture
experiment revealed that Pycnogenol inhibited of IFN-y-induced expression of ICAM-1 and inhibited
adherence of T-cells to keratinocytes [70].

Pycnogenol suppresses melanin biosynthesis via its antioxidative properties, It suppressed superoxide,
nitric oxide, peroxynitrite and hydroxyl radical in melanoma cell culture [71].

Animal studies - Pycnogenol dose-dependently and significantly reduced the incidence and severity of
skin irritation and histopathological lesions in a rat model of hexavalent chromium-induced
dermotoxicity. Also, it reduced MDA concentration, and increased GST and catalase activity [72],
Wound-healing was examined in 2 rat experiments. Pycnogenaol (at concentrations of 1, 2, and 5%)
significantly shortened the time of wound healing by 1.6 days, 2.8 days and 3.3 days. Pycnogenol gel
also dose-dependently reduced the scar diameter [73]. Pycnogenol 2% decreased MDA and increased
S0D in the wound [74].

3.1.9 Allergy

In vitro studies - Pycnogenol dose-dependently reduced histamine release from rat peritoneal mast
cells and decreased anti-dinitrophenyl (DNP) IgE-induced calcium uptake into rat peritoneal mast cells
(which is required to perpetuate the allergic reaction) [75].

Animal studies - Immune system dysfunction in mice, induced by a diet containing 7.5% of
recommended nutrients, resulted in an abnormal pattern of cytokine secretion, enhanced hepatic
lipid peroxidation, low lymphocyte proliferation and shorter survival time, Oral administration of
Pycnogenol restored immune function and prolonged survival [76].

In a rat model of allergy, oral Pycnogenol significantly inhibited DNP IgE-mediated passive cutaneous
anaphylaxis [75]. Along with in vitro data [75], this demonstrates potential for Pycnogenol in mast-cell
immediate-type allergies.

3.1.10 Liver function

Animal studies - Intraperitoneal injection of Pycnogenol in rats could dose-dependently prevented
liver tissue damage and lipid peroxidation when given 2 weeks before an ip injection of carbon
tetrachloride [77]. Hepatoprotective effects of Pycnogenol were also observed in a rats model of non-
alcoholic steatohepatitis, as oral Pycnogenol decreased liver triglycerides and macrovesicular steatosis
[78].

3.2 Pharmacokinetics

3.2.1 Transdermal bioavailability

Transdermal bioavailability was evaluated by applying 5% w/v Pycnogenol in polyethylene glycol
topically to human cadaver skin (n = 10). Six substances (gallic acid, protocatechuic acid, p-
hydroxybenzoic acid, vanillin, catechin, and an unidentified substance) were absorbed through the
skin, The absorption was rapid (30 minutes). Taxifolin was also detected, but only in perfusates from 3
of the 10 donors, The authors concluded that Pycnogenol can be used for topical application [81].

3.2.2 Biodistribution

Plasma protein binding can alter PK and pharmacodynamic properties. Hence, the plasma protein
binding of Pycnogenol’s constituents/metabolites were assessed in vitro. The greatest protein binding
was for catechin = taxifolin » procyanidin B1 = ferulic acid = caffeic acid = p-cumaric acid = vanillic acid
= p-hydroxy benzoic acid = M1 > gallic acid » M2 > protacatechuic acid [82]. The clinical significance of
this needs to be elucidated. Others have shown that the protein bound fraction of polyphenols is
protected from degradation; in turn, the protein is protected against peroxidation [83].

M1 is not a constituent of Pycnogenol but rather is generated from (procyanidins cleaved to) catechin
units by gut microflora after ingestion (ring fission to valerolactones) [84]. An in vitro human cell
culture study revealed that M1 is transported into cells (macrophages, monocytes, and endothelial
cells) via facilitated transport, most probably by the GLUT-1 transporter, where it accumulates and
undergoes further intracellular metabolism, to levels that could be bioactive [16]. This explains why
M1, which is only present in low concentrations in the plasma after Pycnogenol ingestion, could
produce a biological effect. The M1 forms glutathione conjugates in human blood cells besides other
conjugates [85, 86].

3.3 Toxicology

The toxicity of Pycnogenal is regarded as very low. The acute toxicity is low after oral administration in
mice, rats, and guinea pigs. The representative LDy, values are 2.3, 4.2, and 2.0 g/kg, respectively [87].
In chronic toxicity tests, oral application of up to 2000 mg/kg/day in rats did not produce clinically
meaningful changes in blood status, body weight, or food consumption. Also, the rats exhibited
normal behavior [87]. The no-adverse-effects level (NOAEL) has been established at 100 mg/kg/day
[4]. The level of mutagenicity and genotoxicity of Pycnogenol was tested with the Ames test, the
micronucleus assay in mouse bone marrow cells in viva, and with the chromosome aberration assay in
human lymphocytes in vitro. Some evidence of slight mutagenicity was suspected in one in vitro
micronucleus study, but this was countered by other results of the same study, as well as by various
other in vitro studies, as well as by in vive animal and human research. In fact, other results suggest
that Pycnogenol is non-mutagenic and non-genotoxic, and even protects genetic material against
oxidative damage [87].

Figure 5.10. Example pages of the Investigator’s Brochure (IB).
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3.7 Investigational Medicinal Product Dossier

An IMP is defined as “a pharmaceutical form of an active substance or placebo being tested or used as
a reference in a clinical trial, including products already with a marketing authorisation but used or
assembled (formulated or packaged) in a way different from the authorised form, or when used for an
unauthorised indication, or when used to gain further information about the authorised form” [20]. An
IMP should be manufactured, handled and stored according to GMP guidelines. For instance, its
packaging should prevent contamination and deterioration during transport and storage. In addition,
it should be coded and labelled clearly according to regulatory requirements, while protecting the

blinding, if applicable.

The IMPD (Figure 5.11) is required for clinical trials in the European Union (EU) and provides
information on the quality, production and control of any IMP as well as data from non-clinical studies
and from its clinical use. The IMPD focusses on patient safety, including impurities, storage conditions,
microbial contamination and toxic degradation products. The IMPD should be prepared in the Common
Technical Document (CTD) format and should include [85, 86]:

e Introduction: proprietary and non-proprietary name of the drug substance, company, dosage
form(s), route of administration, proposed indication(s);

e Information on the drug substance: chemical name, structure, physicochemical properties,
manufacturer, manufacturing process, source material(s), analytical procedures, stability, etc.;

e Information on the drug product (IMP): composition, pharmaceutical development,
manufacturer, excipient quality, analytical procedures, packaging, labelling, stability, etc.;

e Non-clinical pharmacology, pharmacokinetics and toxicology;

e Clinical pharmacology and pharmacokinetics;

e QOverall risk and benefit assessment;

e Appendices, e.g. material safety data sheet, certificate of analysis, TSE/BSE certificate,
qualified person (QP) certificate, manufacturing authorisation (in this case: authorisation for
Qualiphar NV to handle an IMP to be used in a human clinical trial, including labelling and
storage), GMP certificate of the active substance (in this case: certificate that the

manufacturing site of Pycnogenol® extract complies with all GMP requirements), etc.

Cross-reference to the IB for the preclinical and clinical parts of the IMPD is allowed. The IMPD should

be updated with any new information [87].
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Labelling specifications (Figure 5.12) on the IMP should be included in the IMPD as well. Labelling
should be done in all national languages of the countries the trial will be performed in and should
include [85]:

e The main contact(s) for information on the product, clinical trial and emergency unblinding;

Pharmaceutical dosage form, route of administration and quantity of dosage units;
e Batch and/or code number to identify the contents and packaging operation;

e Trial reference code for identification of the trial, site, investigator and sponsor;

e Trial subject identification number/treatment number;

e Directions for use;

e “For clinical trial use only”;

e Storage conditions;

e Expiry or retest date.
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Used part of the plant: When trees are cut for timber production, the bard is stripped and
immediately transferred to the extraction plant, The quality of the raw material (bark) is controlled to
French standard regulations (ANSM), as is the production of Pycnogenol powder. Because the bark is
obtained from a monoculture grown over 30-50 years, the quality of the raw material used for the
praduction of Pycnogenol is consistent and not subjected to seasonal and annual variations,

Processing of the bark: The bark is cleaned after crushing into small pieces by sieving, remaving soil,
branches and needles. The bark is controlled for conformity with the USP 38 monograph “Pine Bark”
and crushed again to produce a powder suitable for extraction,

Extraction and spray-drying: The bark is subjected to a series of extraction steps involving water and
ethanol (35% V/V ethanol) as eluents in a patented, fully automated extraction process. After
purification of the raw extract, the agueous solution of the extracted constituents is spray-dried,
resulting ina fine brownish powder.

The extraction process is summarized in the flow chart in Figure 1.
21523 Control of Materials

Reagents, solvents and other materials used in the preparation process for Pycnogenaol are listed in
Table 1.

Table 1: Reagents, solvents and other materials
Material Grade Specific test item Possible impurity
Outer bark of Pinus pinaster USP _usp Branches, needles, soil (USP)
Water Potable water®  See 2.5.3 See 2.5.3
Ethanol " 96% "PCCO06 & PCCO38  See2.5.4

*As tap water is used, French state ensures its analysis, but 3 additional points in the production
facility are also tested by the manufacturer.

21.82.4 Controls of Critical Steps and Intermediates
See red arrows in extraction process flow chart (Figure 1),

21525 Process Validation and/or Evaluation

The apparatus and production methods used are validated in GMP procedures.
2.1.8.2.6 Manufacturing Process Development

The manufacturing process of Pycnogenol powder for the proposed study does not differ from that
used for the production of batches used for marketing or in non-clinical studies,

Trial setup and procedures

21531 Elucidation of Structure and Other Characteristics

Pycnogenol is standardized to contain 70 * 5% procyanidins. Pycnogenol, Pinus pinaster Ait. subsp.
Atlantica outer bark extract, meets the detailed specifications for Maritime Pine Extract of the US
Pharmacopeia (USP 38 Dietary Supplements). A spectrophotometric method is available in the USP
for determination of Pycnogenol® procyanidin content, by the Bates-Smith Assay (USP 38). Thin-
Layer Chromatography (TLC) and HPLC fingerprint (both USP 38) confirm the identity of Pycnogenol
with the USP Maritime Pine Extract reference standard.

HPLC, LC-M5 and NMR methods revealed that Pycnogenol contains mainly |procyan'|d'|ns, phenolic
acids, catechin and taxifolin. The procyanidins are biopolymers consisting of units of catechin and
epicatechin, with chain lengths ranging from 2 to 12 monomeric units. The more common dimers, B1
and B3, have been identified as consisting of epicatechin-catechin and catechin-catechin units linked
with a C4-C8 bond. Less common are dimers B6 and B7, which are catechin-catechin and epicatechin-
epicatechin units linked with a C4-C6 bond. A trimer C2, consisting of catechin-epicatechin-catechin
has also been identified. Catechin, epicatechin, and taxifolin represent the “monomeric”
procyanidins, of which catechin is the most common. The phenolic acids in Pycnogenol are
derivatives of benzoic acid (p-hydroxybenzoic acid, protocatechic acid, gallic acid, vanillic acid) or
cinnamic acid (caffeic acid, ferulic acid, p-cumaric acid). The phenoclic acids are found in free form and
as glucosides or glucose esters.

Free glucose is present in small amounts, and other sugars including arabinose, rhamnose, and xylose
are detected following glycolysis. Inorganic substances include calcium, potassium, and iron with
traces of manganese, zinc and copper.

Pharmacological studies employing in vitro, animal, and/or human models have found that
Pycnogenol has potent antioxidant activity; anti-inflammatory actions; alters neurotransmitter levels
in children with ADHD; improves measures of cognition; reduces neuroinflammation; etc.

2.1.5.3.2 Impurities
Residual solvents: Water (not more than 8%), ethanol (not more than 100 ppm).

count, enterobacterial count, Salmonella, E. coli, P. aeruginosa and 5. aureus, and C. albicans) are
USP 38 conform.

Organic impurities: Total ash is not more than 0.7%, water insoluble residues not more than 10%.
Pesticide residue: test of USP 38 passed.

Traces of iron, selenium, zinc, heavy metals, arsenic, cadmium, chromium, copper, lead, mercury and
nickel are conform with USP 38.

Figure 5.11. Example pages of the Investigational Medicinal Product Dossier (IMPD).
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1

UZA INA UZ Gent
Dr. B. Ceulemans: 03 8215760  Dr. D. Van West: 03 821 57 60 Dr. H. Verhelst: 09 332 24 30

DZBSJSDW 032804052 093325023
i 03 8214799 i 032177243 ‘orossazzssa

“Capsule voor orale inname, 1 capsule per dag tijdens ontbijt.”

“Capsule pour administration orale, 1 gélule par jour pandant le patit déjeuner.”
"Kapseln fir die orale Einnahme, einmal am Tag 1 Kapsel wahrend des Frihstiicks
einnelhmen.”

Batch number: "o
Trial reference code: "ADHD-UAntwerpen”

Trial subject identification number: Randomisation number, weight (< 30 kg / 2 30 kg),
week/semaine/woche (1/2-10 or 1/2/3/4-10)

“Meer info: zie brochure.”
“Plus d'infos : voyez la brochure.”
“Fiir weltere informationen lesen Sie bitte die Packunsbeilage.”

“Enkel voor gebruik tijdens de klinische studie.”
“Seulement pour utilisation pendant I étude clinigue .”
“Bitte varwenden Sie die Kapseln nur wahrend dem klinischen Test.”

"Bewaren op kamertemperatuur (15-25°C), op een droge plaats buiten direct zonlicht. Buiten
het bereik van kinderen bewaren, in de originele verpakking.”

“Tenir hors de portée des enfants, dans I'emballage d'origine, dans un endroit sec &
température ambiante (15-25 *C) & I'abri de la lumiére directe du soleil.”

"Bewahren Sie die Kapseln an einem trockenen Ort und vor der Sonne geschiitzt bei einer
Zimmertemperatur (15-25 *C) auf, Bitte lagern Sie die Kapseln in der Originaiverpackung und
vor Kindern geschitzt.”

“Exp. Yyyw/mm”

Figure 5.12. Treatment label content.

3.8 Summary of Product Characteristics

The SmPC of a marketed product can replace the IMPD and IB if the IMP has a marketing authorisation
in the EU and if the IMP will be used for the same indication, in the same form and with a dosing
regimen that can be accepted based on the SmPC. The SmPC is a legal document approved during the
marketing authorisation of a medicinal product. It contains all required information for a healthcare
professional on how to use the product, including qualitative and quantitative information on benefits

and risks, effects in subpopulations and pharmaceutical information. Package leaflets are based on the
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SmPC. Like the IB and IMPD, the SmPC is updated as new data emerge. Example pages from the SmPC

of Medikinet® Retard can be found in Figure 5.13.

The SmPC includes [88]:

Name of the medicinal product;

Qualitative and quantitative composition;

Pharmaceutical form;

Clinical  particulars: therapeutic indications, dosing, method of administration,
contraindications, precautions, interactions, pregnancy and lactation, driving ability, side
effects, overdose, etc.;

Pharmacological properties: pharmacodynamics, pharmacokinetics and preclinical safety;
Pharmaceutical particulars: excipients, incompatibilities, shelf life, storage, container and

disposal.
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1. Name of the medicinal product
Medikinet XL 10 mg modified-release capsules, hard

Medikinet XL 20 mg modified-release capsules, hard

2. Qualitative and quantitative composition

Medikinet XL 10 mg modified-release capsules, hard: Each modified-release capsule, hard contains
10 mg methylphenidate hydrochloride, equivalent to 8.65 mg methylphenidate. Excipient with
known effect: 127.14 mg — 145.42 mg sucrose/modified release capsule, hard.

Medikinet XL 20 mg modified-release capsules, hard: Each modified-release capsule, hard contains
20 mg methylphenidate hydrochloride, equivalent to 17.30 mg methylphenidate. Excipient with
known effect: 114.65 mg — 131.13 mg sucrose/modified-release capsule, hard.

For the full list of excipients, see section 6.1.

3. Pharmaceutical form

Modified-release capsule, hard.

Medikinet XL 10 mg modified-release capsules, hard: White opaque capsule body/mauve opaque
capsule cap (15.9 mm) containing white and blue pellets.

Medikinet XL 20 mg modified-release capsules, hard: Mauve opaque capsule body/mauve opaque
capsule cap (15.9 mm) containing white and blue pellets.

4. Clinical particulars

4.1 Therapeutic indications
Attention-Deficit/Hyperactivity Disorder (ADHD): Methylphenidate is indicated as part of a
comprehensive treatment programme for attention-deficit/ hyperactivity disorder (ADHD) in children

Appropriate educational placement is essential, and psychosocial intervention is generally necessary,
Where remedial measures alone prove insufficient, the decision to prescribe a stimulant must be
based on rigorous assessment of the severity of the child's symptoms. The use of methylphenidate
should always be used in this way according to the licensed indication and according to prescribing /
diagnostic guidelines.

4.2 Posology and method of administration

Posology

Treatment must be initiated under the supervision of a specialist in childhood and/or adolescent
behavioural disorders,

Pre-treatment screening: Prior to prescribing, it is necessary to conduct a baseline evaluation of a
patient's cardiovascular status including blood pressure and heart rate. A comprehensive history
should document concomitant medications, past and present co-morbid medical and psychiatric
disorders or symptoms, family history of sudden cardiac/unexplained death and accurate recording
of pre-treatment height and weight on a growth chart (see sections 4.3 and 4.4)

Ongoing monitoring: Growth, psychiatric and cardiovascular status should be continuously
monitored (see also section 4.4),
+ Blood pressure and pulse should be recorded on a centile chart at each adjustment of dose
and then at least every 6 months;
+ Height, weight and appetite should be recorded at least 6 monthly with maintenance of a
growth chart;
+ Development of de novo or worsening of pre-existing psychiatric disorders should be
monitored at every adjustment of dose and then least every 6 months and at every visit.
Patients should be monitored for the risk of diversion, misuse and abuse of methylphenidate.

Dose titration: Careful dose titration is necessary at the start of treatment with methylphenidate,
This is normally achieved using an immediate-release farmulation taken in divided doses. The
recommended starting daily dose is 5 mg once daily or twice daily (e.g. at breakfast and lunch),
increasing if necessary by weekly increments of 5-10 mg in the daily dose according to tolerability
and degree of efficacy observed. Medikinet XL 10 mg once daily may be used in place of immediate-
release methylphenidate hydrochloride 5 mg twice daily from the beginning of treatment where the
treating physician considers that twice daily dosing is appropriate from the outset and twice daily
treatment administration is impracticable.

Figure 5.13. Example pages of the Summary of Product Characteristics (SmPC).
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PART 4

INTERNATIONAL REGISTRATION

For transparency, every clinical trial should be registered in an international database before the
inclusion of participants, while also updates should be provided and primary results submitted. This
information is thus publicly available and thereby fulfils various purposes. For instance, it provides
objective information to referring clinicians and potential participants, it reduces publication bias and
it facilitates systematic reviews. In addition, registration is required for ethical approval and publication.
This trial has been registered at Clinicaltrials.gov (NCT02700685) and EudraCT (European Medicines
Agency, 2016-000215-32). To further increase visibility and transparency, the trial protocol was
published (Verlaet, A.A.J., et al. Effect of Pycnogenol® on attention-deficit hyperactivity disorder
(ADHD): study protocol for a randomised controlled trial. Trials (2017), 18(1): p. 145-153) [89].

4.1 Clinicaltrials.gov

The information in Appendix 1.1, 1.2, 1.3 and 1.4 (see bookmark for QR code) was registered at
clinicaltrials.gov (NCT02700685).

4.2 EudraCT

Analogously to the registration at clinicaltrials.gov, information on this clinical trial has been registered

at EudraCT, the European Union Clinical Trials Register (n® 2016-000215-32).
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PART 5

ETHICAL APPROVAL

Before the start of participant inclusion, a clinical trial requires ethical approval for every site it will be
performed in. No deviations from the protocol should be initiated without prior ethical approval,
except when only involving administrative or logistic changes (e.g. change of telephone number) or if
necessary to eliminate immediate hazards to participants. In addition, the ethics committee should
review each ongoing trial at least once a year, while new information that changes the risk-benefit
balance for subjects and all adverse drug reactions that are both serious and unexpected should be
reported immediately. Ethical approval for the present trial has been obtained in UZA (leading ethical
committee, EC 15/35/365), ZNA (EC approval 4656) and UZ Ghent (EC 2016/0969). Here, an overview
is given of all information and documents that were given ethical approval, as well as the initial approval

letters.

5.1 Cover letter

In this letter (example in Figure 5.14), the title of the trial, rationale and short description should be
presented. In case of an amendment, also reasons for the amendment can be given, as well as
responses to questions of the ethics committee. Finally, all files to be approved should be listed and

the letter should be signed by one of the investigators.

5.2 Site-specific information

Next to the protocol, the site-specific information document (example in Figure 5.15) gives a concise
overview of the trial, including EudraCT number, title, sponsor, investigators, financial support, trial
site(s), phase and kind of research (e.g. diagnostic or therapeutic), summary, rationale, interventions,
in- and exclusion criteria, expected advantages and risks, etc. As this document is site-specific, it differs

slightly between e.g. UZA and UZ Ghent.
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Commissie voor Medische Ethiek UZ Gent 15 april 2016
De Pintepark Il - 2de verdieping
De Pintelaan 185, 9000 Gent

Onderzoek naar Pinus pinaster schorsextract (Pycnogenol®) als therapeutisch alternatief voor
methylfenidaat bij kinderen met ADHD: een parallele trial.

FWO MAND 2013 - 11U8314N (Verlaet Annelies) - PeopleSoft ID: 31579

Geachte Voorzitter van het Comité voor Medische Ethiek,
Geachte Leden,

ADHD wordt steeds vaker geassocieerd met immuunverstoringen en verhogingen in oxidatieve
stress. Bovendien heeft methylfenidaat, de meest gebruikte behandeling bij ADHD, verschillende
bijwerkingen en staan ouders vaak afkerig tegen het gebruik ervan. De eerste fase van dit groter
project (UZA studie 13/18/209: FWO mandaat 2013 — 11U8314N — Annelies Verlaet) richtte zich op
de bepaling van immuunverstoringen en oxidatieve stress bij ADHD. Omdat immuunverstoringen en
verhogingen in oxidatieve stress mogelijkheden bieden voor voedingssupplementen als behandeling
voor ADHD, wordt in deze tweede fase het effect van een polyfenolrijk extract van Pinus pinaster
schors (Pycnogenol®, met zowel antioxidatieve als immuuneffecten) op gedrag, co-morbide
symptomen en immuun en oxidatieve status van ADHD patiénten vergeleken met methylfenidaat en
placebo in een parallelle trial. Resultaten kunnen gebruikt worden voor het ontwikkelen van een
nieuwe therapie, daar behandeling met methylfenidaat niet optimaal is.

Doordat een open label behandeling selectiebias en een minder sterke vergelijking oplevert (bv. naar
aanvaardbaarheid, verbeteren van symptomen en bijwerkingen), is namelijk besloten om te
randomiseren naar drie verschillende behandelingen (methylfenidaat, Pycnogenol of placebo) die
dubbel blind toegepast zullen worden. Kinderen die al medicatie nemen zullen uitgesloten worden
van de studie.

Figure 5.14. Cover letter example (UZ Ghent, first page).

ETHISCH COMITE

Universitair Ziekenhuis m
De Pintelaan 185 UnNVERSITET
GENT 9000 Gent S

ethisch.comite@UGent.be
tel. +329 3323336 - +3293326854 -+3293322688
fax +329 3324962

Document A (interventioneel academisch onderzoek)

VERZOEK TOT ADVIES VAN HET ETHISCH COMITE BETREFFENDE EEN
ONDERZOEKSPROJECT BIJ DE MEN.

| EUDRACT NUMMER (INDIEN INTERVENTIONEEL GENEESMIDDELENONDERZOEK): 2016-000215-32 ]

(1. TITEL VAN HET ONDERZOEK |

EFFECT OF PYCNOGENOL® ON ATTENTION-DEFICIT HYPERACTIVITY DISORDER (ADHD): A RANDOMIZED,
DOUBLE BLIND, PLACEBO AND ACTIVE PRODUCT CONTROLLED MULTICENTER TRIAL

2. GEGEVENS VAN DE ONDERZOEKER(S) [de eerste onderzoeker moet een persoon zijn die vast
verbonden is aan de dienst (geen ASO) of universiteit] :

= NAAM: HELENE VERHELST

*  FUNCTIE: ADJUNCT-KLINIEKHOOFD, KINDERNEUROLOOG
* UZDIENST: KINDERGENEESKU INDE

OF FACULTEIT/VAKGROI

TELEFOONNUMMER: 09 332 2430

E-MAIL: HELENE. VERHELST@UGENT.BE
NAAM UZ DIENSTHOOFD: PROF DR S VAN DAELE
OF NAAM VAKGROEPVOORZITTER

Figure 5.15. Example of the site-specific information form (UZ Ghent, first page).
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5.3 Protocol and summary of the protocol

Submission of the official protocol is required for the ethics committee to get an overview on how the
trial will be conducted (see Chapter 5, Part 2). The EudraCT clinical trial application form (version

“request for opinion of the ethics committee”) should be submitted as well (see Chapter 5, 4.2).

5.4 Documents aimed at the participant

The ethics committee should check whether all information (i.e. information- and consent forms,
recruitment advertisements, brochures, letters and questionnaires) presented to participants,
caregivers, etc. is objective, complete, clearly stated using easy to understand language and not
deceptive. Forms concerning personal and basic information of participants should be submitted as

well, to check confidentiality requirements (see Chapter 5, 3.1, 3.2 and 3.3).

5.5 List of all ethics committees and local investigators

A list of all involved ethics committees (leading and local), as well as the curriculum vitae of every
involved investigator, should be submitted for approval, as every individual involved in a trial should be

qualified by education, training and experience to perform his/her respective task(s).

5.6 Insurance certificate

Based on the Belgian law of 7 May 2004 regarding human clinical trials, the trial sponsor is, even if
faultless, liable for all damage caused to the participant or his/her beneficiaries, whether directly or
indirectly related to the experiment. This liability is covered by a specific trial insurance, provided by
the trial sponsor. The University of Antwerp offers an insurance contract for clinical trials on humans

(Vanbreda/Amlin Europe NV policy number 199.535.692, Figure 5.16).

236



Trial setup and procedures

/7

“vanbreda

RISK & BENERITS

Attest aansprakelijkheidsverzekering

Ondergetekende bevestigt hiermee dat een verzekering objectieve aansprakelijkheid als
opdrachigever van een experiment op de menselijke persoon (wet 7 mel 2004) op naam van
Universiteit Antwerpen werd onderschreven via de bemiddeling van Vanbreda Risk &
Benefits NV, Plantin en Moretuslei 297, 2140 Antwerpen en op basis van de volgende
gegevens:

1. Verzekeraar
Amlin Europe NV

2. Contracthummer

199.535.602

3. Verzekerde periode
1/01/2016 - 311212016

4. Voorwerp van de dekking
Clinical trials waarvoor Universitelt Antwerpen opdrachtgever is en die in
overeenstemming zijn met de Wet Experimanten op de menselijke persoon dd. 7/5/2004.
Dekking wordt automatisch en zonder voorafgaandelijke meldingsplicht verleend voor
experimenten (uitsluitend uitgevoerd in Belgié) welke onder toepassing van risicoklasse 1
tot en met 5 vallen. Studies welke onder toepassing vallen van risicoklasse 6 en 7 blijven
evenwel uitgesloten (volgens klasse-indeling in bijlage aan deze polis).

§. Verzekerde waarborgen
per experiment : 2.500.000 EUR
per verzekeringsjaar : 5.000.000 EUR

Antwerpen, € oklober 2015

Jan Van Hecke
Deputy Director

Figure 5.16. University of Antwerp insurance certificate for clinical trials.

5.7 Investigational product data

For evaluation of the safety and risk-benefit balance, all available information regarding the IPs should
be submitted to the ethics committee. In case of the present trial, this included the IB of Pycnogenol®
(see Chapter 5, 3.6), IMPD of Pycnogenol® and placebo (see Chapter 5, 3.7) and SmPC of Medikinet®
Retard (see Chapter 5, 3.8).

5.8 Approval by the ethics committee

In case the ethics committee has no further questions and approves all submitted documents and
thereby the proposed trial procedures, a favourable opinion for the clinical trial will be given (Figure

5.17 and Appendix 2.2, see bookmark for QR code).
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B
Universiteit ETHICS COMMITTEE JUDGEMENT
werpen
Ant P On December 09, 2015, the Commissie voor Medische Ethiek ZNA,
ETHISCH COMITE Institutional Review Board - ZNA/OCMW Antwerpen, Lindendreef 1, 2020 Antwerpen
(Erkenning nr. 009; OG 031), has examined the following protocol
VOORZITTER Protocol title: Onderzoek naar pinus pinaster schorsextract (Pycnogenol® als alternatieve of complementaire
Prof. dr. B. CEULEMANS Prof. dr. Patrick Cras behandeling voor methylfenidaat bij Kkinderen met ADHD: een parallele trial. (Effect of
Neurologie Pycnogenol® on attention-deficit hyperactivity disorder (ADHD)) - FWO MAND 2013
SECRETARIAAT 11US3 14N
tel: 03 8213544 Nieuwe titel: Onderzoek naar pinus pinaster schorsextract (Pycnogenol®) als therapeutisch
alternatief voor methylfenidaat bij kinderen met ADHD: een parallele trial. (FWO MAND 2013
11US314N)
Protocol number 2015/01 Version: |
i i f Eudract number. B300201526445
Onderzoek naar Pinus pinaster schorsextract (Pycnogenol®) als alternatieve o ) ct nu -
complementaire behandeling voor methylfenidaat bij kinderen met ADHD: een parallele trial. ::'mhknl date :"]&\ 15,2015
- lios Verlae! harm. company /
f,’:::?v:':g?éﬁ:;fiuz:f:::rﬁi:gzmasfer sczorsextrac[ (Pycnogenol®) als therapeutisch Submitted by: prof. dr. D. Van West, Kinder- en Jeugdpsychiatrie UKJA (prof. dr. B. Ceulemans, mevr. A
alternatief voor methyifenidaat bij kinderen met ADHD: een parallele trial. (FWO MAND 2013 - Verlaet UA)
11UB314N, Annailes Verlasl) ] initial [ continuing B protocol amendments [J end of study
Belgisch Registratier 1 B300201526445 . 3 :
- Following documents have been submitted as required by European Directive 2001/20/EC and as stated in the Belgian
law regarding experiments in humans dd. 07.05.2004
Annelies Van Looy / Kim Vemimmen
23/11/2015 10/35/206 ethisch.comite@uza.be B protocol, updated version 2 dd. 30.10.15
CJ investigators brochure
DEFINITIEF GUNSTIG ADVIES W informed consent document, child 6-12 years, Dutch version dd. 30.10.15
informed consent document, parents - PYC vs placebo vs MPH, Dutch version dd. 30.10.15
Geachte Collega, informed consent document, teacher PYC vs placebo vs MPH, Dutch version dd. 30.10.15
[J insurance declaration
Het Ethisch Comité van het Universitair Ziekenhuis Antwerpen en de Universiteit Antwerpen werd [JJ amendment
aangesteld als Centraal Ethisch Comité voor het uitbrengen van het enkel advies voor _ B letter of notification from EC UZA reg. full approval, dd. 23.11.15
bovenvermelde studie wat betreft de punten 3, 4, 6 en 7 van §4, art 11 van de wet van 7 mei B letter of notification in answer to remarks dd. 30.10.15
2004. . B adviesaanvraag EC UZA, updated version 2
De antwoorden op de brief dd. 12/10/2015 werden besproken op de vergade;l:g dd. 23/11/2015. Het synopsis of the protocol, Dutch version 2 dd. 30.10.15
Ethisch Comité is van cordesl dat er voldaenda rekening gehouden werd mat de B letter to volunteer, Dutch version 2 dd. 30.10.15
gemaakte opmerkingen. B leaflet, Pycnogenol®, Dutch version 2 dd. 30.10.15
De volgende bijlagen werden volgens de ICH- GCP richtljnen door het Ethisch Comité B questionnaire, algemeen, Dutch version 2 dd. 30.10.15
goedgekeurd: W questionnaire, overige klachtenlijst, laatste 6 maanden, Dutch version 2 dd. 30.10.15
z Bijsluiter Pycnogenol® B questionnaire, overige klachtenlijst, laatste 5 weken, Dutch version 2 dd. 30.10.15
CV Onderzoeker Lokaal Centrum Prof. Van West (ZNA) B informatieformulier ADHD/ADD, Dutch version 2, dd. 30.10.15
- n A

Figure 5.17 (Part 1). Initial approval letters of the ethics committees of (A) UZA and (B) ZNA (first pages).
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C [
UZ Universitair Ziekenhuis Gent N
COMMISSIE VOOR
MEDISCHE ETHIEK
. Voorzitter:
Afz: Commissie voor Medische Ethiek Prof. D. D, Matthys
Pediatrie Neurologie Secretaris:
Kiiniekgebouw 5 Prof. Dr. J, Decruyenaere
Dr. Helene VERHELST
ALHIER
CONTACT TELEFOON FAX E-MAIL
Secretarlaat +32 (0)@ 332 56 13 +32 (0)9 332 49 62 ethisch.comite@uzgent.be
+32 (0)0 332 22 66
UWKENMERK ~ ONS KENMERK DATUM KOPIE
2016/0969 10-jan-17 Zie "CC"
BETREFT

Advies Amendement voor studie met als titel:

Effect of Pycnogenol on attention-deficit hyperactivity disorder (ADHD): A randomized, double blind, placebo and active
product controlled multicenter trial.

Belgisch Registratienummer: B670201629713 (AV)
Fase (Phase): 3

Geachte collega,

Wij ontvingen uw aanvraag op 2/12/2016 voor een amendement betreffende bovenvenmelde studie. Het betreft:
° Begeleldende brief Amend dd.10/11/2016

Request for authorisation of a clinical trial dd.10/11/2018

Notification of a substantial amendment dd.10/11/2016

Amendement op ICF

- ICF versie 8 Gent september 2016
Amendement op Protocol

- Protocol Amendement 1 september 2016

°

°

Figure 5.17 (Part 2). Initial approval letter of the ethics committee of (C) UZ Ghent (first page).
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PART 6

APPROVAL BY THE COMPETENT FEDERAL AUTHORITY

Before the start of a clinical trial, all necessary documentation should be submitted to and approved
by the competent federal authority. The main product under research in this clinical trial is
Pycnogenol®. Though a nutritional supplement, it is considered a medicinal product in this trial, as it is
compared to Medikinet® Retard, which is a registered medicinal product. In this case, the Federal
Agency for Medicines and Health Products (FAMHP) is therefore the competent federal authority. The
following documents were submitted to the FAMHP:

e Cover letter;

e Trial protocol (see Chapter 5, Part 2);

e FEudraCT clinical trial application form (version “request for authorisation to the competent

authority”; see Chapter 5, 4.2);

e |Bfor Pycnogenol® (see Chapter 5, 3.6);

e |IMPD for Pycnogenol® and placebo (see Chapter 5, 3.7);

e SmPC for Medikinet® Retard (see Chapter 5, 3.8);

e label content (see Chapter 5, 3.7);

e Approval of the leading ethics committee (see Chapter 5, 5.8);

e Manufacturing authorisation (see Chapter 5, 3.7);

e GMP certificate of the active substance (see Chapter 5, 3.7);

e Insurance certificate (see Chapter 5, 5.6).

In the cover letter (example in Figure 5.18), the title of the trial, EudraCT number, protocol number,
trial particulars and referral to the “reference safety information” (e.g. in the IB) should be presented.
In addition, special populations and Belgian manufacturing sites and their activities should be
mentioned, as well as whether the trial is the first application of a new active substance, whether the
IMP is a narcotic or psychotropic substance, whether the trial is part of a Paediatric Investigation Plan
and whether this application is a resubmission. Finally, NIMPs (non-IMPs), exploratory studies, deviant
labelling, radiopharmaceuticals and answers to minor objections to previous applications with the

same IMP should be mentioned when applicable [85].
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FAGG - Federaal Agentschap voor Geneesmiddelen en Gezondheidsproducten

Eurostation Il

Victor Hortaplein 40/40 31 March 2016
1060 BRUSSEL

EUDRACT number: 2016-000215-32

Sponsor protocol number: Pycno 2015-14

FWO MAND 2013 - 11U8314N (Verlaet Annelies) - PeopleSoft ID: 31579
UZA Ethical committee study 15/35/365

Effect of Pycnogenol® on Attention-Deficit Hyperactivity Disorder (ADHD): A randomized, double
blind, placebo and active product controlled multicenter clinical trial

Dear Ms/Mr,

Attention-deficit hyperactivity disorder (ADHD) has been associated with disturbed immunity and
elevated oxidative stress. In addition, methylphenidate is the most frequently used medication for
ADHD, despite adverse effects, possible publication bias in reported efficacy, no evidence of long-
term efficacy and parents being disinclined to use it. Because immune and oxidative imbalances offer
potential for nutritional supplementation as efficacious and safe ADHD therapy, this project
investigates the effect of a polyphenol rich extract of Pinus Pinaster bark (Pycnogenol®) on
behaviour, co-morbid symptoms and immune and oxidative stress status in ADHD patients (6-12
years) as compared to methylphenidate (psychotropic medication) and placebo in a parallel trial.

Pycnogenol® has a high content of polyphenolic compounds, including phenolic acids, catechins and
procyanidins. Next to its interesting antioxidant effects, Pycnogenol® has anti-inflammatory and
immunomodulatory activities. Few observational studies and one small randomised trial (Trebaticka
et al., 2006) suggest therapeutic benefit from Pycnogenol® in ADHD. However, this trial had several
limitations (e.g. very small placebo group and short supplementation period) and the mechanisms of
action involved remain unclear. Further research is thus needed to investigate its efficacy,
mechanism of action and value as compared to MPH treatment.

Figure 5.18. Cover letter example (first page).
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PART 7

ANNUAL SAFETY REPORT

Periodic analyses of safety information are crucial for adequate risk assessment. Every suspected
unexpected serious adverse reaction (SUSAR) occurring in a clinical trial should be reported to the
competent authority. In addition, the sponsor of a clinical trial in Belgium should report Belgian SUSARs
in the concerned trial to the ethics committee. Moreover, once a year during the full duration of the
trial (i.e. from authorisation by the competent authority until the last visit of the last patient or the
otherwise defined end of trial), the sponsor should supply a safety report to both the competent
authority and responsible ethics committee(s). This report should include all safety-related data for the
IMP under investigation, regardless of country, pharmaceutical form, dosage, indication or patient
population. It should be based upon AEs in the own trial and other ongoing or recently finished clinical
trials as compared to the reference safety information, as well as data from observational studies, non-
clinical studies, postmarketing studies, related safety reports, manufacturing changes, recent
literature, etc., and actions proposed or being taken to address safety concerns. Based on the
conclusion of this report, the reference safety information might require an update and thus

resubmission [90, 91].

The start of the annual period for the report is based upon the Development International Birth Date
(DIBD), the date of the first authorisation to conduct a clinical trial with the IMP in any country
worldwide. Each report should be supplied within 60 days after the data lock point (the anniversary of

the DIBD) [90, 92, 93].

The annual safety report must be submitted in the format of the Development Safety Update Report

(DSUR) in combination with a cover letter including the EudraCT number of the concerning clinical trial.
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The DSUR (example pages in Figure 5.19) should include [90, 92, 93]:

Title page: DSUR number, IMP, reporting period and sponsor;

Executive summary: IMP specifications (e.g. therapeutic class, mode of action), marketing
approval, estimated subject exposure, overall safety assessment, risks, actions taken, etc.;
Table of contents;

Introduction: reporting period, IMP specifications, indication(s) and population(s) being
studied, scope of clinical trials covered by the report, etc.;

Worldwide marketing approval status: date of first approval, indication(s) and location(s);
Actions taken in the reporting period for safety reasons: recall, protocol modifications;
Changes to reference safety information: contraindications, interactions;

Inventory of clinical trials ongoing and completed by the sponsor during the reporting period:
phase, status, design, population, dosage, etc.;

Estimated cumulative exposure: number of subjects exposed and demographic characteristics
in clinical trial(s) and the marketed setting;

Data in line listings and summary tabulations: reference information, SAEs (subject age and
sex, dosage, description serious adverse reaction, etc.);

Significant findings from clinical trials by the sponsor during the reporting period;

Safety findings from non-interventional studies by the sponsor, e.g. observational studies;
Other clinical trial/study safety information by the sponsor, e.g. meta-analyses;

Safety findings from marketing experience, incl. off-label use, special populations, etc.;
Non-clinical data by the sponsor, e.g. carcinogenicity or immunotoxicity studies;

Literature: safety findings from non-clinical and clinical studies in literature;

Other DSURs by the sponsor if more than one DSUR on the IMP, e.g. on different indications;
Lack of efficacy, e.g. relative to established therapies;

Region-specific information based on national and regional requirements;

Late-breaking information: safety findings after the data lock point, e.g. case reports;

Overall safety assessment: interpretation of all non-clinical, clinical and epidemiologic
information compared to previous knowledge as well as risk-benefit considerations;
Summary of important risks, e.g. those that might lead to labelled contraindications;
Conclusions: changes to the previous knowledge on IMP efficacy and safety, actions taken;

Appendices, e.g. IB or line listings of serious adverse reactions.
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2, WORLDWIDE MARKETING APPROVAL STATUS

Medikinet XL is produced by Medice Arzneimittel Pitter GmbH & Co. KG, Kuhloweg 37, 58638
Iserlohn, Germany (Marketing authorisation numbers: PL 11243/005, PL 11243/006; 11/12/2013),
Medikinet XL 10 mg and 20 mg medified-release capsules, for oral use, contain 10 mg and 20 mg
methylphenidate hydrochloride, equivalent to 8.65 and 17.30 mg methylphenidate, resp.
(pharmacotherapeutic group: psychecanaleptics, psychostimulants, agents used for ADHD and
nootropics; centrally acting sympathomimetics; ATC Code; NOG6BAO4), The main therapeutic Indication
is ADHD.

Careful dose titration is necessary at the start of treatment with methylphenidate, This is normally
achieved using an immediate-release formulation taken in divided doses. The recommended starting
daily dose is 5 mg once daily or twice daily {e.g. at breakfast and lunch), increasing if necessary by
weekly increments of 5-10 mg in the daily dose according to tolerability and degree of efficacy
observed. Medikinet XL 10 mg once daily may be used in place of immediate-release methylphenidate
hydrochloride 5 mg twice daily from the beginning of treatment where the treating physician
considers that twice daily dosing is appropriate from the outset and twice daily treatment
administration is impracticable. The regimen that achieves satisfactory symptom control with the
lowest total daily dose should be employed.

3. ACTIONS TAKEN IN THE REPORTING PERIOD FOR SAFETY
REASONS

No significant actions related to safety have been taken by the sponsor, regulators, Data and Safety

Monitoring Boards or independent ethics committees that could have an impact on the conduct of a

specific trial or the whole clinical development programme. Participant inclusion for the concerning
clinical trial was started in September 2017,

4. CHANGES TO REFERENCE SAFETY INFORMATION

No significant safety-related changes were made to reference safety information (SmPC) within the
reporting period. Participant inclusion for the concerning clinical trial was started in September 2017,

5. INVENTORY OF CLINICAL TRIALS ONGOING AND COMPLETED
DURING THE REPORTING PERIOD
This report concerns a single study: Pycno 2015-14 ("Effect of Pycnogenol® on Attention-Deficit

Hyperactivity Disorder (ADHD). A randomized, double blind, placebo and active product controlled
multicentre trial”). In addition to the concerning study, no other studies using Pycnogenol or

methylphenidate as IMP were being performed during the reporting period by the University of
Antwerp,

The concerning phase Il clinical trial, ongoing, is a 10 week randomised, double blind, placebo and
active product controlled multicentre clinical trial in Belgium with three parallel treatment arms
(Pycnogenol®, placebo and Medikinet Retard). The aim is to investigate the effect of Pycnogenol on
behaviour, co-morbid physical and psychiatric symptoms, as well as on immunity, oxidative stress and
antioxidant status (to investigate mechanism of action), in 144 ADHD patients, as compared to placebo
and methylphenidate treatment. Evaluations of behaviour, immunity, oxidative stress and co-morbid
complains (kloodfurine/faeces collection, ADHD-Rating Scale, Physical Complaints Questionnaire,
Social-Emotional Questionnaire) will be performed at baseline and after 10 weeks, Certain
questionnaires will additionally be filled out after § weeks, Atopy and dietary habits will be taken into
account. In addition, the acceptability of Pycnogenol® treatment as compared to methylphenidate will
be determined based on side effects, drop outs and adherence,

Patients consulting Prof. Dr. Ceulemans (UZA), Prof. Dr. Van West (ZNA) or Dr. Verhelst (UZ Ghent)
and complying with in- and exclusion criteria (6-12 years old; ADHD or ADD but no ASD; no chronic
medical condition, medication use or contra-indication for the use of MPH; no mental retardation; no
use of nutritional supplements during the past 3 months) will be proposed to participate in this trial.
In addition, information letters will invite children with ADHD via schools and patient organisations,

Patients randomized to Pycnogenol treatment will receive 20 mg Pycnogenol® (1 oral capsule at
breakfast) per day in case of a body weight of < 30 kg, 40 mg Pycnogenol® (2 oral capsules at breakfast)
in case of a body weight of = 30 kg. During the first two weeks, all patients will receive 20 mg
pycnogenol® per day (due to practical reasons, for blinding). Patients randomized to methylphenidate
treatment (Medikinet® Retard) will also receive a dose based on their body weight (1 or 2 oral capsules
at breakfast). Capsules during the first week always contain 10 mg methylphenidate hydrochloride
(modified release), during the second week 20 mg methylphenidate hydrochleride (modified release).
In case of a body weight < 30 kg, patients receive 20 mg methylphenidate hydrochloride (modified
release) per day afterwards. In case of a body weight of 2 30 kg, patients receive 30 mg
methylphenidate hydrachloride (modified release; 2 capsules: 10 and 20 mg) per day afterwards.
Patients randomized to placebo will receive 1 or 2 oral placebo capsules at breakfast,

Oxidative stress and neurological biomarker analyses will be performed at the University of Antwerp,
immune analyses at Wageningen University.

Participant inclusion was started in September 2017; the last visit of the last patients is planned in
August 2020,

6. ESTIMATED CUMULATIVE EXPOSURE

6.1 CUMULATIVE SUBJECT EXPOSURE IN THE TRIAL
Participant inclusion was started in September 2017, Participants are randomised, stratified by trial
centre, to one of the three treatments (placebo, Pycnogenol® or Medikinet® Retard). Randomisation
to one of the three treatment groups is done separately at every trial site (blocks of variable size

Figure 5.19. Example pages of the annual safety report.

244



Trial setup and procedures

PART 8

DISCUSSION

The presented trial is conducted in accordance with GCP guidelines and applicable legislation, in order
to assure the rights, safety and well-being of its subjects and that the trial data are accurate and
traceable [18]. Though appropriate quality control and protection of participants are incontrovertibly
required, the administrative workload for the setup as well as during the ongoing clinical trial should
not be underestimated. In addition, financial resources might limit many university research groups to
set up a clinical trial without monetary help from authorities or industry. However, research in which

industry is involved, even if solely financial, is often seen as biased.

In the design of the present intervention study, besides placebo and Pycnogenol® treatment, also MPH
treatment was included, which extended the application considerably. In case of comparison to
placebo only, Pycnogenol® would be regarded as a nutritional supplement, so that less strict
regulations apply from trial registration to treatment encapsulation. However, though a nutritional
supplement, Pycnogenol® is considered a medicinal product in the current trial, as it is compared to
MPH, which is a registered and approved medicinal product. Though increasing the relevance of the
study, the application process for trial approval was consequently extended considerably, while
encapsulation for example required full implementation of GMP principles, thereby increasing costs as

well.

Various trial-related files can be found in the digital Appendix of this PhD thesis (see bookmark for QR

code).
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Success is not the key to happiness. Happiness is the key to success. If you love what you are doing, you

will be successful. — Albert Schweitzer
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PART 1

INTRODUCTION

ADHD is an aetiologically complex and multifactorial disorder, influenced by genetic, biochemical,
psychological and environmental factors. Every risk factor has a small effect on the vulnerability to the
disorder and none of these factors appears either necessary or sufficient to trigger ADHD by itself. Its
exact pathophysiology is still unclear and might differ between patients [1-6]. In children as compared
to adults, ADHD has a higher prevalence and is characterised more often by hyperactivity-impulsivity
[1, 7-9]. Medication like MPH is prescribed to a rapidly growing number of children, despite serious
concerns about adverse effects and possible publication bias in reported efficacy as well as without

evidence of long-term efficacy [10-12].

The principal aim of this thesis is to get a better understanding of oxidative stress and immune
dysbalance in ADHD as well as therapeutic options. This thesis shows that nutritional factors, oxidative
stress and immune dysbalance play a potential role in ADHD aetiology. Nutritional approaches like
polyphenol-rich foods or extracts could therefore have a positive impact on ADHD behaviour and
possibly also related complaints due to their antioxidant and immune modulating activity. The ongoing
randomised double-blind placebo and active product controlled clinical trial will provide further

understanding of the pathogenesis and treatment options of ADHD.

The specific results of each part of this thesis have been discussed separately before. This general
discussion will focus on the overall findings and, in combination with literature, on their consequences
on the knowledge on ADHD. This discussion elaborates on the overall methodology and results of this
thesis, the potential mechanisms by which redox and immune imbalance can be involved in ADHD
aetiology, potential mechanisms and efficacy of polyphenol-based approaches in ADHD therapy,
implications and additional research options. Moreover, as various answers lead to even more

questions, perspectives for future research are discussed.
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PART 2

REDOX AND IMMUNE IMBALANCE IN ADHD

2.1 Results and implications

The results of the comparison between patients and controls (Chapter 2) are consistent with a role of
low-level oxidative stress that could affect the immune system in children with ADHD as compared to
controls without ADHD. As a result, paediatric ADHD patients might develop more IgE and non-IgE-
mediated allergies [13]. Indeed, though no significantly different plasma cytokine levels were found,
which is possibly due to medication use as an exclusion criterion or the absence of overt systemic
inflammation, slightly higher IgG levels in ADHD point to the existence of a low-grade inflammation
[14]. Though results on specific biomarkers are often inconsistent between studies, the results of this
case-control comparison generally support conclusions of preceding research. These conclusions
comprise that “changes in oxidative metabolism and cellular immunity may have a role in the
aetiopathogenesis of ADHD” [15], that “patients with ADHD have normal levels of antioxidant
production, but that their response to oxidative stress is insufficient, leading to oxidative damage” [16]

and that patients have a higher incidence of allergies, including asthma and atopic eczema [13, 17-21].

Increased lipid peroxidation in ADHD was characterised by elevated MDA levels in patients as compared
to controls (though significance was lost after Bonferroni correction, which takes into account false-
positive significant differences due to multiple testing). It is striking that levels of vitamin E, the most
important inhibitor of lipid peroxidation in membranes and lipoproteins, were not reduced in ADHD
patients. In other neuropsychiatric disorders, like depression and schizophrenia, lower vitamin E levels
have been observed, unrelated to dietary vitamin E intake [22, 23], while results in ADHD are equivocal
[24, 25]. However, again, comparable or even higher antioxidant levels do not necessarily imply less
oxidative damage [26-28]. In addition, a broad range of antioxidants is present in vivo, making vitamin

E regeneration another possible explanation.

It is questionable whether the borderline higher retinyl palmitate levels observed in patients are
biologically relevant. This is because of the relatively large error range due to the low plasma levels
measured in the case-control study, as retinyl palmitate is the main vitamin A storage form in the liver

[29-31]. In addition, no significant difference was observed for retinol in the present study, though this
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result might be due to plasma retinol generally being strictly regulated due to toxicity at high levels
[32]. Retinol reduces radicals directly, thereby acting as a chain breaking antioxidant [33]. Another form
of vitamin A however, retinoic acid, is involved in gene expression regulation via activation of nuclear
receptors [34]. Transcriptional regulation of dopamine receptors and hippocampal neurogenesis by
retinoic acid are potential mechanisms of action by which retinoic acid could be involved in ADHD [35].

Nevertheless, retinoic acid was not analysed in ADHD before.

In addition to inconsistent results, large variations in biomarker levels have been found between and
within studies in literature. For example, for serum and plasma MDA, levels between 0.001 and 4 uM
have been found in paediatric ADHD patients [24, 26, 36], while the present study found levels around
0.35 uM. These differences do not appear to be caused by sample type, but rather due to differences
regarding the analytical methods used. Nevertheless, also the direction and magnitude of the
difference between patients and controls differs in literature and as compared to the present
comparison. For instance, up to 3 SD higher MDA levels have been found in patients as compared to
controls [26], but also 1-2 SD lower levels [24, 36]. In the present comparison, MDA levels uncorrected

for processing time were only 0.5 SD higher in patients than in controls.

In children, total IgE levels are highly variable (as reflected by large SDs) and depend on age, with levels
generally increasing between birth and adulthood [37]. Paediatric ADHD patients were found to have
increased total IgE plasma levels (367 + 483 kU/L) compared to healthy aged-matched controls (262 +
420kU/L) [38], as was observed in the case-control study (Chapter 2). Earlier studies using cut-off levels
of 100 kU/L to indicate increased IgE levels however found no differences between ADHD and control
children [39]. During the development of allergic inflammation, increased Ty2 activity is reflected by
increased levels of IL-4, IL-5 and IL-13, which are widely associated with young age and which lead to
increased total IgE levels. In addition, IL-5 production was found to be strongly linked to total serum
IgE levels in the general population [40]. The results obtained in the case-control comparison appear
inconsistent with this suggestion. However, though no significantly different plasma cytokine levels
were observed, an increase in locally produced cytokines could be too low to be detected in plasma
[41]. In addition, significantly deviant systemic cytokine levels would indicate active inflammation [42],

while chronic low-grade inflammation appears typical for ADHD.

Though dietary habits and perinatal events can influence oxidative and inflammatory status [43-47],
differences observed regarding the biomarkers analysed cannot be explained by differences in dietary
habits, the course of pregnancy, alcohol use or smoking during pregnancy, premature birth or

breastfeeding. Previous research however reported associations between specific dietary patterns and
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ADHD symptoms [48-52] and an apparent protective effect of breastfeeding on the occurrence of
ADHD [53, 54], while delivery complications, prematurity, hypoxia and prenatal alcohol and tobacco
smoke are known risk factors for ADHD [1]. Possibly, the power of the present case-control study was

too low to resolve these possibilities.

2.2 Study population

The patient group was selected through a tertiary referral academic hospital. No demographic
differences were found as compared to controls, which were recruited from random schools. In
addition, the absence of major dietary differences is an indication of a similar socioeconomic status of
both groups, which makes their comparison valid [55]. Nevertheless, when extrapolating results to the
general paediatric population, in- and exclusion criteria of this study should be taken into account. For
instance, despite an overall high comorbidity between autism and ADHD and despite some patients
having a high autism score as rated by parents, autism diagnosis was an exclusion criterion in this study.
It is thus unknown whether results can be extrapolated to ADHD patients with comorbid autism. In
addition, this comparison was performed in a paediatric population, thus impeding extrapolation to

adult ADHD.

There were difficulties with patient recruitment, causing delay, as patients often use supplements
before their official diagnosis and due to a lack of positive reinforcement to participate in the case-
control study (no direct benefit for the patient). In addition, it should be noted that about 15% of the
ADHD patients were included various months after their official diagnosis. As the use of medication
was an exclusion criterion of this study, their urge for medication was apparently not very high. This
possibly points at relatively mild ADHD symptoms in this subgroup, potentially causing some selection

bias.

The relatively high comorbidity with physical complaints may not reflect clinical practice but could be
explained by the use of a specific questionnaire. For instance, stomach ache is not routinely asked for
when ADHD is concerned and is probably not spontaneously reported by parents in a psychiatric or

psychological setting.
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PART 3

IN VITRO EFFECTS OF PYCNOGENOL®

3.1 In vitro models

Due to financial and/or ethical constraints regarding specific animal and human in vivo studies, which
additionally are characterised by inter- and intraindividual variation, and as interindividual variation is
characteristic for ex vivo systems, in vitro research is sometimes more informative to resolve basic
mechanisms of action. Though in vitro systems have limited predictive power for in vivo situations (i.e.
artificial cultivation), acceptable correlations between in vitro and in vivo readings have been found for
immune analyses [56, 57]. In addition, in vitro models are useful for the screening of promising
compounds, can give more insight in specific mechanistic pathways and ensure reproducibility of
results as circumstances can be standardised. Nevertheless, in vivo research remains essential,

considering pharmacokinetic phenomena [58].

Though studying effects of immune modulating compounds using PBMC-derived monocytes and
macrophages might be a more realistic model than THP-1 cells, this is difficult to apply due to variation
between blood samples and the limited survival of these cells in culture, as they require inflammatory
mediators like IL-1B to prevent apoptosis [59-61]. THP-1 cells, immortalised, can grow and divide
indefinitely under proper conditions [59, 60]. In addition, they are relatively safe to use due to the
absence of infectious viruses or toxic products and their homogenous genetic background minimises
the degree of cell phenotype variability and thus increases reproducibility of results [62, 63]. Still, THP-
1 cells do not resemble monocytes or macrophages from subjects with diseases like chronic
inflammation [64]. Nevertheless, more similarities are found between THP-1 cells and PBMCs in the
macrophage than monocyte state [65-69]. Cell sensitivity regarding cytotoxicity is similar between THP-

1 cells and PBMCs [70].

3.2 Methodology and results

The concentrations of Pycnogenol® and catechin used in Chapter 4 are physiologically very high [71],

which is however not exceptional for in vitro research [72]. For the analyses, it was assumed that all
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constituents were fully dissolved. However, high concentrations of Pycnogenol® and catechin did not
dissolve completely in PBS. HPLC analysis revealed that the solubility of catechin, caffeic acid, taxifolin
and ferulic acid was not complete, though sufficient to realistically expect activity, while the fingerprint
chromatogram was similar to the reference. Nevertheless, Pycnogenol® is a complex mixture of
polyphenols, with various compounds yet to be identified [71]. It is therefore possible that specific

biologically active compounds in Pycnogenol® are not dissolved and therefore not incubated in vitro.

Previous research has already shown that Pycnogenol® displays stronger biological activity as a mixture
than when separated into its individual components, indicating that its components act synergistically
and/or additively [73]. This potentially explains differences in observed effects between Pycnogenol®
and its main monomer catechin. After all, monomeric catechin constitutes less than 2% of the extract

(see Chapter 3) [74].

Results of the unmetabolised extract should be interpreted with caution because absorption,
distribution, metabolism (e.g. by hepatic enzymes and intestinal microbiota) and excretion (ADME)
kinetics were not taken into account. As opposed to for example catechin and taxifolin [75],
components in Pycnogenol® with a high polymerisation degree and thus molecular weight are not
absorbed as such in the Gl tract and are therefore not able to exert biological effects on cells other
than those in the lumen or those lining the Gl tract. In addition, two known metabolites (M1 and M2)
are formed by microbiota from catechin units, potentially after depolymerisation, and procyanidins in

Pycnogenol® undergo phase Il metabolism [75-79].

To account for absorption and microbial metabolism, analyses were also performed with dialysates and
retentates from the GIDM. However, an important limitation of the GIDM is the absence of active

transport of digestion products.
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PART 4

POTENTIAL MECHANISM OF ACTION

The main contributing factor to ADHD is thought to be abnormal neurotransmitter regulation,
particularly dopamine. Decisive evidence on the exact contributions of redox and immune imbalance
in ADHD is yet to be reported. Arguably, both are not even directly related to ADHD, but solely an
artefact of related factors, like genetic or environmental factors or comorbid disorders [80]. In addition,
results from case-control research provide information on associations but do not address the
investigation of causality. Nevertheless, as oxidative stress and immune activity influence brain

environment [80, 81], they can be considered important targets in ADHD [15, 82, 83].

4.1 Redox imbalance

Multiple effects of oxidative stress can be related to ADHD aetiology (Figure 6.1) [15].

The brain is especially sensitive to oxidative stress because of its high oxygen consumption (high
metabolic rate), neuron membranes contain a high proportion of easily peroxidisable PUFAs and
neurons have a low GSH content [16, 80, 84, 85]. Oxidative stress can impair neuronal proliferation and
mediate apoptosis and can therefore lead to progressive neuronal damage and deterioration of normal

cerebral functions.

Lipid peroxidation is a free radical-mediated oxidative deterioration to which PUFAs are especially
vulnerable due to their unconjugated double bonds [86]. By damaging fatty acid side chains, lipid
peroxidation affects both membranes and lipoproteins. Increased oxidative stress can therefore lead,
by peroxidation of membrane lipids and membrane-associated proteins (e.g. neurotransmitter
receptors), to structural neuronal damage with an altered membrane fatty acid composition,
decreased membrane fluidity, inactivation of membrane bound enzymes, increased membrane
leakiness and altered neurotransmitter receptor and transporter functioning. Oxidative stress can
thereby lead to abnormal neurotransmitter regulation [15, 80, 87-89]. Lipid peroxidation, as evidenced

by elevated MDA levels in patients as compared to controls (Chapter 2), could therefore affect
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neurotransmission in ADHD. Still, results on plasma or serum MDA levels in paediatric ADHD patients

are not consistent in literature [24, 26, 36].

Furthermore, oxidative stress may interfere with dopamine synthesis, neuronal cell migration and
neuronal plasticity. This is possible via genetic mutations or by limiting brain-derived neurotrophic

factors (BDNFs) required for neurogenesis and neuronal plasticity [15, 87, 90, 91].

In addition, dopamine is highly susceptible to auto-oxidation when antioxidant defence is weak [15,
92]. Dopamine oxidation leads to products such as dopamine quinone, which can cause mitochondrial
dysfunction and inflammation by activation of microglia (monocyte-derived macrophage-like brain
cells) and alteration of gene expression [16, 93-95]. Such dopamine cytotoxicity can thus lead to brain

damage [15, 96].

Also, the role of MAO in neuropsychiatric disorders may be mediated by oxidative stress. Reduced
platelet MAO B activity has been observed in ADHD patients as compared to controls. This possibly
leads to excessive accumulation of dopamine in the neuronal cytoplasm and thus to dopamine
neurotoxicity [97]. In contrast, deprenyl (a MAO B inhibitor) was found to reduce ADHD symptoms,
pointing at elevated MAO activity. Accelerated dopamine breakdown by MAO leads not only to
dopamine deficiency, but also to by-products like hydrogen peroxide (H,0,), ammonia and aldehydes.
These by-products increase oxidative stress and have neurotoxic potential [98]. Both elevated and

reduced MAO activity could thus lead to neurotoxic effects.

Oxidative stress and dopamine dysfunction thus appear interrelated in ADHD. The causal relationship
however remains unclear: it is unknown whether increased oxidative stress causes dopamine
dysfunction and ADHD symptoms or the other way around. For instance, ADHD patients have an
increased risk for obesity, which is correlated with oxidative stress. Higher oxidative stress levels could
thus rather be a consequence of obesity than a cause of ADHD, or both [99, 100], though the weight
and height of patients and controls did not differ significantly (Chapter 2). In addition, catecholamine
metabolism may be a source of free radical formation. Abnormal catecholamine levels (e.g. by altered
MAOQ activity) could therefore be responsible for a disturbed antioxidant status and elevations in
oxidative stress markers, next to behavioural effects [101-104]. A causative role of oxidative stress in
ADHD is however supported by indications of genetic factors influencing oxidative metabolism.
Oxidative stress was for example higher in patients who had a family member with ADHD, indicating a

higher genetic load as compared to patients without a family history of ADHD [26].
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Figure 6.1. Schematic overview of potential mechanisms of action involved in redox and immune imbalance underlying ADHD. This scheme is not exhaustive.
BDNF: brain-derived neurotropic factor; CNS: central nervous system; GABA: y-aminobutyric acid; IFN: interferon; IL: interleukin; LPS: lipopolysaccharide; NF-kB: nuclear factor kB; NOS:
nitric oxide synthase; Tu: helper T cell; TNF: tumour necrosis factor; Treg: regulatory T cell.
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Finally, a redox imbalance might not only be responsible for changes in the nervous system, but also in
the immune system, as oxidative and inflammatory processes are closely related [15, 80, 87, 88, 105-

108].

4.2 Immune imbalance

During brain development, cytokines are crucially involved in neuronal proliferation, differentiation,
migration, homing and positioning, and synaptogenesis [109]. However, chronic inflammation can also
result in neuronal alterations, including alteration in energy balance, neurotransmitter production and

cytoskeletal structure, thereby triggering neurodegeneration [110].

In the case-control study, no significantly different plasma cytokine levels were found between patients
and controls (Chapter 2). Still, indications of more Ty1-derived cytokines have for example been found
in previous research [111]. Significantly deviant systemic cytokine levels would, however, indicate
active inflammation, but was not the case. An increase in locally produced cytokines could be too low
to be detected in plasma. Nevertheless, circulating cytokines like IFN-y, IL-1, IL-6 and TNF-a can pass
the BBB. However, an exclusively direct effect of cytokines on neurons is rather unlikely due to the
scarcity of specific receptors. Still, cytokines can exert their effects by activation of glial and endothelial
cells. These cells subsequently produce neuroactive metabolites modulating neuronal activity and can
have neurotoxic potential by priming cells for apoptosis or necrosis [112-118]. In addition, from animal
studies it was suggested that peripheral inflammation leads to a microglia-dependent increase in CNS
excitability mediated by TNF-a [119]. Moreover, cytokines stimulate NOS, which uses
tetrahydrobiopterin as a cofactor, and stimulate the production of ROS, to which tetrahydrobiopterin
is sensitive. Cytokines thereby reduce the availability of this cofactor for hydroxylase enzymes
producing monoamine neurotransmitters. Finally, cytokines increase dopamine and norepinephrine

transporter expression [117, 118].

Maternal immune activation during pregnancy as a consequence of infection may induce the presence
of pro-inflammatory cytokines and acute phase proteins, the influx of inflammation associated cells
and bouts of fever. Elevated cytokines, due to prenatal immune activation, could also affect foetal and
paediatric neuronal development and activity [120, 121]. For example, elevated levels of foetal and/or
placental pro-inflammatory cytokines like IL-6 and TNF-a in response to maternal immune activation
can cause a CNS inflammatory response in the foetus and promote oxidative stress, mitochondrial

damage, apoptosis and neurotoxicity [98]. Dependent on timing, the increase in pro-inflammatory
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cytokine levels can alter foetal brain development and cause long-term brain abnormalities, including
pathological changes in brain morphology akin to those observed in autism. Pro-inflammatory
cytokines thereby possibly increase the risk for ADHD later in life [109, 120-127]. In fact, early life
presence of inflammatory cytokines has a major role in the pathophysiology of brain white matter
damage, as for example IL-6 can interfere with prefrontal cortex maturation [114, 125, 128]. This is
consistent with findings of grey matter heterotopia and reduced cortical volume and folding in ADHD,
which are considered to be involved in the development of behavioural effects [114, 129, 130].
Maternal immune activation could thus predispose, via altered foetal brain development, to dopamine-
associated neuropsychiatric disorders [120, 121]. There is indeed evidence suggesting
neuroanatomical abnormalities in the main dopaminergic and glutamatergic systems after prenatal

infection, which could contribute to the development of ADHD [131].

Additionally, maternal immune activation can affect neurodevelopment indirectly. An increase in
placental IL-6 leads to a reduction of growth hormone and insulin-like growth factor. In addition, this
increase activates the Janus kinase (JAK)-signal transducer and activator of transcription 3 (STAT3)
pathway, resulting in the expression of acute phase genes. These placental changes in gene expression

mediated by maternal IL-6 can have downstream effects on foetal (neuro)development [132].

Moreover, stress (including maternal psychological stress) is associated with cortisol. This stress
hormone suppresses IL-12 and IL-18 production by antigen presenting cells (APCs), thus inhibiting Tyl
responses, while increasing IL-4-mediated T2 activity [112, 133, 134]. High cortisol concentrations
shift the immune response from pro-inflammatory Tyl predominance to a more balanced cytokine
profile, most likely due to enhanced regulatory T cell (Tgeg) immunomodulation and accompanied by IL-
10 production [112, 133, 135]. Chronic elevation of cortisol levels can, because of negative feedback,
however result in increased (neuro)inflammation and impaired cognitive functions [112, 114, 129, 133,
135, 136]. A disturbed Ty1/T42 balance has been observed in other neuropsychiatric disorder as well,

including depression and schizophrenia [137, 138].

In children with ADHD, cortisol production however seems reduced [129, 139], though contradicted by
another study [140]. Therefore, it can be hypothesised that patients have a defective Tgeg
immunomodulation, elevated Tyl and depressed Tu2 cytokine levels [135]. The resulting defective
downregulation of inflammation may thus contribute to an enhanced pro-inflammatory cytokine
synthesis and reduction of anti-inflammatory IL-10, and thereby to brain white matter damage [112].

Both chronic high and low cortisol levels and the resulting neuro-inflammation could therefore
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promote emotional, cognitive and behavioural impairments [112, 115, 129, 135]. Cortisol homeostasis

in a relatively narrow range therefore appears important for normal brain development and function.

In addition, a defective Treg regulation due to reduced cortisol levels could even result in Ty2-driven
inflammation. This makes the patient “allergy-prone” (thus more likely to have asthma, allergic rhinitis,
atopic dermatitis and allergic conjunctivitis) by inducing activated B cells, mast cells and eosinophils
[112]. A theory is therefore that dietary factors and inhalants can contribute to ADHD via Ty2-like
hypersensitivity reactions [13, 20]. Indeed, the observed higher IgE levels were supported by a trend
for more diagnosed allergies in patients than in controls (Chapter 2), though significance for higher IgE
levels was lost after Bonferroni correction (to correct for significant differences by chance due to
multiple testing). Though no significantly different plasma cytokine levels were observed, an increase

in locally produced cytokines could be too low to be detected in plasma.

In fact, a large variety of foods and food components can provoke or exacerbate behavioural responses
[141-146]. As allergy or hypersensitivity reactions induce inflammation [147-151], consumption of
offending foods can provoke increased gut permeability, Gl inflammation and elevated inflammatory
cytokine levels [113, 114]. The overproduction of cytokines can thereby lead to chronic T cell-mediated
neuroinflammation, triggering neurodegeneration and cognitive dysfunction [13, 112, 114, 152, 153].
In ADHD, this immune dysbalance is corroborated by more frequent physical comorbidities [154-156].
This is supported by more physical complaints in patients than in controls (Chapter 2), elevations of
pro-inflammatory cytokines [114] (not observed in the case-control comparison in Chapter 2, though
local cytokine production might not be reflected in systemic cytokine levels [41]), increased adenosine
deaminase activity [15] and possibly increased eosinophilic activity [18, 114]. Extensive modulation of
the diet (e.g. by RED) could be effective in ADHD by having major consequences on immune
functioning. Examples include counteracting effects of gut epithelium damage as well as restoring the
Twl/Tu2 balance and immune regulation by Tgeg. Dietary modulation can thereby reduce chronic
immune dysregulation and neuroinflammation [114, 157-160]. Similar effects can be related to solar
intensity [161]. Exposure to UVB through sunlight enables the production of vitamin Ds in the body,
which has immune modulating effects by inducing Tgeg differentiation and by suppressing isotype

switching to IgE in B cells [162].

Similarly, the mechanism underlying the association of atopic eczema and ADHD could be related to an
increased secretion of IgE, increased eosinophilic activity and predominantly Ty2 type cytokine
secretion. This leads to an overproduction of inflammatory cytokines that pass the BBB and activate

neuro-immune mechanisms involved in neuronal circuits that relate to behavioural and emotional
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modulation. Next to elevated cytokine levels, increased stress levels due to atopic eczema and thereby
raised glucocorticoids can interfere with the development of the brain and neurotransmitter systems

and increase the risk of developing ADHD [114].

Moreover, chronically elevated oxidative stress can lead to elevated Tu2 induction and thereby
increased IgE levels. More specifically, potentially via upregulation of STAT6 and NF-kB activation, naive
T cells can be polarised to Ty2 by oxidative stress. T2 cytokines stimulate B cell isotype switching to
IgE. Depletion of GSH for instance inhibits T cell proliferative response, while elevated ROS and MDA
levels have been shown to promote T2 differentiation [163]. On the contrary, high antioxidant levels
blunt the Ty2 response and thereby reduce IL-4 production. High concentrations of total IgE reflect a
predisposition to develop IgE-mediated allergic diseases, despite not being related directly to allergic
status [164, 165]. Oxidative stress might thus facilitate the development of allergic conditions in ADHD
patients [105, 166]. Indeed, the observed higher IgE levels in the case-control comparison (though
significance was lost after Bonferroni correction; Chapter 2) were supported by a trend for more
diagnosed allergies in patients than in controls, as well as by the association between ADHD and atopic
disorders in literature. Moreover, immune cells are an important source of not only pro-inflammatory
compounds like inflammatory cytokines, but also of ROS and RNS, thereby possibly establishing a

vicious circle [15, 108].

Finally, GI inflammation is associated with a disrupted intestinal microbial composition [167].
Significantly altered commensal microbiota have been observed in various disorders, like diabetes and
autism [168, 169]. Such a dysbiosis can be a cause rather than a consequence [153, 170-172].
Commensal microbiota play a crucial role in the development of intestinal immunity, e.g. via the
induction of Tregs [168, 172, 215], but also in CNS development and function [173, 174]. The
bidirectional relationship between gut microbiota and the brain, called the microbiota-gut-brain axis,
appears responsible for the association between ADHD and the observed altered gut microbiome, by
affecting neuroimmune mechanisms. For instance, via a dysregulated enteric nervous system (ENS),
intestinal neurotransmitters, metabolites of absorbed food components and cytokines, the CNS can be
affected [175-177]. It was speculated that microbial dysbiosis causes colonisation by bacteria
producing neurotoxins (Figure 6.2) [170]. In addition, microbial dysbiosis and subsequent alteration of
intestinal permeability cause production and spreading of LPS, cytokines and chemokines [178]. This
further enhances pro-inflammatory cytokine production, altering neuropeptide synthesis [170].
Moreover, commensal bacteria produce y-aminobutyric acid (GABA) and a significant amount of

vitamin B6. GABA is the main CNS inhibitory neurotransmitter. It influences both immune and neural
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receptors within the ENS and CNS and is implicated in the pathogenesis of anxiety and depression.
Moreover, reduced cerebral GABA concentrations have been observed in ADHD [153, 179].
Metabolism of for instance norepinephrine and dopamine depends on the coenzyme pyridoxal
phosphate, the active form of vitamin B6. In paediatric ADHD patients, reduced activity of pyridoxal
phosphate-dependent enzymes was found [176]. Finally, in ADHD patients versus controls, increases
in Bifidobacterium have been observed, related to an increased metabolic function of cyclohexadienyl
dehydratase. This enzyme is involved in phenylalanine synthesis, an essential amino acid and dopamine
precursor [180-182]. It is however still unknown whether a generic modification of gut microbiota is
involved in various neurologic disorders or whether a specific alteration plays a particular role for a

certain condition [173].
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Figure 6.2. Brain-gut-microbe communication in health and disease [183].
CNS: central nervous system.

4.3 Polyphenol-rich plant extracts

Various polyphenols have antioxidant and immune modulating properties [184-188], but they can also
exert other biological effects. Specific polyphenols or metabolites have been shown to cross the BBB
and to influence neuronal survival and regeneration [189, 190]. Supplementation with these natural
food constituents could therefore potentially constitute a promising approach for ADHD, though

interpretation of their mechanism of action can be complex.

In paediatric ADHD, Pycnogenol® (1 mg/kg body weight/day during one month) was already shown to
improve hyperactivity and inattention ratings (see Chapter 1, 4.3.1) [101]. Exact mechanisms by which

Pycnogenol® can improve brain function and behaviour and possibly comorbid complaints are unclear.
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Various mechanisms may play a role, including antioxidant and anti-inflammatory effects [77]. In
addition, it is possible that polyphenol-rich extracts such as Pycnogenol® cause more obvious

improvements in a subset of ADHD patients, e.g. those with more severe oxidative stress [191].

Pycnogenol® was shown to significantly decrease urinary dopamine levels in ADHD patients as
compared to baseline. Levels of epinephrine and norepinephrine, which were significantly elevated as
compared to healthy controls, only showed a trend toward reduced levels with Pycnogenol®
treatment, with a stronger decreasing effect for higher original concentrations [102]. Normalisation of
norepinephrine levels was also found in another polyphenol supplementation study [4, 192]. This effect
could be related to stimulation of eNOS, which is involved in the regulation of norepinephrine and
dopamine release and uptake [101]. Additionally, NO improves cerebral blood circulation [193].
Moreover, M1 (8-(3,4-dihydroxy-phenyl)-y-valerolactone, a catechin metabolite) has been reported to

suppress iNOS, thereby possibly reducing inflammation [194].

Pycnogenol® could also normalise catecholamine metabolism by reducing brain oxidative stress. In
fact, Pycnogenol® reduced lymphocyte 8-oxoG and plasma GSSG levels and increased GSH levels and
the GSH/GSSG ratio (possibly by increasing GR activity) in ADHD patients [101, 103, 104, 195]. After a
one-month washout, behavioural scores as well as 8-0xoG levels and GSH/GSSG ratio returned to
baseline [101, 103, 104]. Reduction of 8-0xoG levels correlated with an improvement in inattention,
while GSH/GSSG ratio correlated negatively with urinary dopamine levels [102-104]. In addition,
urinary catecholamine levels correlated with the degree of hyperactivity as well as with plasma GSSG
levels before treatment [102]. It could therefore be suggested that Pycnogenol® can have a beneficial
effect on ADHD symptoms because of its direct scavenging and chelating ability, stimulation of DNA

repair and/or combinations thereof [104].

Catecholamine metabolism is a source of ROS (O,*" and H,0,). Normalisation of catecholamine levels
could therefore be responsible for an improved antioxidant status and reductions in oxidative stress

markers, next to behavioural improvements [101-104].

Moreover, Pycnogenol® can be beneficial in ADHD because of its immune modulating effects [199,
200]. Though its immune effects in ADHD have not been analysed before, Pycnogenol® has potential
for improving inflammation and allergy symptoms. For example, 100 mg/day for six months
significantly reduced inhalation corticosteroid use and specific IgE titre in adult asthma patients [199].
In mice, Pycnogenol® (50-100 mg/kg orally) increased T and B cell mitogen response and partly restored

the Tyl/Tu2 imbalance (low Tyl and high Tw2 cytokine secretion) after diet-induced immune
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dysfunction. Meanwhile, it reduced hepatic lipid peroxidation and increased a-tocopherol levels [201].
Though only a slight immune imbalance and limited elevation of lipid peroxidation levels were observed
in ADHD (Chapter 2), Pycnogenol® is therefore expected to restore the Ty1/Ty2 balance, possibly by its
antioxidant activity and by influencing activation and differentiation of Tregs [188, 190, 202, 203]. In
addition, in vitro Gl digestion of Pycnogenol® in the presence of enzymes and microbiota revealed its’
biological activity as a potential inhibitor of macrophage TLR signalling. More specifically, Pycnogenol®
was shown to potentially exert local gut as well as systemic immunomodulatory effects by inhibition of
TLR signalling, as partial agonist of TLR1/2 and TLR2/6, by influencing gut microbial composition and

the expression of surface markers on immune cells and by induction of IL-10 secretion (Chapter 4).

Also, previous research indicates that polyphenols and their metabolites can affect host microbial
composition, e.g. by stimulation of Bifidobacterium and Lactobacillus species [212-214]. Intestinal
microbiota are important for the induction, maturation and function of the immune response, even
well beyond mucosal tissues and in organs distal from the intestine [168, 170, 172, 215]. In addition,
knowledge on the effect of microbiota on brain and behaviour is growing [215-217]. For instance,

probiotics alleviated autism-like symptoms in mice [153].

M1, one of the active metabolites of Pycnogenol®, is able to the cross the BBB and accumulates in cells
like monocytes and macrophages to levels that could be bioactive [101, 194, 204, 205]. Pycnogenol®
might therefore exert its effects locally in the brain. For instance, Pycnogenol® had a neuroprotective
effect by attenuating brain oxidative stress and pro-inflammatory cytokine levels following traumatic
brain injury in rats [206]. In oxidative stress-related neurodegeneration in rats, it attenuated cognitive
performance decline [207]. Pycnogenol® was also shown to enhance human mental performance,
while reducing oxidative stress [208-210]. Moreover, Pycnogenol® can exert neuroprotective effects
by improving nerve growth factor content in the hippocampus and cortex, areas important for learning

and memory [211].
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PART 5

IMPLICATIONS

Like early genetic and environmental factors, multiple immune and oxidative influences of small effect
can act together “to create a spectrum of neurobiological risk by altering brain structure and function
that mediate the emergence of ADHD” [15]. Various reports indeed support redox and immune
mechanisms to contribute to ADHD development and/or exacerbation, at least in a subgroup of
patients. A disturbed immune regulation is more likely than a single (sub)cellular defect and oxidative
damage markers appear more reflective of the actual oxidative stress situation compared to
antioxidant levels [218]. This chronic low-grade pro-inflammatory immune dysregulation and redox
imbalance probably require a predisposing genetic background. By affecting neuronal structure, they
can impair dopamine synthesis and neurotransmission. If immune pathways and/or oxidative stress
contribute to ADHD development and/or manifestation, even if low-grade and only in specific
subgroups, this could be taken into account in ADHD diagnosis and treatment to improve patient care.
In this case, ADHD symptoms could also be addressed with a nutritional approach before prescribing
medications or in combination with medication, which might appear more acceptable to parents as
well. In fact, based on both in vitro and in vivo research, polyphenol-rich extracts such as Pycnogenol®,
characterised by antioxidant and anti-inflammatory properties, appear to have potential in addressing
ADHD and comorbid symptoms. However, the exact contribution of the immune system and oxidative
stress to ADHD should still be revealed and the effect of Pycnogenol® remains to be confirmed by in
vivo intervention research. In addition, oxidative stress and immune imbalance represent a common
aetiopathological factor in various disorders. They can therefore not be used as a specific diagnostic

requirement for any exclusive condition.
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PART 6

INTERVENTION TRIAL

Since Pycnogenol® is compared to both MPH and placebo, it is considered a medicinal product in the
current trial. This extended the application process for trial approval considerably, while encapsulation

for example required full implementation of GMP principles.

6.1 Participant recruitment

Similar recruitment problems appeared in the intervention trial as in the case-control comparison, such
as patients often using supplements before their official diagnosis. One of the reasons parents of ADHD
patients decided not to participate in the ongoing clinical trial was reluctance to use medication. In
addition, a 10-week placebo treatment did not seem very appealing to patients experiencing a heavy
burden of ADHD. Moreover, again several patients were included months after their official diagnosis.
These factors might cause some selection bias. Nevertheless, such selection bias could occur in any
placebo-controlled trial or study with medication use as an exclusion criterion or with a placebo or
active treatment as control. Moreover, adequate assessment of ADHD symptom severity allows

comparison between studies.

As in the case-control comparison, a heterogeneous sample of ADHD patients is expected in this trial.
Therefore, power should be sufficient to perform subgroup analyses (e.g. based on gender, severity or

subtype of ADHD or dietary habits).

6.2 Treatment

One of the advantages of polyphenol supplementation in ADHD could be a more continuous effect as
compared to MPH. The effect of MPH can be noticeable within 30 min, which is not expected for
Pycnogenol®. However, behavioural effects of MPH wear off after a specific amount of time, dependent
on the formula given (e.g. elimination half-life of Medikinet® Retard 20 mg is 3.2 h) [219, 220].
Medication therefore does not reduce behavioural problems in the early morning or in the evening.

Though it might take several weeks for a clear behavioural effect of Pycnogenol® to be noticed, no
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behavioural worsening at night is expected due to its less abrupt cessation of effect as compared to
MPH. Various components present in Pycnogenol® have half-lives up to 6 h with a presence of up to
12 h after a single intake [71]. In addition, many ADHD patients quit medication intake despite initial
positive behavioural effects, often due to adverse side effects [221]. Polyphenol supplementation is,
however, even hypothesised to reduce physical and sleep complaints [222]. Moreover, while dietary
adaptations like a RED ask for an enormous commitment of both parents and child, a nutritional

supplement like Pycnogenol® is, like medication, easy to apply.

In routine clinical practice, MPH doses are titrated individually to maximise behavioural effects and to
minimise unwanted side effects. In case this approach is included in a randomised double-blind
controlled trial, it would be optimal to also provide an individually titrated dose of the comparison
treatment(s). This would without doubt provide a more realistic comparison between treatments and
possibly leads to higher effect sizes as compared to placebo. In the ongoing randomised trial, financial
and logistic possibilities were too limited to provide such personalised treatments. However, this

approach should be considered in future research.

6.3 Outcomes

Stimulant treatment does not improve comorbid physical complaints and could even cause some
complaints [220]. In addition, ADHD patients with physical problems even tend to respond less to
medication [223]. Pycnogenol® is however expected to reduce ADHD symptoms as well as comorbid
physical and psychiatric complaints. Previous dietary approaches, e.g. a RED, were shown to not only
improve ADHD-related behaviour, but also ODD and physical and sleep complaints in the majority of
participants. Patients with a positive behavioural effect due to a RED initially reported even more
physical complaints than those with less behavioural effects of the diet [224-226]. Assessment of

comorbid complaints thus appears important and will further increase insight in ADHD.

Nevertheless, as observed in the case-control comparison, subjectivity of questionnaire responses
should be taken into account and objective behaviour assessment could be considered in further
research. In addition, again an FFQ questioning consumption frequency but not portion size was
chosen, which makes it impossible to draw conclusions on actual intake. However, as parents are asked
a large number of questions in the trial already, even more questions might cause reluctance and

thereby unanswered questions or unreliable questionnaire results. Since the purpose of the FFQ is only
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to get an overall idea of e.g. fruit and vegetable intake, questions on portion size were therefore

considered redundant.

6.4 Statistics

The importance of regression analysis correcting for e.g. differences in processing time was shown in
the case-control comparison. Therefore, processing time will again be systematically recorded and
corrected for, which should become common practice in biomarker research. The same accounts for

Bonferroni correction for multiple testing.
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PART 7

FUTURE PERSPECTIVES

Development of interventions that successfully target functional deficits is vital to achieve positive
long-term outcomes in children with ADHD. In fact, a therapy specifically aimed at improvement of the
immune system and/or oxidative stress regulation might have potential in ADHD treatment, possibly
even more than conventional therapy by stimulant medication. However, though oxidative and
immune mechanisms may contribute to ADHD via neuronal damage and abnormal neurotransmitter
regulation, decisive evidence on their exact contributions is lacking [15, 82, 83]. To date, it is unclear
to what extent and in which patients such mechanisms occur. Moreover, clinicians pay little, if any,
attention to oxidative and immune markers in the diagnosis or therapy of ADHD [13]. The hypothesis
of ADHD being an oxidative and immune disorder as well as underlying mechanisms thus need to be
thoroughly tested. In addition, though modulation of immune system activity and redox status might
have potential in ADHD treatment and might be more acceptable to parents than prescription drugs,
nutritional supplementation in ADHD remains controversial, but at the same time warrants further

research [157, 227, 228].

7.1 Redox and immune imbalance

7.1.1 Biomarkers

Though various similar studies have been performed, the originality of the present case-control
comparison is in assessing various biomarkers that have not been systematically studied in ADHD, like
IgM and specific cytokines, and a broad diversity of oxidative stress markers. Nevertheless, various
other potential research options are possible. Indeed, despite multiple correlations between various
biomarkers, only small parts of the variability of one parameter could be explained by the variability of
the other. Additionally, linear regression showed that antioxidant levels were not predicted directly by
the amount of oxidative damage. This could imply that other pathways and thus biomarkers might be

involved and could be more informative.
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Future research should focus on a broad range of both oxidative damage and antioxidant markers,
including antioxidant enzymes, as well as immune markers focussing on both IgE- and T cell-mediated
mechanisms (e.g. different subsets of Ty cells and DCs and their cytokine products) [229, 230]. Such a
more comprehensive characterisation of oxidative stress and immune status in ADHD is needed.
Studies in these domains are overall limited regarding biomarkers investigated and highly various
regarding populations and methodologies. Moreover, the ADHD spectrum might not only vary in terms
of behavioural manifestations, but also regarding underlying mechanisms and thus potentially
appropriate treatment. It should therefore be determined whether specific underlying factors apply to
the majority of children with ADHD or only to a specifically identified subgroup [231]. For instance: are
elevated levels of a specific oxidative damage biomarker typical for patients with pronounced
impulsivity? Using biomarker levels, patient subgroups might be defined further and even more
precisely based on ADHD causative and triggering factors in order to predict their responses to specific

treatments [149].

7.1.1.1 Oxidative stress status

It would have been interesting to have more information on antioxidant enzyme capacity, like GPx, CAT
and SOD activity. These analyses could increase insight in the mechanism underlying both elevated
antioxidant and oxidative damage levels. For instance, lower levels of GST and GPx could lead to low
GSH expenditure and thus lack of an efficient antioxidant defence and could thereby explain higher
GSH levels and elevated oxidative damage [15, 26, 96]. However, as analyses of antioxidant enzyme
activities were not prioritised in the beginning and since their stability in biological samples is restricted,

these were not taken into account.

Since it is difficult and labour intensive to measure each antioxidant in a biological sample separately,
TAS was analysed by various research groups. TAS determines the capacity to inhibit ROS-induced
oxidative damage [5, 104, 232-234]. As antioxidants have additive and synergistic effects, TAS analysis
can be informative [5]. However, methodological differences hamper comparison between studies.
Moreover, this analysis shows a global picture, while depletion of one antioxidant could be masked by
another. The analysis of a broad range of antioxidants in a biological sample thus gives a more complete
overview of the antioxidant status. In addition, TAS is a measure for the total reducing capacity of the
biological sample, but not all reductants are antioxidants and vice versa (i.e., while reductants
chemically scavenge ROS, the effect of antioxidants in the biological context depends on the redox
potential and reaction rate, and thus concentration achieved, while specific antioxidants can also

induce protective enzymes) [235-237]. Finally, elevated TAS is not necessarily positive, as it may be an
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adaptation to increased oxidative stress. Like specific antioxidants, TAS does not reflect oxidative
damage in vivo [218, 238]. When monitoring oxidative stress in vivo, several biological parameters
covering different aspects of both oxidative damage and antioxidant defence should be analysed by
well-validated assays in order to draw reliable conclusions. This is because a change in one parameter
might disturb the oxidant-antioxidant balance, thereby causing an augmentation or reduction of other

parameters.

When free radicals react with PUFAs via their carbon-carbon double bond, lipid hydroperoxides are
formed. These are unstable and therefore subjected to fragmentation into different products, such as
MDA and 4-hydroxynonenal (4-HNE) [239]. F2-isoprostanes are a marker of oxidative lipid damage as
well, formed when essential fatty acids, especially AA, are oxidised [238]. Both 4-HNE and F2-
isoprostanes are therefore other oxidative damage biomarkers, which could be measured in ADHD,

both by means of ELISA.

Oxidative damage to proteins includes primary damage to enzymes, receptors and transport proteins,
as well as secondary damage to other biomolecules (e.g. increased mutation frequency due to
damaged DNA-repair enzymes) [55,56]. An example of a marker of oxidative damage to proteins is 3-
nitrotyrosine (3-NT), formed by a reaction of RNS, such as peroxynitrite (ONOO-), with tyrosine (Figure
6.3) [54]. Due to altered protein conformation, solubility and degradation, tyrosine nitration can have
various functional and biological consequences. Examples are enzyme inactivation (e.g. in case of GR)
or induction of an immunological response [240, 241]. 3-NT analysis is therefore desirable, though not
very straightforward. Different methods for 3-NT analysis in plasma and plasma protein samples have
been described, but aspects like protein hydrolysis or derivatisation can cause artefact 3-NT formation.
Due to low plasma 3-NT concentrations (around 1 nM), LC-MS/MS is the most sensitive and specific
method without sample derivatisation [242]. To eliminate problems regarding incomplete proteolysis,
the ratio 3-NT/tyrosine should be determined. Still, as the concentration of tyrosine is about 10° times

higher than that of 3-NT, it is difficult to analyse both in one run.
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Figure 6.3. Proposed reaction mechanism of tyrosine and NOe leading to 3-nitrotyrosine (3-NT) formation,

after formation of an iminoxyl radical [243].
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A potent antioxidant which might be interesting as well, is vitamin C, or ascorbic acid, the most
prevalent water-soluble antioxidant in human plasma. Ascorbic acid for instance scavenges ROS and
regenerates a-tocopherol, B-carotene and GSH [244-247]. Ex vivo, ascorbic acid is however very
sensitive to oxidation, though addition of metaphosphoric acid to the sample might improve its

stability. Levels of ascorbic acid can be determined by HPLC with electrochemical detection [248].

7.1.1.2 Immune status

IL-4, IL-5 and IL-13 are found adjacent on chromosome 5 in humans and are regulated in a coordinated
though independent fashion. Despite being markers for Ty2 cell activity and sharing common
regulatory pathways and receptors, these cytokines perform distinct functions [249, 250]. For instance,
basophils and eosinophils exert their function rather through IL-4 than IL-13. Broadly, IL-4 mainly
stimulates naive T cell differentiation towards the Ty2 subtype and IgE production by B cells, and
together with IL-13, it recruits leukocytes and stimulates peristalsis in the Gl tract. IL-13 also increases
mucus secretion. IL-5 stimulates B cells, mast cells and granulocytes [14, 112, 251]. Therefore, it would
have been interesting to determine plasma levels of IL-4 and IL-13 as well. However, plasma levels of
these cytokines are generally low and difficult to interpret. In addition, though elevated oxidative stress
can cause higher basal levels of inflammatory cytokines [252], oxidative stress in ADHD might be too
limited for effects on plasma cytokine levels. Therefore, mucosal cytokine levels (e.g. in saliva or
faeces), reflecting local cytokine production, could provide additional information on immune

activation in ADHD [253].

MHC involvement is likely to influence the development of an adaptive immune response in ADHD
[254, 255]. Antigen presentation by APCs, Ty cell proliferation and Treg and memory B cell activation
should be therefore explored. With respect to Tgegs, the importance of breaking tolerance in ADHD, as
in allergy, is interesting but not yet studied. This could also provide a clue on the mechanism(s)
underlying spontaneous remission of both atopic diseases and ADHD. Additionally, it should be
determined whether an allergic or a non-allergic hypersensitivity mechanism is involved in children

with food-induced behavioural symptoms.

Unless in case of e.g. active inflammation, analysis of systemic immune markers, like in plasma, might
not always be informative, as these are not sensitive enough to small and local changes. Ex vivo
stimulation of isolated PBMCs with e.g. LPS, pokeweed mitogen (PWM) or concanavalin A (conA) and
analysis of the proliferative and cytokine production response, to investigate monocyte and T and B
cell reactivity, could therefore be more informative on immune reactivity than systemic cytokine or

antibody levels. In addition, further technology development allowing measurement of mucosal

278



General discussion and conclusion

cytokine levels (e.g. in saliva or faeces) could provide additional information on immune activation in

ADHD [253].

Further research on the genetic background and interconnection of oxidative stress and immune
dysregulation in ADHD is implicated as well. In this respect, qPCR analyses focussing on PBMC cytokine
(e.g. IL-1B, TNF-a, IL-10), intracellular signalling (incl. NF-kB) and (anti)oxidant pathways (e.g. GPx, SOD)
can be related to plasma cytokine and antibody levels, identification of PBMC subsets and their
functional responses (e.g. cytokine release) and markers of oxidative damage and antioxidant status of
both patients and controls. This approach can indicate genetic variations and biological processes
related to immune and (anti)oxidative mechanisms and their interrelations. It can thus provide crucial
information on ADHD pathophysiology at the genetic and molecular level. It might thereby lead to the

identification of new markers or insights and potentially effective therapies [256].

To further investigate the interconnection between redox and immune imbalance in ADHD, PBMC GSH
levels are interesting to determine, as various immune functions are sensitive to GSH depletion (e.g.
NK and B cell reactivity) [106, 107]. Also interesting would be analyses on PBMCs from ADHD patients
and controls before (to assess intrinsic differences like numbers of various T cell subsets, monocytes
and NK and B cells) and after (to assess differences in antioxidant metabolism and effects on the

proliferation, maturation and activation) ex vivo treatment with Pycnogenol®.

7.1.2 Design

Since a case-control design does not address the investigation of causality, a cohort design should be
considered, despite the large number of children to be included. The advantage of a case-control
design is that it’s easier to include sufficient numbers of cases. In addition, by using multivariate
analysis, data on how variables influence each other can be extracted, generating relevant research

guestions on causality, which can be studied further.

ADHD is a continuum, with individual patients being highly variable, i.e. inattention vs. hyperactivity or
low vs. high level of behavioural impairment. Subgroup analyses and correlations to specific behaviours
are therefore advisable but require enough statistical power. In addition, division into subgroups can
be bothersome as sometimes a discrepancy appeared between individual questionnaire answers and
(the absence of) physician-based diagnosis (Chapter 2). Still, it is plausible that subgroups vary

regarding underlying mechanisms and thus potentially also regarding appropriate treatment.
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A striking discrepancy between physician’s diagnosed ADHD and parent rated behaviour was found in
the case-control comparison (Chapter 2), with several high SEQ scores in control subjects and low
scores in patients. This underscores the importance of properly selected patient groups with a reliable
ADHD diagnosis to be included in further research, as well as clear information on comorbidities. Efforts
should be made to include acceptable sample sizes based on power calculation and to use suitable
methods and durations of behaviour monitoring, like classroom observations and internationally

accepted questionnaires.

For comparison with literature, the SEQ could be replaced by a more frequently used international
guestionnaire. One example is the CRS, which also assesses ADHD and related behaviour like ODD and
CD and is often used in pharmacological research [224, 257, 258]. However, the validity and reliability

of the Dutch translation of this questionnaire are as yet insufficient [259].

7.2 Pycnogenol® in ADHD

Questions remain regarding the mechanism of action of polyphenol-rich extracts like Pycnogenol®
affecting behaviour. More knowledge is for instance required on potentially bioactive metabolites. As
in vivo research is however characterised by inter- and intraindividual variation, an in vitro
gastrointestinal simulation model like the GIDM is a feasible option for further in-depth investigation

[260]. The lack of active transport in the GIDM could be partly resolved by implementing Caco2 cells.

In culture, the human epithelial colorectal adenocarcinoma cell line Caco2 differentiates into
monolayers with various functions of the small intestinal villus epithelium [261]. This cell line for
instance exhibits tight junctions and a brush border on the apical surface and expresses typical
hydrolases and nutrient transporters [262]. Caco2 cells grown on permeable filters are therefore the
golden standard and most popular model for in vitro prediction of in vivo small intestinal permeability
and absorption of orally administered drugs or food components [261-263]. Since Caco2 cells express
several cytochrome P450 isoforms and phase Il enzymes, like sulfotransferases and GST, this cell line
can also be used to study presystemic metabolism [262]. Still, Caco2 cells do not express every
intestinal metabolising enzyme to an appreciable extent and, unlike the small intestine and the colon,
does not secrete mucus and contains no microfold (M) cells. In addition, this cell line may alter its
performance over time, making good quality control essential [261]. Finally, it has to be kept in mind
that in vitro assays are useful for the elucidation of mechanisms of action, while in vivo research

remains essential considering pharmacokinetic phenomena [58].
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Another option would be to incubate THP-1 or HEK cells with plasma of human volunteers treated with
Pycnogenol® as well as controls. However, interindividual variation is characteristic for ex vivo systems

[56]. Indeed, prominent variability of polyphenol pharmacokinetics has been observed [75].

Immune responses of in vitro models are commonly determined by measuring cytokine levels in culture
medium after challenging cells. Though relevant in terms of biological functions, the relatively long
exposure time usually required (generally hours, as compared to minutes for gene expression and days
for cell differentiation) to obtain cytokine levels above threshold can lead to the initiation of other
signalling pathways. In addition, cytokine secretion is only partly related to the expression of genes and
their upstream transcription factors, due to transcription and translation regulation: levels of
transcripts and proteins correlate significantly for only half of all genes, depending on their cellular
location and biological function [61, 264, 265]. For example, the level of available cytokine in the
supernatant is lowered by binding to its receptor [266]. Gene expression of relevant cytokines, enzymes
and transcription factors is therefore also interesting to investigate, e.g. by RT-gPCR, making it possible
to differentiate between primary stimulus-cell and secondary cell-cell signals [61]. The major advantage
of this technology is the ability to quantitatively compare gene expression over a 107 fold with a good

sensitivity, specificity and reproducibility [267].

To further investigate the interconnection between redox and immune effects of Pycnogenol®, both
immune (e.g. cytokine levels and gene expression) and redox effects (e.g. GSH, MDA and 8-OHdG

levels) could be determined after stimulation of THP-1 macrophages with Pycnogenol® [185, 268].

Further research should also focus on which components pass the BBB, by positron emission
tomography (PET) scans [269], as well as on the brain activity of children before and after polyphenol

supplementation, by functional magnetic resonance imaging (fMRI) scans [270].

Though beyond the scope of the ongoing project, investigating a potential synergistic effect of MPH

and Pycnogenol® is interesting as well [271].
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7.3 Other research options

7.3.1 Microbiota

The gut may play an important role in ADHD, as many patients report Gl problems. Microbiota, gut and
immune function are closely intertwined and a disturbed immune function appears involved in at least
a subgroup of ADHD patients. Moreover, polyphenols and their metabolites can affect host microbial
composition [212-214]. Further research is therefore required to determine whether there is a causal

connection between microbiota, gut and ADHD.

Probiotics are live microorganisms that, upon ingestion in specific and sufficient numbers, confer non-
specific health benefits to the host. In addition to directly affecting gut microbial composition, they
reconstitute the Gl barrier by increasing mucin production by goblet cells and strengthening tight
junctions [170]. Moreover, they modulate the immune response by inhibiting production of pro-
inflammatory cytokines like TNF-a by DCs and by increasing expression of anti-inflammatory mediators
like IL-10, thereby promoting Treg production [153]. To date, one study found a significantly reduced
risk for ADHD development after Lactobacillus rhamnosus GG supplementation during the first six

months of life [272].

7.3.2 Study design

Research on alternative treatment options to investigate their efficacy, mechanism of action and value
should be performed in a double-blind placebo-controlled manner, especially in case of questionnaires.
Attention should be paid to adequate sample sizes and treatment periods. A double-blind placebo-
controlled design is essential to illustrate that potential effects are not attributable to expectations or
hopes of parents or patients. Standardisation and characterisation of treatments is essential for
drawing valid conclusions and for comparability between studies. Treatment adherence should
preferably be assessed by electronic monitoring and time-recording devices, which are superior to

medication counts or self-reported adherence [273].
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PART 8

GENERAL CONCLUSION

ADHD is a multifactorial disorder, influenced by genetic, biochemical, psychological and environmental
factors. MPH is prescribed to a rapidly growing number of patients despite serious concerns about
adverse effects and possible publication bias in reported efficacy, without evidence of long-term
efficacy. Moreover, this disorder has been associated with immune and oxidant-antioxidant

imbalances, though research has been inconsistent and studies mostly have severe limitations.

A comparison of redox and immune status between ADHD patients and controls without ADHD showed
significantly higher plasma MDA levels in patients, as well as a trend for higher urinary 8-OHdG levels.
Erythrocyte GSH and plasma retinyl palmitate, IgG and IgE levels were significantly higher in patients
than in controls. Finally, a trend for lower plasma IL-5 levels was observed. After Bonferroni correction
(correcting for significance “by chance” due to multiple testing) however, the result for GSH remained
statistically significant (borderline significant for retinyl palmitate), while significance was lost for MDA,
lgG and IgE levels. Though thus only slightly elevated, an indication of more oxidative damage was
found in ADHD. Antioxidant levels did not differ or were even higher in patients than in controls. This
could indicate a compensation mechanism for increased oxidative stress, though apparently
insufficient to restore the redox balance. In addition, consistently, albeit not significant, higher IgE
levels were supported by a trend for more allergies in patients than in controls and might point at an
immune dysbalance in ADHD. Though specific biomarker levels only slightly differed between patients
and controls, these results are consistent with a role of oxidative stress that affects the immune system
in children with ADHD as compared to controls. However, due to the nature of this study, it is unknown
whether redox and immune dysbalance play a causative role in ADHD, though both may contribute to
ADHD via neuronal damage and abnormal neurotransmitter regulation. Dietary habits do not appear
to explain the observed biomarker differences. However, more psychiatric comorbidities were found
in ADHD patients, which possibly influences the results of this study. The exact pathophysiology of
ADHD thus remains unclear and might even differ between patients. Further confirmation of these
results is required, as well as further investigation of potential differences between ADHD subtypes.

Finally, systematically correcting for processing time appears crucial to obtain valid results.
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Despite various unresolved questions, nutritional approaches like polyphenol-rich foods or extracts
could have a positive impact on ADHD behaviour and possibly also on related complaints, at least in a
subgroup of patients, due to their antioxidant and immune modulating activity. In fact, after in vitro Gl
metabolism in the presence of enzymes and microbiota, Pycnogenol® was shown to potentially exert
local gut as well as systemic immune modulating effects via inhibition of TLR signalling, by acting as
partial agonist of TLR1/2 and TLR2/6, via alteration of gut microbial composition, via upregulation of

surface markers on immune cells and via induction of IL-10 secretion.

Therefore, a randomised double-blind placebo and active product controlled clinical trial was set up to
evaluate effects of an herbal polyphenol-rich extract (Pycnogenol®), MPH and placebo on ADHD over
a 10-week period. Secondary outcomes are effects on comorbid physical and psychiatric complaints
and levels of immune, antioxidant, oxidative damage and neurologic biomarkers. Possibly influencing
dietary habits are questioned. As the trial is still ongoing, conclusions cannot be drawn yet. However,
it is hypothesised that Pycnogenol® is more effective than placebo and not less effective than MPH and
that, as compared to placebo and MPH, Pycnogenol® increases antioxidant levels, reduces oxidative
damage, improves immune and neurochemical status and reduces comorbid physical and psychiatric

complaints.

Results of this thesis (especially when supplemented with the results of the ongoing clinical trial) thus
increase insight in ADHD aetiology and treatment options, which is highly desired by medical staff,
parents and patients. These findings pioneer further biochemical studies on ADHD. The broad clinical
context of this research is of interest to the general public and results are suitable to be communicated

to a non-expert as well as expert audience.
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Everything is hard before it is easy. — Johann Wolfgang von Goethe
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Attention deficit hyperactivity disorder (ADHD) is a neurodevelopmental disorder characterised by
developmentally inappropriate levels of impulsivity, hyperactivity and/or inattention. Chapter 1 starts
with an overview of ADHD problemacy. ADHD is a complex and multifactorial disorder, influenced by
genetic, biochemical, psychological and environmental factors, but its aetiology is not completely
understood. Various studies report increased levels of oxidative damage markers, decreased activity of
antioxidant enzymes and an altered gut microbiome in ADHD. Moreover, ADHD has a high comorbidity
with T cell-mediated disorders (affecting different subsets including Tu1, Tu2 and Treg) and several genes
linked to ADHD have immune functions. However, results are not completely consistent and research
on these topics overall had its limitations, e.g. regarding biomarkers analysed. Nevertheless, both
unresolved oxidative stress and immune dysbalance may contribute to the clinical pathology of ADHD,
for instance by injuring neuronal cells. Moreover, methylphenidate (MPH), the first-choice medication
for ADHD, is linked to adverse effects and possible publication bias in reported efficacy. Due to their
antioxidant capacities as well as immunoregulatory effects, dietary polyphenols therefore appear
appropriate in ADHD therapy. One example is Pycnogenol®, a patented herbal extract from the outer
bark of French maritime pine (Pinus pinaster Ait. subsp. atlantica), standardised to contain 70 * 5%
(w/w) procyanidins. Pycnogenol® supplementation significantly improved teacher hyperactivity and

inattention ratings in paediatric ADHD, but this study had various limitations.

The first objective of this thesis was to get a better understanding of oxidative stress and immune
dysbalance in ADHD. In Chapter 2, 57 untreated paediatric ADHD patients and 69 controls were
therefore compared regarding a broad diversity of oxidative stress and immune biomarkers. After
Bonferroni correction for multiple testing, only significantly higher reduced glutathione (GSH) levels in
erythrocytes were found in ADHD patients (and nominally significant for plasma retinyl palmitate). No
differences were observed for the plasma lipid soluble antioxidants retinol, a-tocopherol, y-tocopherol,
B-carotene and co-enzyme Q10, nor for the oxidative damage markers urinary 8-hydroxy-2’-
deoxyguanosine (8-OHdG) and plasma malondialdehyde (MDA), or for the plasma cytokines interleukin
(IL)-1B, IL-6, IL-8, IL-10, tumour necrosis factor (TNF) and interferon (IFN)-y or the antibodies IgE, I1gG
or IgM as markers of immunity. Strikingly, a trend for higher IgE levels was supported by a trend for
more diagnosed allergies in patients. Dietary habits did not appear to cause the observed differences.
As antioxidant levels did not differ or were even higher in patients than in controls, this could be a
compensation mechanism for increased oxidative stress. These results thus point at the potential
involvement of slight oxidative stress and immune disturbance in ADHD. However, due to the nature

of this study, it is unknown whether redox and immune dysbalance play a causative role.
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Standardisation, characterisation and quality control of nutritional supplements is essential for
research with complex herbal supplements to be credible and to be able to compare results of various
studies. Chapter 3 therefore describes the optimisation and validation of United States Pharmacopeial
(USP) analytical methods for Pycnogenol® (i.e., a spectrophotometric method for total procyanidin
content and a fingerprint chromatographic method) as well as quality control of Pycnogenol®. For
fingerprint HPLC, Pycnogenol® was dissolved in 20% methanol (instead of 100% as described in the
USP), optimising resulting chromographic peaks. Both methods were shown to have an acceptable
repeatability and intermediate precision, linearity and accuracy. Analysis of the available Pycnogenol®
extract revealed that it contained 65-75% procyanidins, as required, and 1.3% catechin, 1.4% taxifolin,

0.3% caffeic acid and 0.3% ferulic acid.

Research indicates that Pycnogenol® exerts its immune modulating effects at least in part through the
Toll-like receptor (TLR)4-NF-kB pathway. However, the exact mechanism by which Pycnogenol® exerts
its effects via TLR4 and whether other TLRs are involved remained to be elucidated. In Chapter 4, the
effect of Pycnogenol® and its primary monomer catechin on membrane TLR activity and pro-
inflammatory cytokine secretion was examined using Human Embryonic Kidney (HEK) cells and the
human monocytic leukaemia cell line THP-1. It was shown that non-metabolised Pycnogenol® acts as
agonist of TLR1/2 and TLR2/6 and as partial agonist of TLR5, stimulating activation of NF-kB and pro-
inflammatory cytokine secretion. Moreover, formation of lipopolysaccharide (LPS)-Pycnogenol®
complexes was shown to be required to stimulate TLR4 to the NF-kB-dependent release of pro-
inflammatory cytokines. In vitro metabolism of Pycnogenol® by the gastrointestinal dialysis model with
colon phase (GIDM-colon) however caused immuno-suppressive potential against TLR1/2 and TLR2/6
by the retentate fraction and potential to induce secretion of anti-inflammatory IL-10 by the dialysate
fraction. For catechin, no clear effects could be observed on TLR activation and pro-inflammatory
cytokine production. This study stresses the importance of the effect of metabolism on the biological

activity of Pycnogenol®.

Though some previously reported results are promising, further controlled studies to investigate
effects of Pycnogenol® on ADHD are required. In addition, though Pycnogenol® has been shown to
have immune modulating and antioxidant properties, while at least one of its metabolites was
demonstrated to be able to cross the blood-brain barrier, exact mechanisms by which it improves brain
function and reduces ADHD symptoms remain to be elucidated. Chapter 5 therefore describes the
setup of a randomised double-blind placebo and active product controlled 10-week clinical trial with

three parallel treatment arms in paediatric ADHD patients, including the design and protocol,
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preparation of all trial-related files, registration and ethical approval requirements and safety
monitoring. The ultimate goal of this trial is to investigate the efficacy, mechanism of action and value
of Pycnogenol® in ADHD therapy as compared to MPH treatment and placebo, including effects on
immunity, antioxidant levels, oxidative damage and comorbid psychiatric and physical complaints, and
to evaluate the tolerability of Pycnogenol® compared to MPH. Final results of this trial, which is

currently ongoing, will only be available after publication of this PhD thesis.

Finally, in Chapter 6, the methodology and results of the previous chapters are discussed in relation to
the existing literature. This discussion elaborates on potential mechanisms by which redox and immune
imbalance can be involved in ADHD aetiology, potential mechanisms and efficacy of polyphenols in
ADHD therapy and perspectives for future research. Overall, this thesis and the present literature show
that nutritional factors, oxidative stress and immune dysbalance play a potential role in ADHD
aetiology. Decisive evidence on the exact contributions of redox and immune imbalance in ADHD is yet
to be reported, though multiple effects of oxidative stress and low-grade inflammation can be related
to ADHD symptoms. Nutritional approaches like polyphenol-rich foods or extracts can therefore have
a positive impact on ADHD-related behaviour and possibly also comorbid complaints due to their

antioxidant and immune modulating activity.

This thesis overall increases insight in the aetiology of ADHD. The ongoing randomised double-blind
placebo and active product controlled clinical trial will provide further understanding of the

pathogenesis and treatment options of ADHD.
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It always seems impossible until it’s done. — Nelson Mandela
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Aandachtstekort hyperactiviteitsstoornis (ADHD) is een neurologische ontwikkelingsstoornis
gekenmerkt door een verhoogd niveau van impulsiviteit, hyperactiviteit en/of aandachtstekort.
Hoofdstuk 1 begint met een overzicht van de ADHD-problematiek. ADHD is een complexe en
multifactoriéle aandoening, beinvloed door genetische, biochemische, psychologische en
omgevingsfactoren, maar de onderliggende etiologie is niet helemaal duidelijk. Verschillende studies
rapporteren een verhoogd gehalte aan oxidatieve schade merkers, een verlaagde activiteit van
antioxidatieve enzymen en veranderde intestinale microbiota bij ADHD. Bovendien heeft ADHD een
hoge comorbiditeit met T cel-gemedieerde ziekten (gekoppeld aan Tu1, T2 en Tgeg cellen) en hebben
verschillende genen die gelinkt worden aan ADHD specifieke immuunfuncties. Resultaten zijn echter
niet helemaal consistent en onderzoek rond deze thema’s heeft algemeen tekortkomingen, bv.
betreffende de geanalyseerde biomerkers. Toch kunnen zowel oxidatieve stress als een verstoorde
immuunbalans bijdragen aan de klinische pathologie van ADHD, bijvoorbeeld door schade te
veroorzaken aan neuronale cellen. Bovendien wordt methylfenidaat (MPH), de meest gebruikte
medicatie bij ADHD, gelinkt aan bijwerkingen en publicatiebias qua gerapporteerde efficaciteit. Door
hun antioxidatieve en immuunregulerende eigenschappen lijken polyfenolen geschikt voor de
behandeling van ADHD. Een voorbeeld is Pycnogenol®, een gepatenteerd extract van de schors van
Franse maritieme pijnboom (Pinus pinaster Ait. subsp. atlantica), gestandaardiseerd om 70 + 5% (w/w)
procyanidinen te bevatten. Pycnogenol® verbeterde significant hyperactiviteit en aandachtstekort
beoordeeld door leerkrachten in pediatrische ADHD-patiénten, maar deze studie had verschillende

beperkingen.

Het eerste doel van deze thesis was om een beter inzicht te krijgen in de rol van oxidatieve stress en
immuunverstoring bij ADHD. In Hoofdstuk 2 werden daarom 57 onbehandelde ADHD-patiénten en 69
controles vergeleken m.b.t. een brede waaier aan biomerkers van oxidatieve stress en immuniteit. Na
Bonferroni correctie voor meervoudige testing werd enkel een significant hogere concentratie
gereduceerd glutathion (GSH) in rode bloedcellen gevonden bij ADHD-patiénten (en nominaal
significant voor plasma retinylpalmitaat). Er werden geen verschillen gevonden voor de vetoplosbare
antioxidanten retinol, a-tocoferol, y-tocoferol, B-caroteen en co-enzym Q10 in plasma, noch voor de
merkers van oxidatieve schade 8-hydroxy-2’-deoxyguanosine (8-OHdG) in urine en malondialdehyde
(MDA) in plasma, of voor de cytokines interleukine (IL)-1B, IL-5, IL-6, IL-8, IL-10, tumor necrose factor
(TNF) en interferon (IFN)-y of de antilichamen IgE, 1gG en I1gM in plasma als merkers van immuniteit.
Opvallend was een trend voor hogere IgE waarden in combinatie met een trend voor meer
gediagnosticeerde allergieén bij patiénten. Voedingsgewoonten leken niet aan de basis te liggen van

de gevonden verschillen. Antioxidant waarden waren dus niet verschillend of zelfs hoger bij patiénten
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dan bij controles. Dit kan wijzen op een compensatiemechanisme bij verhoogde oxidatieve stress. Deze
resultaten wijzen daarom op de mogelijke betrokkenheid van geringe oxidatieve stress en
immuunverstoringen bij ADHD. Door de aard van deze studie is het echter onduidelijk of een

verstoorde redox- en immuunbalans een oorzakelijke rol spelen.

Standaardisatie, karakterisatie en kwaliteitscontrole van voedingssupplementen is essentieel om
betrouwbaar onderzoek te voeren met complexe supplementen en om resultaten van verschillende
studies te kunnen vergelijken. Hoofdstuk 3 beschrijft de optimalisatie en validatie van de analytische
methoden voor Pycnogenol® uit de Amerikaanse farmacopee (een spectrofotometrische methode
voor de bepaling van totaal procyanidinegehalte en een fingerprint chromatografische methode)
alsook de kwaliteitscontrole van Pycnogenol®. Voor de fingerprint HPLC-methode werd Pycnogenol®
opgelost in 20% methanol (i.p.v. 100% zoals beschreven in de farmacopee) om de chromatografische
pieken te optimaliseren. Beide methoden hadden een aanvaardbare herhaalbaarheid en intermediaire
precisie, lineariteit en accuraatheid. Analyse van het beschikbare Pycnogenol® extract toonde aan dat
het 65-75% procyanidinen bevat, zoals vereist, en 1.3% catechine, 1.4% taxifoline, 0.3% koffiezuur en

0.3% ferulazuur.

Onderzoek geeft aan dat Pycnogenol® zijn immuunmodulerende effecten ten minste deels uitoefent
via het Toll-like receptor (TLR)4-NF-kB mechanisme. Het exacte mechanisme via TLR4, alsook of andere
TLRs betrokken zijn, was nog niet opgehelderd. In Hoofdstuk 4 werd het effect van Pycnogenol® en zijn
belangrijkste monomeer, catechine, op membraan TLR-activiteit en pro-inflammatoire cytokine
secretie onderzocht m.b.v. de Humane Embryonale Nier (HEK) en de humane monocyten leukemie
(THP-1) cellijnen. Er werd aangetoond dat niet-gemetaboliseerd Pycnogenol® extract optreedt als
agonist voor TLR1/2 en TLR2/6 en als partieel agonist voor TLR5, en dat het daarbij de activatie van NF-
kB en secretie van pro-inflammatoire cytokines stimuleert. Bovendien werd aangetoond dat
lipopolysaccharide (LPS)-Pycnogenol® complexvorming noodzakelijk is voor stimulatie van TLR4 voor
NF-kB-afhankelijke secretie van pro-inflammatoire cytokinen. In vitro metabolisatie van Pycnogenol®
door het gastro-intestinaal dialysemodel met colonfase (GIDM-colon) zorgde echter voor immuun-
suppressieve effecten van de retentaatfractie t.o.v. TLR1/2 en TLR2/6 en voor stimulerende effecten
van de dialysaatfractie op secretie van het anti-inflammatoire cytokine IL-10. Voor catechine werden
geen duidelijke effecten gevonden op TLR-activatie of productie van pro-inflammatoire cytokinen.
Deze studie benadrukt het belang van het effect van metabolisatie op de biologische activiteit van

Pycnogenol®.
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Hoewel bepaalde eerder gerapporteerde resultaten veelbelovend zijn, is verder gecontroleerd
onderzoek naar effecten van Pycnogenol® op ADHD nodig. Hoewel immuunmodulerende en
antioxidatieve eigenschappen van Pycnogenol® aangetoond zijn en ten minste één van de
metabolieten de bloed-hersen barriere kan passeren, dienen exacte mechanismen waardoor
Pycnogenol® de hersenfunctie kan verbeteren en ADHD-symptomen kan verminderen nog te worden
opgehelderd. Hoofdstuk 5 beschrijft daarom de opzet van een gerandomiseerde dubbelblinde, placebo
en actief product gecontroleerde studie gedurende 10 weken met drie parallelle behandelingsarmen
bij pediatrische ADHD-patiénten, inclusief het ontwerp en protocol, voorbereiding van alle
studiegerelateerde documenten, vereisten voor registratie en ethische goedkeuring en opvolging van
veiligheid. Het uiteindelijke doel van deze studie is om de efficaciteit, het werkingsmechanisme en de
waarde van Pycnogenol® in de behandeling van ADHD te onderzoeken in vergelijking met MPH en
placebo, inclusief effecten op immuniteit, antioxidantwaarden, oxidatieve schade en comorbide
psychiatrische en fysieke klachten, en om de verdraagbaarheid van Pycnogenol® in vergelijking met
MPH te evalueren. Finale resultaten van deze studie, die momenteel loopt, zullen pas beschikbaar zijn

na publicatie van deze doctoraatsthesis.

Tenslotte worden in Hoofdstuk 6 de methodologie en resultaten van de voorgaande hoofdstukken
bediscussieerd in relatie tot de bestaande literatuur. Deze discussie weidt uit over mogelijke
mechanismen waardoor redox- en immuunverstoringen kunnen betrokken zijn bij de etiologie van
ADHD, mogelijke mechanismen en efficaciteit van therapie gebaseerd op polyfenolen in de
behandeling van ADHD en perspectieven voor toekomstig onderzoek. Globaal tonen deze thesis en de
huidige literatuur aan dat nutritionele factoren, oxidatieve stress en immuunverstoring een mogelijke
rol spelen in de etiologie van ADHD. Doorslaggevend bewijs rond de exacte bijdrage van een redox- en
immuunverstoring bij ADHD moet nog geleverd worden, hoewel verscheidene effecten van oxidatieve
stress en laaggradige ontsteking kunnen gerelateerd worden aan ADHD-symptomen. Nutritionele
benaderingen zoals polyfenolrijke voedingsmiddelen of extracten kunnen daarom een positief effect
hebben op ADHD-gerelateerd gedrag en mogelijk ook op comorbide klachten door hun antioxidatieve

en immuunmodulerende activiteit.

Deze thesis verhoogt de kennis rond de etiologie van ADHD. De lopende gerandomiseerde dubbel-
blinde, placebo en actief product gecontroleerde klinische studie zal verder bijdragen aan het inzicht

in de pathogenese en behandelingsopties van ADHD.
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