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ABSTRACT

ADHD is one of the most prevalent neurodevelopmental
disorder. Antioxidant concentrations are shifted in ADHD
patients and antioxidant centred therapies appear to
alleviate symptoms significantly'™®. This study aims to
investigate antioxidant concentrations in children with
ADHD of an Antwerp based population.

For the ADHD-cohort, concentrations of lipid-soluble
antioxidants  (a-tocopherol,  y-tocopherol,  retinyl-
palmitate, B-carotene, CoQ10 and retinol) (plasma, n = 12)
and glutathione (erythrocytes, n = 4) were measured and
consecutively compared to a cohort of non-ADHD
children (n = 25-53). Additionally, differences in mean
concentrations were compared to literature",
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INTRODUCTION

ADHD is the most common neurodevelopmental disorder
diagnosed in children. Most patients are diagnosed during
their early school years. Because ADHD patients often
experience impairments in academic or work performance
and moreover face social challenges, diagnosis and
treatment are of high importance. Diagnostic criteria are
stated in the Diagnostic and Statistical Manual of
Psychological Disorders (DSM). ADHD is described as
“a persistent pattern of inattention and/or hyperactivity-

impulsivity  that interferes with functioning or
development™.
Clinical tests along with  questionnaires are

recommended'’. However, no biological markers have
been accepted as diagnostic for ADHD yet.

To date, understanding of the aetiology is not definite and
diagnostic methods in particular for children are often
vague. In recent years, oxidative stress (OS) in the
pathogenesis of ADHD gained interest.

OS is defined as a shift in the biological balance of oxidant
production and antioxidants, towards an oxidant excess.
OS is utilised in redox regulation, in either redox-
signalling or redox-control. Redox regulations involve
pro-oxidants (free-radicals species and non-radical
species), antioxidants (enzymes and low-molecular mass
compounds) and molecular targets of great diversity.
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In living organisms, all redox regulations are tightly
controlled on an individual and a network level. This tight
control creates a steady state, the redox homeostasis.''
The redox homeostasis is defined by the Redox Code'? and
describes, how redox regulations are balanced.

While the brain is a major oxygen metabolizer, depending
on constant oxygen supply, it has only limited protective
mechanisms against 0S". The high proportions of
peroxidizable PUFAs and iron levels, present in the brain
matter, are an additional risk. The brain is therefore more
susceptible to damage due to OS than other organs'*.
Studies on biomarkers of OS in ADHD do help to gain
better insights into ADHD’s pathogenesis and hold
promising diagnostic values.

Studies on the effects of antioxidant based treatments,
suggest that OS is implemented in the ADHD
pathogenesis. Dietary studies in children with ADHD
support the key-role of OS in ADHD. Exogenous
antioxidants and foods balancing out the oxidative
dyshomeostasis appear to successfully alleviate
symptoms4'6. If symptoms are altered through
manipulations of a patient’s oxidative homeostasis,
neurochemical imbalances such as synaptic spill overs or
hyper-catecholaminergic states might theoretically be
altered accordingly. Recently, Hellmer and Nystrom found
that neurochemical imbalances are detectable prior to
ADHD manifestations'. It is therefore of great importance
to gain better understanding of the development of these
neurochemical imbalances. By correcting or preventing a
dysbalanced neurochemistry, children would potentially
not have to experience ADHD symptoms and be effected
by such throughout their life time.

Of great interest are antioxidant concentrations and status
in children with ADHD, as these might provide
approachable therapy targets.

Gluthatione (GSH)

GSH is an important intracellular antioxidant, known to
protect proteins and cell membranes from oxidative
damage. Two GSH can be oxidised to glutathione
disulphide (GSSG). In normal cell oxidation metabolism,
GSH outnumbers GSSG'®. GSSG has cytotoxic potential'’
and might react with protein thiols resulting in the
production of a protein mixed disulphide (PSSG) during
oxidative stress'®. In plasma of children with ADHD,
Ceylan et al. found low levels of GSH-Peroxidase',
whereas Simsek et al. did not find different concentrations
in comparison to control®. The findings

of Ceylan et al. might present a shift in the homeostasis of
GSH and GSSG away from the antioxidant protection of
GSH. Similar findings were concluded from animal
studies?™?'. However, such animal studies should be



interpreted carefully because of limited comparability with
human studies. The ratio of GSH to GSSG can be
indicative of oxidative dyshomeostasis. Dvorakova et al.
found GSH/GSSG to be decreased in paediatric ADHD
patients and saw increases in this ratio after treatment with
an antioxidant-modulatory pine-bark extract called
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Figure 1. GSH/GSSG metabolism
Lipid-soluble antioxidants
Certain vitamins are known for neuroprotective effects due
to antioxidant properties. This idea is supported by
findings in a rat-study®. A small number of vitamins were
chosen as biomarkers to investigate OS in ADHD to date.
In paediatric cohorts, only vitamin A and E have been
studied yet. Studies on OS in adult ADHD cohorts studied
different vitamins and found increased concentrations of
folate** and ascorbatezs, but no differences for vitamin
B6> and B12** These vitamin concentrations need to be
investigated in children yet. Vitamin E (a- and y-
tocopherol) is known to reduce lipid hydroxyl radicals and
lipid peroxides, originating from polyunsaturated fatty
acids (PUFAs). PUFAs are a dominant constituent of the
brain. Vitamin E is also linked to GSH via vitamin C
reduction and storage'’. Vitamin E concentrations were
found to be increased in paediatric ADHD patients’.
Besides vitamin E, vitamin A (B-carotene, retinol and
retinylpalmitate) has also shown some neuroprotective
effect”. Vitamin A however did not present abnormal
concentrations in the yet only paediatric ADHD patient-
cohort studied’. Co-enzyme Q10 (CoQ10) is a lipophilic
antioxidant with potentially OS-combating capacities™.

METHODS

For a trial run by the NaTuRA research group at the
University of Antwerp, the effect of pycogenol on ADHD
in comparison to methylphenidate or placebo were
investigated in a randomized, double-blinded, three-armed
set-up. Blood, urine and stool samples from children with
ADHD were collected at the University hospital Antwerp
from all treatment-cohorts at both baseline and after ten
weeks of treatment.”’

A small number of baseline samples was selected
randomly for the here reported research. Using High
Pressure  Liquid = Chromatography = (HPLC), the
concentrations of lipid-soluble antioxidants in 24 plasma
samples and GSH concentrations in four red blood cells
(RBC) samples were determined.

Analysis of lipid-soluble antioxidant concentrations
Plasma concentrations for the following lipid-soluble
antioxidant were determined: retinol, a-tocopherol, y-
tocopherol, retinylpalmitate, 3-carotene and CoQ10. After
extracting these lipid-soluble compounds from the plasma
samples with hexane, Reversed-phase High Pressure
Liquid Chromatography (RP-HPLC) combined with
electrochemical detectors were utilized to create a
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chromatogram. The antioxidants, were separated during
RP-HPLC while migrating through an ODS Hypersil (150
x 3 mm; 3 pum) column. A solution of methanol:milliQ: 1M
ammonium acetate (90:8:2) and a solution of methanol:1-
propanol:1M ammonium acetate (78:20:2) were used as
mobile phases A and B respectively. Hereby a separation
based on solubility was yielded. For each of the twelve
children, a mean was calculated from the respective duplo
measurements. A mean for the ADHD cohort was
calculated in pg/ml and pmol/L.

Analysis of GSH concentrations

GSH concentrations were determined using RBCs.
Following precipitation and centrifugation, normal-phase
HPLC combined with electrochemical detectors created a
chromatogram. The detection cell potentials were 500,
580, 660, 740, 820, 900, 980, 1060 and mV. For the
extraction of GSH during HPLC, two mobile phases were
utilized. Mobile phase A was a solution of 25 mM
NaH2P04.2H20, 1.4 mM OSA and 3% methanol. Mobile
phase B was a solution of 25 mM NaH2PO4.2H20, 1.4
mM Octanesulfonic acid (OSA) and 50% methanol. A RP-
18 endcapped column (250 x 4.8 mm; 5 um) was utilized.
The mean GSH concentration in pmol/L at baseline was
calculated.

Comperative analysis

No standard reference concentrations for either the lipid
soluble antioxidants or GSH are established. The trial
design does not include a N-ADHD control. The resulting
concentrations were therefore compared to mean
concentrations of a non-ADHD cohort of a previous study
at NatuRA. In the previous study, concentrations of
retinol, a-tocopherol, y-tocopherol, B-carotene, CoQ10
and GSH were measured in equivalent manners in a N-
ADHD cohort selected from the same population. No
comparison was possible for retinylpalmitate. IBM SPPS
25 Statistics and Excel were utilized to assist the
comparison of concentrations via descriptive statistics.
Relative differences between mean-concentrations were
assessed. As the ADHD cohort is comparatively smaller
than the N-ADHD cohort, Mann-Whitney testing was
selected to test for significant differences between the
concentrations. As the Mann-Whitney test implies the
assumption that the concentrations of the two cohorts are
distributed equally, homogeneity of variance was tested.
Additionally, these outcomes were compared to literature.

RESULTS

ADHD vs. N-ADHD mean concentrations

The mean concentrations of the individual antioxidants
were compared by means of relative differences (%), given
in table 1 and discussed below.

The mean concentration of four lipid-soluble antioxidants
(a-tocopherol, y-tocopherol, -carotene, CoQ10) appear
to be increased in the ADHD-samples in comparison to the
N-ADHD control. The mean concentrations for retinol
differed only slightly. The mean concentration of GSH for
the ADHD cohort at baseline did not differ significantly
from the N-ADHD cohort.

Outcomes of Mann-Whitney test

The differences between the medians of all but glutathione
are significant in that the respective significances (p) are
smaller than 0.001. For glutathione, the concentration of
the ADHD cohort (median 2.350) did not differ



mean ADHD

mean N-ADHD

A mean + SD

A

median ADHD

median N-ADHD

biomarker Naoup Nx-aoup + SD (umol/L) + SD (umoV/L) (umol/L) % (umol/L) (pmol/L) v ‘ P r
a-tocopherol 12 29 20.996 + 3.028 4.066 + 1.554 16.930 + 4.224 81 21.052 3.850 0.000 -4.986 0.000 0.779
Y-tocopherol 12 28 1.269 £+ 0.376 0.181 + 0.096 1.088 £+ 0.388 86 1.223 0.154 0.000 -4.958 0.000 | -0.784

retinylpalmitate 12 0 0.161 £ 0.326 - - - - - - - - -
retinol 12 29 1.079 £ 0.133 0.795 £ 0.172 0.284 + 0.217 26 1.051 0.758 55.000 | -3.410 0.000 | -0.526
B-carotene 12 28 1.002 £ 0.348 0.111 £ 0.069 0.891 £ 0.355 89 1.078 0.110 1.000 -4.929 0.000 | -0.780
CoQ10 12 25 0.819 £+ 0.190 0.077 £ 0.040 0.742 + 0.194 91 0.878 0.066 0.000 -4.867 0.000 | -0.800
biomarker Navn Neosnin mean ADHD mean N-ADHD A mean + SD A median ADHD median N-ADHD U 2 p .
’ B + SD (mmol/L) + SD (mmoVl/L) (mmoVl/L) % (mmol/L) (mmoVl/L)
lutathione 4 53 2.32 +£0.59 2.11 £0.29 0.210 + 0.660 9.1 2.350 2.070 73.000 | -1.031 0.323 | -0.137

Table 1. Sample sizes (N), mean concentrations and standard deviation (SD) for both the ADHD and N-ADHD cohort as

well as the relative differences (A%) between the two cohorts for each of the measured antioxidant.
Medians of concentrations of both cohorts for each measured antioxidant.

Mann-Whitney test results: test statistic (U) with corresponding z-score (z), effect size (r) and significance.

significantly from the N-ADHD cohort (median 2.070),
U=73.000,z=-1.03,p=10.323,r=-0.137.
Significances of the Levene statistics indicate that the
concentrations of the two cohorts are not distributed
equally for retinol F(1,21.126) = 0.466, p = 0.502 and
glutathione F(1,35.615)=1.729, p=0.197.

The concentrations of all other antioxidants are distributed
equally according to the Leven test:

a-tocopherol F(1,19.753) =12.015, p = 0.002,
y-tocopherol F(1,17.900) =26.502, p = 0.000,

[-carotene F(1,12.286) = 12.105, p = 0.004 and

CoQ10 F(1,12.681) =19.152, p = 0.001
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Figure 3. Medians of concentrations of a-tocopherol
Differences between the concentrations of the two
cohorts compared to literature
Spahis et al. found concentrations of a-tocopherol and -
tocopherol to be increased in their ADHD-cohort, as well’.
They did not see differences in their retinol concentrations
though’. Contrary to the above-mentioned outcomes,
Simsek et al. found no significant difference in CoQ10
concentrations in their study® and Spahis et al. found no
differences in B-carotene concentrations’.

In their study on the effects of Pycnogenol® on OS in
ADHD children, Dvofdkova et al. found that GSH
concentrations increase with Pycnogenol® treatment,
while GSSG concentrations decrease’. No indications
were made, whether GSH concentrations were elevated at
baseline. To date, no studies on GSH concentrations in
SRC 2018, November 9, 2018, The Netherlands.

ADHD children compared to neurotypical children have
been published.

DISCUSSION

Differences in concentrations of some compounds of
interest were found. This might indicate a shift in oxidative
homeostasis, as proposed by various studies investigating
OS in ADHD, to be present in ADHD patients. However
due to certain limitations, the above given results should
be interpreted with care.

While a Mann-Whitney tests assumes that the data of two
cohorts is distributed in an equivalent manner, this is not
the case for glutathione. The respective p-value should
therefore not be taken into account, when comparing the
medians of glutathione of the two cohorts.

Biomarkers need to be specific. The here investigated
lipid-soluble antioxidants are not brain or ADHD specific.
Elevated concentrations might point to increased OS
occurrence though. OS in this case needs to be generalized
unless proven ADHD-specific by additional biomarkers.
While the GSH/GSSG ratio might be indicative of an
oxidative dyshomeostasis, GSH by itself cannot be.
Therefore, correlations between GSH and the vitamin E
might be interesting to explore.

The here discussed compounds might not be diagnostic
biomarkers for ADHD in children. The concentrations of
these compounds in comparison to neurotypical controls,
however, could be of value in understanding the ADHD
pathophysiology. As proposed by Kul et al., antioxidants
might only insufficiently combat OS in children with
ADHD?® Alternative treatments such as Pycogenol® or
dietary regulation, increase antioxidant concentrations and
alleviate ADHD symptoms. This underlines the
importance of antioxidants in ADHD treatment.

Limitations

The number of samples analysed and discussed in this
bachelor thesis is small. Therefore, the results lack power
and might be prone to clustering illusion and/or
insensitivity to sample size. As the control concentrations
were obtained as part of a separate study, one cannot be
sure that the ADHD cohort and control cohort are
comparable. This might bias the outcomes. To date, only
two studies have been looking into the here discussed
biomarkers in children. Two studies have been
investigating GSH concentrations in ADHD-animal
models with contrary outcomes””*'. The comparability of
animal and human studies in neurodevelopmental
disorders is limited though. While retinol, a-tocopherol,
y-tocopherol, B-carotene, CoQ10 and GSH are known to
have neuroprotective effects, they also play important
roles in other physiological functions.



Plasma

samples or RBC samples are therefore

representative of the overall oxidative balance, not limited
to the brain. In particular, in paediatric ADHD patients a
distinction between peripheral OS and brain centred OS is
of importance due

to hyperkinesis

29,30

CONCLUSION

Most of the antioxidant concentrations investigated,
appear to be elevated in the ADHD cohort. Due to the
limitations discussed above, this observation should be
tested for reproducibility by future studies including
controls. The antioxidants discussed here, are unlikely to
become diagnostic biomarkers of ADHD. GSH included in
the GSH/GSSG ratio could, however, play an important
role as biomarker for OS. The importance of oxidative
balance and antioxidants in ADHD is highlighted by the
findings of the literature study and ascertained by the
outcomes of the investigations.

ROLE OF THE STUDENT

Ines Kathrin Weyand worked on this research as part of her
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Robberecht. The experiments were conducted under

supervision

of Annelies Breynaert. The HPLC

measurements of the ADHD-cohort were part of the

doctoral

thesis of Annelies Verlaet. The HPLC

measurements of the N-ADHD-cohort were conducted as
part of a preliminary Master thesis of Veronique Loos. The
design of the research question, data analyses and
interpretation were done by Ines Kathrin Weyand.

REFERENCES

L.

9.

Chovanové Z, Muchova J, Sivoiiova M, Dvotékova M, Zitiianova
I, Waczulikovd I, et al. Effect of polyphenolic extract,
Pycnogenol®, on the level of 8-oxoguanine in children suffering
from attention deficit/hyperactivity disorder. Free radical
research. 2006;40(9):1003-10.

Dvoidkovd M, Sivoiiova M, Trebatickd J, Skodagek I,
Waczulikova I, Muchova J, et al. The effect of polyphenolic
extract from pine bark, Pycnogenol® on the level of glutathione
in children suffering from attention deficit hyperactivity disorder
(ADHD). Redox Report. 2006;11(4):163-72.

Trebaticka J, Kopasova S, Hradecna Z, Cinovsky K, Skodagek 1,
Suba J, et al. Treatment of ADHD with French maritime pine bark
extract, Pycnogenol®. European child & adolescent psychiatry.
2006; 15(6):329-35.

Beela G, Raji V. Impact of Diet Intervention on the Attention
Deficit Hyperactivity Disorder (ADHD) Symptomatology in
School Going Children. Journal of Psychology. 2017;8(2):77-82.

Rios-Hernandez A, Alda JA, Farran-Codina A, Ferreira-Garcia E,
Izquierdo-Pulido M. The Mediterranean diet and ADHD in
children and adolescents. Pediatrics. 2017;139(2):¢20162027.

Zhou F, Wu F, Zou S, Chen Y, Feng C, Fan G. Dietary, nutrient
patterns and blood essential elements in Chinese children with
ADHD. Nutrients. 2016;8(6):352.

Spahis S, Vanasse M, Bélanger SA, Ghadirian P, Grenier E, Levy
E. Lipid profile, fatty acid composition and pro-and anti-oxidant
status in pediatric patients with attention-deficit/hyperactivity
disorder. Prostaglandins, Leukotrienes and Essential Fatty Acids.
2008;79(1):47-53.

Simsek S, Gencoglan S, Ozaner S, Kaplan I, Kaya MC.
Antioxidant status and DNA damage in children with attention
deficit hyperactivity disorder with or without comorbid disruptive
behavioral disorders. Klinik Psikofarmakoloji Biilteni-Bulletin of
Clinical Psychopharmacology. 2016;26(2):119-25.

APA. Diagnostic and statistical manual of mental disorders (DSM-
5®): American Psychiatric Pub; 2013.

SRC 2018. November 9. 2018. The Netherlands.

20.

22.

23.

24.

25.

26.

27.

28.

29.

30.

. Parker A, Corkum P. ADHD Diagnosis:As

Simple As
Administering a Questionnaire or a Complex Diagnostic Process?
Journal of Attention Disorders. 2016;20(6):478-86.

. Gelpi RJ, Boveris A, Poderoso JJ. Biochemistry of Oxidative

Stress: Springer; 2017.

. Jones DP, Sies H. The redox code. Antioxidants & redox

signaling. 2015;23(9):734-46.

. Popa-Wagner A, Mitran S, Sivanesan S, Chang E, Buga A-M.

ROS and brain diseases: the good, the bad, and the ugly.
Oxidative Medicine and Cellular Longevity. 2013;2013.

. Gatecki P, Szemraj J, Bienkiewicz M, Florkowski A, Gatecka E.

Lipid peroxidation and antioxidant protection in patients during
acute depressive episodes and in remission after fluoxetine
treatment. Pharmacological reports. 2009;61(3):436-47.

. Hellmer K, Nystrém P. Infant acetylcholine, dopamine, and

melatonin dysregulation: Neonatal biomarkers and causal factors
for ASD and ADHD phenotypes. Medical Hypotheses.
2017;100:64-6.

. Meister A. Metabolism and functions of glutathione. Trends in

Biochemical Sciences. 1981;6:231-4.

. Forman HJ, Zhang H, Rinna A. Glutathione: overview of its

protective roles, measurement, and biosynthesis. Molecular
aspects of medicine. 2009;30(1):1-12.

. Huang K-P, Huang FL. Glutathionylation of proteins by

glutathione disulfide S-oxide.
2002;64(5):1049-56.

Biochemical pharmacology.

. Ceylan M S8, Bayraktar AC, Kavutcu M. Oxidative imbalance in

child and adolescent patients with attention-deficit/hyperactivity
disorder. Progress in Neuro-Psychopharmacology and Biological
Psychiatry. 2010;34(8):1491-4.

Leffa DT, Bellaver B, de Oliveira C, de Macedo IC, de Freitas JS,
Grevet EH, et al. Increased Oxidative Parameters and Decreased
Cytokine Levels in an Animal Model of Attention-
Deficit/Hyperactivity =~ Disorder. Neurochemical Research.
2017;42(11): 3084-92.

. Motaghinejad M, Motevalian M, Shabab B. Effects of chronic

treatment with methylphenidate on oxidative stress and
inflammation in hippocampus of adult rats. Neuroscience letters.
2016;619:106-13.

Dvotdkova M, Jezova D, Blaziek P, Trebatickd J, Skodagek I,
Suba J, et al. Urinary catecholamines in children with attention
deficit hyperactivity disorder (ADHD): modulation by a
polyphenolic extract from pine bark (Pycnogenol®). Nutritional
neuroscience. 2007;10(3-4):151-7.

Zaidi SKR, Banu N. Antioxidant potential of vitamins A, E and C
in modulating oxidative stress in rat brain. Clinica Chimica Acta.
2004;340(1):229-33.

Karababa IF, Savas SN, Selek S, Cicek E, Cicek EI, Asoglu M, et
al. Homocysteine levels and oxidative stress parameters in
patients with adult ADHD. Journal of attention disorders.
2017;21(6):487-93.

Antalis CJ, Stevens LJ, Campbell M, Pazdro R, Ericson K, Burgess
JR. Omega-3 fatty acid status in attention-deficit/hyperactivity
disorder. Prostaglandins, leukotrienes and essential fatty acids.
2006;75(4):299-308.

Littarru GP, Bruge F, Tiano L. Biochemistry of coenzyme Q10.
Antioxidants in Andrology: Springer; 2017. p. 23-34.

Verlaet AA, Ceulemans B, Verhelst H, Van West D, De Bruyne T,
Pieters L, et al. Effect of Pycnogenol® on attention-deficit
hyperactivity disorder (ADHD): study protocol for a randomised
controlled trial. Trials. 2017;18(1):145.

Kul M, Unal F, Kandemir H, Sarkarati B, Kilinc K, Kandemir SB.
Evaluation of oxidative metabolism in child and adolescent
patients with attention deficit hyperactivity disorder. Psychiatry
investigation. 2015;12(3):361-6.

Sezen H, Kandemir H, Savik E, Basmaci Kandemir S, Kilicaslan
F, Bilinc H, et al. Increased oxidative stress in children with
attention deficit hyperactivity disorder. Redox Report.
2016;21(6):248-53.

Wiecek M, Maciejczyk M, Szymura J, Szygula Z. Changes in
oxidative stress and acid-base balance in men and women
following maximal-intensity physical exercise. Physiological
research. 2015;64(1)



