Oxidative stress and Down syndrome. Do antioxidants play arolein therapy?
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Summary

Oxidative stress is a phenomenon associated withalance between production of free
radicals and reactive metabolites (e.g. superoairkehydrogen peroxide) and the antioxidant
defences. Oxidative stress in individuals with Dosyndrome (DS) has been associated with
trisomy of the 21 chromosome resulting in DS phenotype as well ath warious
morphological abnormalities, immune disorders, liettual disability, premature aging and
other biochemical abnormalities.

Trisomy 21 in patients with DS results in increagedivity of an important antioxidant
enzymeCu/Zn superoxide dismutase (SOD) which gene iatéat on the 21 chromosome
along with other proteins such as transcriptionidiaEts-2 stress inducing factors (DSCR1)
and precursor of beta-amyloid protein responsibletlie formation of amyloid plaques in
Alzheimer disease. Mentioned proteins are involuedhe management of mitochondrial
function, thereby promoting mitochondrial theoryagfing also in people with DS.

In defence against toxic effects of free radicatsl #heir metabolites organism has built
antioxidant defence systems. Their lack and reducedtion increases oxidative stress
resulting in disruption of the structure of impartdiomolecules, such as proteins, lipids and
nucleic acids. This leads to their dysfunctionetihg pathophysiology of organs and the
whole organism. This paper examines the impactmioxidant interventions as well as
positive effect of physical exercise on cognitiveldearning disabilities of individuals with
DS. Potential terapeutic targets on molecular lefeelidative stress markers, gene for
DYRK1A, neutrophic factorBDNF) after intervention of natural polyphenols areoals

discussed.
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Down syndrome (DS) is a genetic disorder associated with trisomy 2Zlthough
pathological mechanisms leading to DS phenotypesiat known yet, it is obvious that the
presence of the third chromosome 21 is respondibie altered development during
embryogenesis and organogenesis (Sustepa 2004). It is still unclear how the additional
chromosome 21 interferes with normal developmemiatesses and which structural changes

are formed in foetus.

Oxidative stress is a phenomenon that is often discussed in commmeatith many diseases,
such as atherosclerosis and cardiovascular diseasesodegenerative diseases, rheumatoid
arthritis, diabetes mellitus, cancer and mentadrdisrs. Oxidative stress is also considered as
one of the main causes of agimQxidative stress is defined as an imbalance between
production of free oxygen and nitrogen radicals)(BRd their reactive metabolites (RM) on
the one hand, and on the other hand, by the abilitige organism to eliminate toxic action of
these FR and their RM. This imbalance in favorhef RM leads to the oxidative modification
of important biomolecules such as lipids, proteansl nucleic acids, resulting in the damage
or change of the function of several organs orwhele organism. Free radicals including
superoxide anion radical (abbreviated as supero®idg trigger formation of a number of
new FR or RM such as the most toxic hydroxyl radi¢@H), singlet oxygen*Q,), and

hydrogen peroxide (¥D.) (Fig. 1).

Initially, the FR and RM were assumed to have amdgative functions in the organism.
However, now it is known that some of them playimportant role in certain physiological
processes, e.g.0 and HO, are part of the myeloperoxidase microbicidal systef

phagocytic cells during phagocytosis. In additiéiR and RM are involved in several
oxidation, hydroxylation and carboxylation reacsafuring detoxification of the organism, in

peroxidase reactions during fertilization of eggssperms or in prostaglandin reactions. It is
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currently accepted that under certain circumstafkéesand RM as well as weak or moderate
oxidative stress play an important regulatory raléransduction of information within cells

(signaling pathways) and between cells, which #ffeseveral biological functions such as
apoptosis (cell death), proliferation, differentat (realization of genetic information), repair

systems (repair of damaged molecules) and oiberatkova 2010).

However, FR and RM can become toxic during uncdeticformation causing damage to
lipids, cell membranes as well as lipoproteinshea periphery. They are also detrimental to
proteins, they modify function of hormones and ptoes and activity of enzymes. Oxidative
damage to nucleic acids results in mutations of Ddé&es which might lead to initiation of

cancer.

Figure 1. Mutual conversion of free radicals areliitmetabolites

Against FR and RM toxicity organisms have builtetefe mechanisms operating on three

levels:

a) systems preventing formation of FR and RM (e.gopallinol is an inhibitor of the
enzymexanthine oxidaseatalyzing formation of superoxide and uric acwhi xanthine
and hypoxanthine);

b) antioxidants are molecules that scavenge and daimialready formed FR and convert
them into non-radical and non-toxic molecules;

c) if antioxidant protection fails and biomoleculegpids, proteins and nucleic acids) are
damaged, repair systems detect the damaged maeanderestore or degrade them (e.g.
DNA with repair endonucleases, damaged lipids Mippases, damaged proteins with

proteasoms).



Antioxidants from biological point of view are substances thatow concentrations can
prevent oxidation of important biomolecules andstieliminate toxic effects of FR and RM
by generation of non-toxic products. In the organtbere are present either high molecular
weight antioxidants (enzymatic e guperoxide dismutaser non-enzymatic e.g. transferrin)
or endogenous low molecular weight antioxidantg,(glutathione, uric acid). Exogenous
antioxidants, e.g. vitamins C and E or natural dlasids (e.g. catechin, quercetin) and
polyphenols (e.g. resveratrol) (Table 1) also digantly contribute to the antioxidant defence

of the organism.

The most important antioxidant enzymes includedtsyme superoxide dismutase (SOD),
which occurs in the body in three isoforms: Cu/ZOCs- intracellular dimeric enzyme
containing Cu and Zn ions in the active centreo(ddbeled as SOD-1), extracellular Cu/Zn
SOD has the same ions in the active centre buerdift tetrameric apo-enzyme and
mitochondrial also tetrameric Mn SOD (SOD-2) conitagy Mn ion in the active centre. SOD
catalyzes dismutation of superoxide to non-raditalecules, oxygen and hydrogen peroxide.
Paradox of this reaction is generation of the neamful oxidant, hydrogen peroxide.
Organism is, however, a wise system containing dther enzymesglutathione peroxidase
(GPx) andcatalase(CAT), which can decompose hydrogen peroxide tpger and water
(Fig. 2). Therefore it is very important to have tght ratio between activities of SOD and

(GPx + CAT)together.

Although pathological mechanisms leading to DS plygres are not known yet, it is obvious
that the presence of the third chromosome 21 soresble for altered development during
embryogenesis and organogenesis (Sustrova e0@l).2How the additional chromosome 21
influences normal developmental processes in tleu$o of trisomic individuals is still

unknown.



It has long been assumed that increased activitgeoenzyme Cu/Zn SOD contributes to the
Down syndrome pathology. The gene for this enzyméocated on the distal part of the
chromosome 21 (Taat al 1973). This gene has been used as a molecul&kemimr DS
(Duratkova 2004). Patients with DS have 150 % activitthe enzyme Cu/Zn SOD resulting
in increased production of,B, as well as in an imbalance in the superoxide aunagons
leading to disorders in microbicidal systems andnimity (Sustrova and Sarikova 1997).
Slow degradation of hydrogen peroxide due to thedotivity of catalaseand not sufficiently
increased GPx activity leads to disturbed rati®®D/(GPx + CAT) (Muchovét al 2001).
These changes result in changed redox state of (€&dlraiovéet al 2004) and in modulation
of signal transduction pathways affecting cell apsjz (Monti et al 1992), immune
processes and activities of repair systems (Subba)2 Furthermore, increased expression
and activity of SOD leads to an imbalance in thecemtration of metal ions, especially Cu
and Zn. It was found that also antioxidant elensehénium is at insufficient concentrations in

DS individuals (Kadrabovaét al. 1996, Meguicet al 2001)

Figure 2.Cu/Znsuperoxide dismutag®&OD) function in the organism

Increased oxidative stress in DS individuals hasnbeonfirmed in multiple studies. An

increased concentration of uric acid and its noysphogical metabolite allantoin was found
in individuals with DS (Zitanovéet al. 2004), as well as the marker of oxidative damage

proteins (protein carbonyls), but the marker ofdexive damage to lipids (4-hydroxynonenal)
was unchanged (Zianovaet al 2006). Disorder in the level of reduced glutatigipan

important redox marker, was found in individualghiDS, along with increased production



of the marker of oxidative damage to lipids, maiaitkehyde and marker of aging, lipofuscin

in erythrocytes and serum of children with DS (Moxhet al 2007).

Oxidative stress affects the number of process&Sipatients (Kedziora and Bartosz 1988).

Especially it affects:

- Immunity - increased activity of Cu/Zn SOD traps also sapiele necessary for the proper
functioning of microbicidal systems and generates irgcreased concentration of,®)

affecting mainly the immune response through modiion of signaling pathways in
activation of phagocytosis. Increased activity af/Zh SOD is involved in impairment of
neutrophil functions, mainly in the decrease ofrthactericidal activity, which is the reason

of increased tendency of DS individuals to bacténi@ctions (Sustrova 2007).

- It increases the risk of cancer — increased DNA damage was found in urine andoediu
ability of the DNA repair in children with DS (Monaec et al 2008). Zanaet al (2006)
unlike Morawiec found no difference in repair afyilof DNA, probably because of the small
number of subjects involved in the study (7 childeexd 18 adults). Presence of an additional
chromosome may contribute to genomic instabilithiock might be the reason of higher
sensitivity of DS patients to cancer disease, paldrly leukaemia.

- It affects mental development - people with DS were found to have a positivaaation
between GPx activity and 1Q and a negative colmldbetween GPx and the marker of lipid
peroxidation as well as lipofuscin formation (Wel€84). On the other hand, disturbed ratio
of SOD/GPx is associated with reduced ability tormogze (Strydonet al. 2009).

- Premature aging — for a long time it has been assumed that theeased production and
activity of Cu/Zn SOD is responsible for changirge tredox potential of cells and pro-
oxidation state of patients with DS as well asnf@any pathological features. Later on, several

disorders in mitochondrial enzyme activities wesarfd as well as the impairment of repair
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system of oxidatively damaged mitochondrial DNA. iAdividuals with DS show premature
signs of aginginterest has turned to the study and review edchiondrial theory of aging in

relation to DS.

Mitochondria of the aging cells are characterized bincreased productiomf RM and
accumulation of productsf oxidativedamageo mitochondrialDNA in particular(Pallard6
et al 2010) as well asby dysfunction of mitochondrialespirationand reduction oénergy
generation ig. 3). Increased activity o€u/Zn SOD producingan increasedoncentration of
H,O, contributes also ot mitochondrial dysfunction which leads to thedamage to
mitochondrialmembranedamage to mitochondrigloresfor passage o€&* ions and to the
respiratory chairdysfunctionand reductionof energy Triplet genefor Ets2 transcription
factorlocated on trisomic chromosome 2ibdulatesignaling pathwayscreasingapoptosis
of nerve cells. Increasegenedosageof another trisomic genBSCR1 (Down syndrome
critical region) produces grotein thatinhibits the phosphatasealcineurinparticipatingin
several signaling pathwayBSCR1is increasedn the brainof individualswith DS andit is
assumed that iaffects theDS phenotypeand also inhibits the function of mitochondria
(ChangandMin 2005) On trisomic chromosome 21 there is also locatgére forAPP/A
beta— a precursor ofbetaamyloid protein gives rise to3-amyloid from which 3-amyloid
sheets andneurofibrillary tangles are formed These processesre the basisof
pathophysiology oAlzheimer diseas@AD) thatoccursin DS individuals at an earlier age
comparisonto healthy peoplgLott et al. 2006) Since thefunction of mitochondriais
associated wittoxygen metabolism and also with the formation gbesoxide on the one
hand, andon the other handisorderin mitochondrial functiongs reflectedin the redox

imbalanceesulting in theoxidative stresgPaganandCastell02012).



Figure 3. Down syndrome and aging (adapted acoptdih.ottet al. 2006)
Ets-2 - transcription factor, DSCR1- gene for "Dasymdrome critical region”,

APP - precursor for beta amyloidtpio

Effects of antioxidants on oxidative brain damageenbeen investigated in several studies on
canine animal model of aging. It was found thaeraft and 6 months of administration of
D,L-a-tocopherol, carnitine, D,l-lipoic acid, ascorbic acid and other dietary axitlants
ability of spatial attention was improved (Cotmeinal 2002). In earlier studies examining
effects of antioxidant elements on DS pathophysgipla@ontroversial results were obtained.
Zinc (25-59 mg/day) administered for 6 months hadeffect on lymphocyte functions, but
daily cough subsided (Lockitcat al 1989). Selenium (10 pg/kg/day) administered for 6
months increased levels of IgG and decreased iafec{Anneréret al 1990) and a dose of
25 pg/kg/day administered for 0.3 to 1.5 yearsdased activity of GPx and reduced
SOD/GPx ratio. Supplementation with megavitamin tomes together with minerals had no
significant effect, on the contrary, such megavitemadministration is not currently
recommended. Lo#t al (2011) daily administered-tocopherol (900 1U), ascorbic acid (200
mg) anda-lipoic acid (600 mg) to 53 individuals with DS aAd for two years. The authors
found no impact of antioxidants on cognitive funo8 compared to the placebo group (Lott
2012).Similar results were obtained in a study with 156 ¢hildren who were supplemented
with antioxidants, including reduced form of folcid (Elliset al. 2008). At present, reasons
of the relative failure of antioxidant interventsrs not known, despite undoubted evidence
of the presence of oxidative stress in individualth DS. Whether it is an inappropriate

choice of antioxidants, inadequate dose or duratdbnadministration remains under



investigation. Promising results were observed winddative stress in people with AD was
affected by physical exercise as well as in expenital animal model with a positive impact
on learning and memory and on reduction of markédgpid peroxidation (Berchtolet al
2010, Littbrancet al 2011, Zambranet al 2009). These results confirm an important role of
physical exercise in the function of "physical artilant” Ouratkova 2010) with potential

widespread use in children and adults with DS (fotdret al. 2011).

Another promising antioxidant for reduction of oaitve stress in DS individuals seems to be
the coenzyme Q10 (CoQ) (mitochondrial nutrient), even though it slea no significant
clinical results when administered alone (besidbition of statin-induced myopathy) (Caso
et al. 2007). Tiano and Buscigli@®011) investigated effects of CoQ on oxidative DNA
damage. They supplemented DS children with CoQ ¢/kgiday) or placebo for 6 or 20
months and found the effect of age on DNA damagehé younger age group (5-12 years)
CoQ inhibited oxidative damage to DNA pyrimidinesdain the age group of 13-17 years
oxidized purines were reduced. CoQ might not ad @asmary antioxidant, but it interferes

with the modulation of repair systems of the dandagslA.

Furthermore, CoQ regulates permeability of mitocr@ pores, thereby reducing the
negative impact of increased calcium transport mitmchondria (Chaturvedi and Beal 2008,
Mancusoet al 2010). A study finished just recently, reportetproved language skills after

CoQ administration (Miles 2013, www.clinicaltrials.gov/ct2/show/NCT0089191L7

Furthermore, CoQ supplementation reduces energyficisncy and destabilizes formation
of beta-amyloid fibrils (Onaet al. 2005). More perspective appears administratioCof
with other agents, such as creatine and lipoic arid other substances (mitochondrial

cocktail) (Rodriguezt al. 2007, Palackat al 2010, Tarnopolsky 2008).
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Table 1 Overview of the most important antioxidants

Recently, there appeared also studies demonstrdtieg positive effect ofnatural
polyphenolic compounds on cognitive functions. It was found that polypbknpresent in
green tea modulate activity of kinase DYRK1A (dusecificity tyrosine - phosphorylation
regulated kinase 1A). It was found that the mospartant polyphenol belonging to the
catechins group of flavonoidspigallocatechin-3-gallate (EGCG$ an inhibitor of DYRK1A
(Pons-Espinakt al. 2013). DYRK1A gene is located on chromosome 2is hssumed that
the increased expression of the gene for DYRK1Aitnuhcreased activity is associated with
cognitive deficits in people with Alzheimer disea@&D) and might be associated with
learning disability characteristic of individualstivDS (de la Torre and Dierrsen 2012). One
of pharmacological approaches for treating cogaitoeficits is based on these facts.
Inhibition of DYRKZ1A function could alleviate sewarprocesses such as neurodegeneration
in patients with AD, as well as in DS individuaRharmacological use of the most effective
DYRKZ1A inhibitor, alkaloid harmine 1a, has been limited for its significant side effects.
However, researchers have focused also on otherah@nd synthetic substances which act

on the principle oDYRKZ1A inhibition (Smithet al 2012).

Another potential therapeutic target is the neogiic factor BDNF (Brain Derived
Neurotrophic Factor), a protein formed in the bramd involved in promoting the growth of
neurons, synaptic plasticity and survival of negrdKlein et al 2011). Increased gene
expression of BDNF protein was achieved after adstration of curcumin lipophilic

polyphenol substance able to cross the blood-tramer (BBB). Similarly, consumption of
green tea containing EGCG increased the levels DPNB and correlated well with

improvement in cognitive functions in several sagdin China and Japan (Gomez-Pinilla and
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Nguyen 2012).Melatonin is pineal indoleamine, a hormone, also knownNascetyl-5-
methoxytryptamine found in humans, animals, micsoaed plants. In animals and humans,
melatonin levels vary during the daily cycle. Itirssolved in regulating the sleeping and
waking cycles. It exhibits strong antioxidant aim$. Melatonin has been to reduce
neurodegenerative processes and improve cognitefecitd in various animal models.
Corraleset al (2013) have found that melatonin administratiaghthimprove the cognitive
abilities of Ts65Dn and also control mice by redgcthe age-related degeneration of basal
forebrain cholinergic neurons. In human study noglet was analysed in serum and
tryptophan metabolites in urine of 15 children will$ together with 15 controls. Lower
levels of melatonin in serum and urinary kynurenimetabolite of amino acid tryptophan)
were determined in patients with DS, although #eel of nocturnal secretion of melatonin

was higher (Uberost al. 2010).

As stated above, physical antioxidari) physical activity and regular exercise have atpas
impact on cognitive functions. Cotman and Enge€ssar (2002) found increased BDNF
gene expression in animal experiments dependingnoreased physical activity during
voluntary wheel running. Similarly, in addition televated levels of BDNF in animal
experiments Cotman and Berchtold (2002) using kighsity oligonucleotide microarray
analysis found that exercise mobilizes expressiogeaes predicting improvement of brain
plasticity processes. In 15 young volunteers Fetre. (2007) found increased serum BDNF,
as well as improvement in cognitive functions aftbysical exercise during graded exercise
test by determination of VOmax and ventilatory threshold on a cycle ergometéese
results implicate that regular exercise and physctvity should be prescribed to improve

neurological health.
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In conclusion, oxidative stress is involved in tpathophysiology of Down syndrome,
although defence of the organism against its toxisiamazing. Controlled supplementation
with antioxidants, physical activity and regulareesise could be used to improve the

cognitive function and comprehensive benefit ofdeavith DS.
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Table 1. Overview of the most important antioxigant

Endogenous and exogenous antioxidants

High molecular weight L ow molecular weight

» Superoxide dismutase (SOD) Uric acid

* Glutathione peroxidase (GPx) Ascorbic acid (vitamin C)

» Catalase (CAT) * Lipoic acid

« Albumin * Glutathione (GSH)

* Transferrin » Tocopherol (vitamin E)
» Metalothioneins e Coenzyme Q (CoQ)

» Polyphenols / Flavonoids

Figure 1. Mutual conversion of free radicals arglrtinetabolites
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Figure 2.Cu/Znsuperoxide dismutag&OD) function in the organism
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Figure 3. Down syndrome and aging (adapted accgtdihott et al., 2006)
Ets2 - transcription factor, DSCR1- gene for "Down drame critical region”,

APP - precursor for beta amyloidtpito
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