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ABSTRAKT

Jednobunécna gelova elektroforéza neboli kometovy test je metoda
umoznujici detekovat poskozeni DNA a v kombinaci s enzymy excisni opravy
odhaluje i oxidacni poskozeni DNA. V prvni casti prace byla pomoci této
metody analyzovana inefektivni krvetvorba u pacientll s méné pokrocilymi
subtypy MDS. Refrakterni anémie (RA) vykazovaly oproti kontroldm vyssi
instabilitu DNA v bunkach kostni dfené (k.d.) a rozsah fragmentace DNA
koreloval s periferni cytopénii. U pacient s RA s véneckovymi sideroblasty
(RARS) vsak takovy vztah prokazan nebyl, i kdyZ hladiny zlomd v DNA vyrazné
prevysovaly i hodnoty detekované u RA. Obé skupiny pacientl mély také v k.d.
vysoké hladiny oxidacniho poskozeni DNA, jeho rozsah vsak nekorespondoval
ani s hladinami sérového ferritinu, ani s cytopénii ¢i pfidruzenym zanétlivym
onemocnénim. Tyto vysledky naznacily, Ze oxidacni poSkozeni DNA sice neni
hlavni pFi¢inou rozsahlé apoptdzy bunék v k.d. pacientd s MDS, nepochybné
vsak prispivd k instabilité genomu a progresi onemocnéni.

V dalsi casti prace byl kometovy test vyuZit pfi analyze vlivu znecisténého
ovzdusi a genetickych polymorfisml na poskozeni DNA, lipidl a protein(
fidicd méstskych autobusl a zaméstnancl garazi. Obé skupiny mély zvysené
hladiny DNA-SB a oxidacniho poskozeni proteini oproti kontrolam, zvysena
peroxidace lipid( byla zaznamenana pouze u fidica. Vyskyt oxidovanych bazi
v DNA koreloval s expozici benzénu. Pfitomnost alesponi jedné mutantni alely
hOGG1 (Cys) v genotypu zvysSovala riziko oxida¢niho poskozeni DNA, zatimco
homozygoti s XPD23 (GIn/GIn) byli v porovnani s nositeli standardni alely
nachylnéjsi k indukci DNA-SB. Jako hlavni pficina zvySené oxidace protein( a
lipid0 byly identifikovany karcinogenni polycyklické aromatické uhlovodiky (k-
PAU). Riziko oxidaéniho poskozeni lipidd nepfiznivé ovliviioval vyssi vék a
zvysené hladiny LDL cholesterolu, zatimco vysoké hladiny vitaminu C mély
protektivni efekt.

V posledni ¢asti  prace byly studovany biologické Ucinky raznych
supeparamagnetickych nanocastic oxidli Zeleza na lidské kmenové buriky k.d.
ziskané od dvou darcl. VSechny typy nanodastic bez ohledu na jejich
povrchovou Upravu indukovaly v burikdch poskozeni DNA a dlouhodoby
oxidacni stres, a to i v pfipadech, kdy klasické testy na viabilitu a bunécnou
smrt nenaznacovaly zadné Skodlivé Gcinky. Absence akutnich toxickych ucinkd
tak nezaruCuje bezpecCnost testovanych nanocastic pro biomedicinské
aplikace.



ABSTRACT

Single cell gel electrophoresis or comet assay combined with enzymes of
excision repair is a method for measuring DNA strand breaks and oxidative
damage. Using this approach we analysed ineffective hematopoiesis in
patients with low-risk MDS. Refractory anemia (RA) exhibited a higher DNA
instability in bone marrow cells when compared to controls and the extent of
DNA fragmentation correlated with cytopenia. No similar relationship was
observed in RA with ring sideroblasts (RARS), although the levels of DNA
breaks markedly exceeded even the values detected in RA. Both groups of
patients also showed high levels of oxidative damage to DNA. However, there
was no clear relationship to the levels of serum ferritin, cytopenia or
associated inflammation. This suggested that the oxidative DNA damage per
se is not responsible for extensive apoptosis in low-risk MDS. In any case, it
undoubtedly contributes to genome instability and disease progression.

The second part of thesis was aimed to the impact of air pollution and genetic
polymorphisms on oxidative damage to DNA, lipids and proteins of city bus
drivers and garagemen. Both groups exhibited a higher level of DNA breaks
and oxidative damage to proteins than the controls, while an increased level
of lipid peroxidation was detected only in bus drivers. The incidence of
oxidized DNA lesions correlated with exposure to benzene. The carriers of at
least one variant hOGG1 (Cys) allele tended to higher DNA oxidative damage
than those with the wild genotype, while XPD23 (GIn/GIn) homozygotes were
more susceptible to the induction of DNA strand breaks. Oxidative damage to
lipids and proteins was associated with exposure to carcinogenic polycyclic
aromatic hydrocarbons. Advanced age and high levels of LDL cholesterol
increased the risk of lipid peroxidation while the high levels of vitamin C had
protective effect.

In the last part of thesis, the biological effects of several superparamagnetic
iron oxide nanoparticles (SPIONs) were tested using human bone marrow
stem cells from two donors. Regardless of their surface coating, all types of
SPIONs induced high levels of DNA damage and long term oxidative stress in
cells from both donors. In contrast, the standard tests on cell viability and cell
death demonstrated harmful effects of nanoparticles only in cells from one
donor. Hence, the absence of acute toxic effects does not warrant the safety
of nanoparticles for biomedical applications.



uvoD

Jednobunécna gelova elektroforéza (SCGE; single cell gel electrophoresis)
neboli kometovy test (comet assay) je metoda, kterda umoznuje detekovat a
kvantifikovat zlomy v DNA na udrovni jednotlivych bunék. Tyto zlomy mohou
vznikat v dlsledku pfimé interakce genotoxickych latek s DNA nebo v prabéhu
opravy vzniklych lézi, kdy jsou poskozené bdze z DNA odstrafiovany.
NeUspésnd nebo chybna oprava pak zpravidla vede ke spusténi apoptotického
procesu, jehoZz exekucni faze je rovnéz charakterizovdna Stépenim DNA na
specifické fragmenty. Kromé zlomd jsou castym vysledkem plsobeni
genotoxickych agens na DNA modifikace bazi. Pro zvySeni citlivosti a specifity
kometového testu jsou proto pouzivany specifické enzymy opravnych drah,
vykazujici aktivitu proti uréitym typldm lézi. Tyto enzymy jsou zpravidla
aplikovany na nukleoidy po plsobeni lyzujiciho roztoku a vysledkem jejich
aktivity je vznik zlomu v misté poskozené baze (Dusinska a Collins, 2008).

Pti detekci apoptotického Stépeni DNA vyvolaného radiaci v linii lidskych
lymfoblastoidnich bunék TK6 se jevil kometovy test citlivéjSi neZz klasické
barveni apoptotickych bunék Hoechstem 33342 (Olive et al, 1993b).
V burikdch CHOK 1 odhalil kometovy test apoptdzu vyvolanou stauroporinem
pozdéji nez annexin V, ale dfive neZz TUNEL (TdT-mediated dUTP Nick End
Labeling). Buriky v pozdnich stadiich apoptdzy charakerizované simultannim
znacenim annexinem V a propidium jodidem v3ak kometovy test, na rozdil od
metody TUNEL, nedetekoval (Goddard et al, 1999).

Vsoucasné dobé je kometovy test hojné vyuZivan v genotoxikologii,
predevsim pfi testovani novych lékl, kosmetickych pripravkd a dalSich
chemikalii s potencidlné karcinogennim ucinkem. Dalsi oblasti jeho vyuZiti je
biomonitoring pfi hodnoceni rizika poSkozeni DNA po profesionalni nebo
environmentalni expozici Skodlivym l[atkdm. V tomto pfipadé jsou kometovym
testem vySetfovany biologické vzorky (nejcastéji periferni leukocyty) odebrané
jedincm Zijicim ve znedisténych oblastech ¢i pracujicim v rizikovych
provozech a vysledky jsou porovnavany s hladinami poskozeni DNA zjisténymi
u kontrolnich osob scilem identifikovat a minimalizovat rizikové faktory.
Alternativnim pfistupem muiZe byt testovani skodlivych ucinkl latek
znecistujicich urdité prostredi na vhodnych bunéénych liniich v podminkach in
vitro. (Mgller et al, 2000).



Kometovy test je také Casto vyuzivan pfi studiu vlivu urcitych onemocnéni na
kvalitu DNA, pfi vyzkumu individudIni variability napt. v kapacité opravnych
mechanisml DNA nebo pfi monitorovani zmén vyvolanych dietnimi zasahy,
napr. podavanim antioxidant( (Collins et al, 2014). Dalsi velkou oblasti vyuZiti
kometového testu je ekogenotoxikologie, kde je sledovan vliv faktor(
Zivotniho prostredi na geneticky material divoce Zijicich organismu, popft. jsou
monitorovany zmeény v hladinach poskozeni DNA v souvislosti se zménami
ekologickych  podminek (Mgller, 2005). S postupujici komercializaci
nanotechnologickych produktl dramaticky nardsta i expozice lidské populace
nanocasticim. S tim vyvstava i akutni potfeba hodnoceni jejich toxického a
genotoxického potencidlu Srovnavaci studie potvrdila, Zze kometovy test je —
pfi dodrZeni standardniho protokolu — vhodnou metodou i k méfeni
genotoxicity nanocastic (Karlsson et al, 2015).

Zvysené hladiny poskozeni DNA a neefektivni opravné mechanismy hraji
dlleZitou roli v patogenezi celé fady Zivot ohroZujicich onemocnéni jako jsou
nadory a degenerativni choroby. Velkou vyhodou kometového testu pfi
klinickych aplikacich jsou nejen nizké naroky na mnoiZstvi analyzovaného
materialu, ale také mozZnost vyuZit celou $kalu bunéénych typd. Kometovy test
byl jiz vyuZit ke stanoveni proporce hypoxickych bunék v nddoru ve snaze urcit
optimalni terapeutické davky zareni (Olive et al, 1996). Dalsi variantou bylo
monitorovani poskozeni DNA u onkologickych pacientl v pribéhu lécby
k posouzeni efektivity terapie <¢i doporuceni zmén individualniho
terapeutického reZzimu podle aktualniho stavu pacienta. Sledovano bylo
poskozeni DNA v lymfocytech pacientll s nddorovym onemocnénim a jejich
zdravych pfibuznych (Rajeswari et al, 2000). V souvislosti s moznosti
vyhledavani jedincl s predispozici ke kancerogenezi je u onkologickych
pacientll pomoci kometového testu studovana i ucinnost opravnych
mechanismt DNA (napf. Herrero et al, 2015), popf. jsou tito jedinci
identifikovani ve zdravé populaci na zakladé analyzy asociaci mezi genetickym
polymorfismem v genech kédujicich opravné enzymy a uUcinnosti opravy
radiacniho a oxidaéniho poskozeni DNA (Vodicka et al, 2007). Velky ohlas
z hlediska klinickych aplikaci ziskal kometovy test také v oblasti reprodukéni
mediciny pfi hodnoceni integrity DNA ve spermiich (Gunasekarana et al,
2015).



CiLE STUDIE

Prace je zaloZena na vyuZiti kometového testu v hematologii, biomonitoringu
a nanotoxikologii.

(A) V hematologické problematice byla pozornost vénovana
myelodysplastickym syndromim (MDS), nebot soucasné poznatky naznaduiji,
Ze oxidacni stres, ziskané léze DNA a ucinnost opravy DNA hraji dileZitou
Ulohu v patogenezi a klinickém priibéhu téchto onemocnéni. Zaméfili jsme se
pfitom na pacienty srefrakterni anémii (RA) a refrakterni anémii
s véneckovymi sideroblasty (RARS), tj. subtypy s vysokou hladinou apoptdzy
v k.d., s nasledujicimi cili:

v" porovnat hladiny nespecifického (DNA-SB) a oxidaéniho poskozeni
DNA v erytroidni (glykoforin A+) a myeloidni (glykoforin A-) frakci k.d.
pacientl s RA, RARS a kontrolnich jedinct

v detekovat pfipadné rozdily mezi obéma subtypy MDS

v' ovéfit, zda vysledky kometového testu koreluji s klinickym stavem a
laboratornimi nalezy pacientl

(B) V oblasti biomonitoringu byl kometovy test pouzit pti hodnoceni poskozeni
DNA v lymfocytech fidi¢li autobust prazské hromadné dopravy, zaméstnancl
garazi a kontrolni skupiny s cilem:

v’ stanovit rozsah nespecifického (DNA-SB) a oxidaéniho poskozeni DNA
v jednotlivych  skupindch ve vztahu kpersondlni expozici
kontaminantam ovzdusi

v' porovnat vysledky kometového testu se stanovenim hladin 8-oxodG
v moci sledovanych osob a biomarkery oxida¢niho poskozeni lipidl a
protein(

v identifikovat vliv genetickych a negenetickych faktord na hladiny
poskozeni DNA

(€) VoOddéleni neurovéd UEM AV CR se dlouhodobé vénuji vyzkumu
zaméfenému na vyvo] terapeutickych postupld usnadniujicich zotaveni
centradlniho nervového systému po traumatickém poranéni, ischémii nebo
degenerativnich onemocnénich. Pfitom jsou vyuzivany kmenové bunky k.d.
znacené superparamagnetickymi nanocasticemi oxidG Zeleza (SPIONy), coz



umoznuje sledovani téchto bunék v organismu pomoci magnetické resonance
(MRI). Pozornost je také vénovana syntéze novych typl SPIONU a analyze
jejich povrchovych a morfologickych charakteristik, nebot je nezbytné zajistit
nejen optimalni U¢innost znaceni pro MRI, ale i bezpeénost nanocdstic pro

biomedicinské aplikace. V rdmci této problematiky byl kometovy test pouZit
s cilem:

v stanovit hladiny nespecifické fragmentace (DNA-SB) a oxida¢niho
poskozeni DNA, proteinll a lipidd v lidskych mesenchymalnich
kmenovych burikdch k.d. znacenych SPIONy s rlznou povrchovou
Upravou a porovnat s vysledky ziskanymi v neznacenych burikach

v’ identifikovat nejperspektivné;jsi typ SPIONG pro klinické aplikace



MATERIAL & METODY

Odbér vzorka.

Zdrojem bunék pro analyzu poskozeni DNA u pacientd s MDS a pro studium
biologickych ucinkd magnetickych nanocastic byly aspiraty kostni dfené (k.d.).
Vzorky rozmichané v IMDM médiu (Iscove’s Modified Dulbecco’s Medium,
Sigma, Némecko) byly udrZovany pfi teploté 4°C az do dalSiho zpracovani
(maximalné 24 hodin).

Pro studii z oblasti humanniho biomonitoringu byly odebirdany vzorky moci a
heparinizované krve od fidi¢d autobus(l pracujicich vcentru Prahy a
zaméstnancl garaZi, vidy po ukonceni monitoringu personalni expozice.
Kontrolni skupinu tvofili administrativni pracovnici Dopravniho podniku Praha.
Po odbéru byly vzorky kddovany a prepraveny pfi 4°C k dalSimu zpracovani.

Zpracovani vzorka

Izolace mononukledrnich bunék

Z k.d. i pIné krve byly mononuklearni buniky (MNC) separovany centrifugaci na
hustotnim gradientu Histopaque-1077 nebo Ficoll-Paque Plus podle pokyn(
vyrobce (Sigma, Némecko).

Separace erytroidni a myeloidni frakce k.d.

K separaci erytroidnich a myeloidnich bunék k.d. bylo pouZito znaceni
magnetickymi kulickami s navazanou protildtkou proti glykoforinu A. Oddéleni
znacené (erytroidni) a neznacené (myeloidni) frakce bylo provedeno pomoci
separacni kolony na separatoru MACS podle pokynl vyrobce.

MNC ziskané zplné krve byly pro ucely kometového testu naredény
v zamrazovacim médiu a skladovany pfi -80°C (Novotna et al, 2007).

Kometovy test

PouZzita byla alkalicka verze kometového testu s enzymy Endolll a Fpg (Sigma,
Némecko) pro detekci oxidacniho poskozeni DNA (Singh et al, 1988; Collins
2004, Novotna et al, 2007).

Dalsi metodiky
Kultivace a znacdeni bunék lidskych mesenchymalnich kmenovych bunék k.d
magnetickymi nanocasticemi (Turnovcova et al, 2009)



U&innost znageni bun&k magnetickymi nano&asticemi — stanoveni procenta
bunék s modre obarvenou cytoplasmou (Pruska modf) jako
prikaz pfitomnosti Fe

Viabilita bunék — WST-1 colorimetric assay zaloZzeny na schopnosti
mitochondridlnich dehydrogendz Zivych bunék Sstépit
tetrazoliovou sul 4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-
5-tetrazolio]-1,3-benzen disulfonat na ve vodé rozpustné
formazanové barvivo

Bunécéna smrt — znaceni bunék Annexin V/propidium jodidem podle pokyn(
vyrobce

Stanoveni individualnich expozic k-PAU — personalni samplery vybavené filtry
k zachyceni PM 2,5 (Binkova et al, 2007), expozice mérena
48 hod, kvantitativni chemicka analyza k-PAU provedena
podle metody EPA (EPA Report 1999) v certifikované
laboratofi ALS, Praha, CR

Stanoveni individudlnich expozic tékavym latkdm — personalni samplery
Radiello®(Supelco, PA, USA), expozice mérena 24 hod,
analyza provedena kapilarni plynovou chromatografii
v certifikované laboratofi ALS, Praha, CR

Stanoveni 8-oxodG v moci — kompetitivni ELISA (Yin et al, 1995;. ROssner et al,
2007)

Stanoveni peroxidace lipid( — F,-IsoP immunoassay kit, podle pokyn( vyrobce

Stanoveni oxidace proteinli — protein carbonyl assay, nekompetitivni ELISA
(Buss et al, 1997; Marangon et al, 1999; Rossner et al,
2007)

Genotypizace polymorfisml — PCR (polymerdzova retézova reakce) a RFLP
(polymorfismus délky restrikénich fragmentl) (Binkova et
al, 2007;. Sram et al, 2006).

Stanoveni dalSich analyzovanych proménnych — hladiny vitaminG A, C, a E v
plasmé analyzovany HPLC s UV detekci (Driskell et al, 1982;
Tanishima a Kita, 1993), hladiny LDL a HDL cholesterolu a
triglyceridd v plasmé stanoveny s pouZitim diagnostickych
kitd Sigma, hladiny kotininu v moci (marker expozice
tabakovému koufi) analyzovédny radioimunoassai podle
Langone a Van (1982) a hladiny kreatininu méfreny v moci
reakci s kyselinou pikrovou (Jaffeho metoda)

Statistické analyzy — programy GraphPad Prism 2.01, Statistica 7.0 a SAS 9.1
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VYSLEDKY & DISKUSE

(A) Pomoci kometového testu byla v burikdch kostni diené pacient(i s RA a
RARS prokazana vyznamné zvySena fragmentace DNA oproti kontroldm
stejného véku. Pacienti s RA pfitom vykazovali inverzni vztah mezi rozsahem
fragmentace DNA v bunkach k.d. a poctem zralych bunék v periferni krvi.
Postizena byla zejména erytroidni frakce k.d.,, coZ korespondovalo
s publikovanymi Udaji o zvySené apoptdze u téchto subtypl MDS. Literarni
Udaje o typu bunék postizenych apoptdzou ale nebyly jednotné. Nékteri autofi
detekovali zvySenou bunécnou smrt v progenitorovych burikdch k.d. CD34+
(napf. Parker et al, 2000). Nase vysledky v glykoforin A+ populaci podpofily
zjisténi autor(, ktefi pred¢asnou apoptdzu pozorovali i ve zralejsich bunkach
CD34- (napft. Albitar et al, 2002). Prekvapivé jsme nezjistili Zzddny vztah mezi
vysledky kometového testu a cytopenii u pacientd s RARS, trebaZe jejich
hladiny fragmentace DNA signifikantné prevySovaly nejen kontrolni hodnoty,
ale i hodnoty zjisténé u pacientld s RA. Je tedy zfejmé, Ze poskozeni DNA u
pacientl s RARS zahrnuje i zlomy v DNA neapoptotického plvodu.

Zakladnim morfologickym rysem odliSujicim RARS od RA je pfitomnost
véneckovych sideroblastl s deposity Zeleza v mitochondriich. Vysoky obsah Fe
by mohl pfispivat k oxida¢nimu stresu a tim k nasledné indukci oxidacniho
poskozeni v bunkach k.d. Oxidace pyrimidinovych nukleotidd jiz byla
detekovana v progenitorovych CD 34+ burikach k.d. pacientd s MDS (Peddie et
al, 1997). V nasi studii pacienti s RA i RARS méli vobou frakcich k.d. (tj. i
v diferencovanéjsich bunécnych typech CD34-) vyrazné vyssi hladiny
oxidacniho poskozeni DNA nez kontroly. V dasledku inefektivni krvetvorby je
mnoho pacientd s RA a RARS zavislych na transfuzich, coz mulze vést
k nadbytku Fe a nasledné ktvorbé ROS a poskozeni biologickych
makromolekul. V souladu s timto predpokladem Ghoti a kol. (2007) zjistili u
téchto subtypll MDS korelaci mezi sérovymi hladinami ferritinu a ROS
v perifernich leukocytech a trombocytech. U nasich pacientll jsme vsak
podobny vztah nezaznamenali. DalSim zdrojem ROS v organismu muzZe byt
zanét. Podle nasich vysledkd, pfidruzené zanétlivé onemocnéni evidentné
nebylo hlavnim faktorem ovliviujicim rozsah oxidacniho poskozeni DNA
v burikach k.d. pacientl s RA a RARS. Lze vsak uzavfit, Ze u téchto subtypl
MDS oxidacni poskozeni DNA nepochybné pfispiva ke zvySené nestabilité
genomu a progresi onemocnéni.
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(B) Vysledky persondlniho monitoringu ukazaly, Ze Fidi¢i autobusU i
zaméstnanci gardzi byli vystaveni vyrazné vysSim koncentracim k-PAU a
benzénu neZ kontrolni jedinci. To bylo zifejmé hlavni pficinou zvySeného
vyskytu DNA-SB v perifernich lymfocytech obou exponovanych skupin. Na
druhé strané, hladiny Fpg- a Endolll-senzitivnich mist v DNA se mezi skupinami
nelisily, i kdyZz hladiny 8-oxodG v modi exponovanych jedincl signifikantné
prevySovaly kontrolni hodnoty. Pfi¢inou této diskrepance by mohly byt rozdily
vobou metodach pouZitych k prikazu oxidaéniho poskozeni. Zatimco
mnoistvi 8-oxodG v moci zahrnuje produkty opravy oxidovaného guaninu
v DNA a bunééném poolu z celého organismu, vysledky kometového testu
kombinovaného senzymy excisni opravy odrdzeji Siroké spektrum
oxidovanych purin(i a pyrimidin(, ale pouze v DNA lymfocytd (Mgller et al,
2000). V nasi studii se v kohorté vsech analyzovanych subjekt( hladiny Fpg- a
Endolll-senzitivnich mist v DNA lymfocytl zvysovaly v zavislosti na stoupajici
expozici benzénu. Benzén tedy nepochybné indukoval oxida¢ni poskozeni DNA
v lymfocytech, rozdily mezi skupinami nebyly zachyceny ziejmé v disledku
efektivni opravy tohoto poskozeni. ZvysSeny vyskyt DNA-SB u fidic( autobusu a
zaméstnanc( gardzi by potom mohl odrazZet jak probihajici excisni opravu
oxidovanych lézi, tak jedno- a dvouretézcové SB vznikajici z neopravenych
nebo chybné opravenych lézi DNA.

Dlouhodoba expozice znecisténému ovzdusi mize poskozovat i dalsi
biologické makromolekuly. V nasi studii jak Ffidi¢i autobusl, tak pracovnici
v garazich méli vyssi hladiny oxidovanych proteind v plasmé neZ kontroly.
Pouze fidici autobus( vsak soucasné vykazovali i zndmky zvySené peroxidace
lipidd, nebot v jejich moci byly detekovany zvysené hladiny 15-2F,-IsoP.
V tomto pfipadé jsme jako hlavni pfi¢inu zvySené oxidace proteinl a lipidl
identifikovali k-PAU. Na rozdil od DNA postradaji tyto makromolekuly rychlé
opravné mechanismy. Vysledkem je akumulace indukovanych lézi, takze se
mUze projevit i efekt relativné nizkych koncentraci k-PAU.

V souladu s publikovanymi udaji, vyssi vék a zvysené hladiny LDL cholesterolu
patfily v nasi studii kfaktordm pfispivajicim k vy$simu riziku oxidacniho
poskozeni lipidd, zatimco vysoké hladiny vitaminu C mély opacny efekt. Vyssi
pfijem vitaminu C a nizsi vék tak zfejmé byly hlavni pti¢inou nizkych hladin 15-
2r-IsoP u zaméstnancl garazi, i kdyz byli vystaveni vysokym koncentracim k-
PAU.
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Odpovéd jedince na skodlivé ucinky environmentalnich kontaminant mize byt
vyrazné modifikovdna i jeho genetickou konstituci. V nasi studii nositelé
alespon jedné mutantni alely hOGG1 (Ser/Cys nebo Cys/Cys) vykazovali vyssi
hladiny oxida¢niho poskozeni nez jedinci s divokym genotypem (Ser/Ser).
Obdobné vysledky byly ziskdny i ve studii sledujici vyskyt mikrojader
v populaci pracovnikli exponovanych prachu z tézkych kovd (Mateuca et al,
2005). Naproti tomu jedinci s variantnim genotypem XPD 23 (GIn/GlIn) se
v nasem souboru jevili nachylnéjsi k indukci DNA-SB nez heterozygoti (Lys/GlIn)
a homozygoti s divokou alelou (Lys/Lys). Podobné byla v populaci zdravych
nekurdkl zaznamendna souvislost mezi variantni alelou XPD 23 a vysSim
vyskytem DNA adukt (Matullo et al, 2001). ProtoZe jsou DNA-SB nezbytnym
predpokladem poskozeni na chromozomalni Urovni, nase zjisténi naznacuje,
Ze nosici XPD 23 (GIn/GIn) exponovani respirabilnim PM by mohli byt vice
ohroZeni vznikem nador nez jedinci s divokou alelou.

Pfitomnost tzv. null alely GSTM je spojovdna s nizsi schopnosti odolavat
oxidaénimu stresu indukovanému PAU (Autrup, 2000). Vysledky populacnich
studii vSak nejsou jednotné. Analyza kodariskych fidi¢l autobus( odhalila
signifikantni vztah mezi absenci GSTM1 a zvySenym vyskytem
chromozomalnich aberaci (Knudsen et al, 1999), zatimco dopravni policisté
svariantou GSTM null vykazovali vIlymfocytech dokonce nizsi vyskyt
mikrojader nez jejich kolegové s aktivhim enzymem (Leopardi et al, 2003). |
nase predchozi studie naznacila vztah mezi deficienci GSTM a mirnym
protektivnim uGcinkem na hladiny DNA-SB v lymfocytech méstskych policista
(Novotna et al, 2007). V souboru subjektl vysSetfovanych v této studii jsme
pozorovali stejny vztah.

(C) Mezi vSemi testovanymi typy nanocastic vykazovaly nejnizsi ucinnost ve
znaceni bunék komercéni kontrastni nanocastice Endorem, zatimco
nanocdstice potazené poly-L-lysinem a D mandzou pronikaly do bunék
nejucinnéji. Ucinnost bunétného znaceni byla primarné determinovana
velikosti nanocastic a chemickym sloZenim jejich povrchu.

Nejen rtzné typy SPIONU vykazovaly rlznou efektivitu bunééného znaceni,
dokonce i tentyZ typ nanocastic znacil s rozdilnou ucinnosti stromalni buriky
k.d. pochazejici od dvou rlznych darcl Vysledky tak naznadily, Ze i genotyp
konkrétniho darce by mohl ovliviiovat Ucinnost transportu nanocastic do
bunék. Podobné i odpovéd bunék na plsobeni SPION( zavisela na darci.
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Buniky od ddarce ¢.1 vykazovaly signifikantni, i kdyZz jen kratkodoby pokles
viability pouze pfi kultivaci s nanocasticemi s nejvyssi Ucinnosti znaceni a
zadny typ testovanych nanoddstic nezvySoval pocet mrtvych bunék nad
kontrolni hodnoty. Doneddvna byla absence akutnich toxickych ucink(
povaZovana za dukaz biokompatibility testovanych nanocastic. Podle téchto
kritérii by vysledky ziskané na burkach od darce €. 1 znamenaly, Ze v podstaté
Zadny z testovanych typl nanocastic nepredstavuje zavazné biologické riziko.
Analyza bunék od darce €. 2 ukazala ponékud odlisny obrazek. Témér vSechny
SPIONy snizovaly viabilitu bunék a tento efekt byl jesté markantnéjsi po
nasledné kultivaci zna¢enych bunék v médiu bez nanocastic. RovnéZ pocet
mrtvych bunék byl vyssi a naslednd kultivace znacenych bunék v médiu bez
nanocastic nevedla ke zmirnéni cytotoxickych ucinkd. U komercnich
nanocdstic Endorem byl dokonce zaznamenan vyssi pocet mrtvych bunék
oproti pfedchozimu intervalu.

Odlisna odpovéd kultur by mohla souviset s riznych vékem darcd (témér 40
let rozdil), i kdyz urcita variabilita v délce bunééného cyklu v zavislosti na darci
by také mohla hrat urcitou roli. Na druhé strané je dnes obecné akceptovano,
Ze interakce nanocastic s bunéénym aparatem je zprostfedkovdna spiSe
dynamickou vrstvou proteinli a dalSich biomolekul, které se vdZou na povrch
nanocdstic (tzv. ,,corona”“) bezprostiedné po kontaktu s Zivym systémem nez
nanomateridlem samotnym (Lynch et al, 2007). Pfi vysvétlovani rozdilnych
odpovédi nasSich kultur tak je moiné uvazovat i o rozdilech ve sloZeni
vnitrobunécného prostredi v dlsledku odlisnych genotypu.

Bylo konstatovano, Ze indukce vysokych hladin ROS, i kdyZz pro burku
netoxickych, mize mit dlouhodobé nasledky (Soenen et al, 2011). V nasich
experimentech skute¢né buriky od obou darci vykazovaly vysoké hladiny
oxidacniho poskozeni lipidG, proteinG a DNA jako nasledek expozice
nanocdsticim a k podstatnému zlepSeni nedoSlo ani po nasledné kultivaci
znacenych bunék v médiu bez nanocastic. Efekt byl nejvyraznéjsi u lipidd
ovlivnénych bunék, kde hladiny 15-F,-IsoP (marker peroxidace lipid()
nékolikanasobné prevysily kontrolni hodnoty a déle se zvySovaly i béhem
nasledné kultivace v médiu bez nanocastic. To by mohlo souviset s akumulaci
indukovanych lézi, protoze lipidy postradaji rychlé opravné mechanismy.

Nase vysledky tak jednoznacné prokazaly schopnost SPIONU indukovat uvnitt
bunék dlouhodoby oxidacni stres. Oxidacni poskozeni lipidl, proteini a DNA
bylo detekovano i pfi absenci bunécné toxicity, coz by mohlo ovlivnit
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terapeutické funkce kmenovych bunék v hostiteli. Je zfejmé, Ze intraceluldrni
koncentrace SPIONU jsou stale pfilis vysoké. K zajisténi bezpecénosti nanodastic
pro biomedicinské aplikace je proto tfeba sniZit koncentrace intracelularniho
znaceni na minimum nezbytné pro MRI. Soucasné by méla byt vénovana
pozornost i moznym ndsledkiim oxida¢niho stresu vyvolaného SPIONy za
podminek in vivo.
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ZAVERY

Hlavni zavéry prace, které zaroven napliuji stanovené cile, jsou nasledujici:

(A)

V souladu s koncepci zvysené apoptdzy u subtypl MDS s nizkym rizikem
leukemické transformace byla pomoci kometového testu prokdzana
v burikdch kostni dfené pacientl stimto onemocnénim vyrazné zvysena
instabilita DNA v porovnani se skupinou kontrolnich jedincl. U pacientd s RA
kometovy test zachycoval zejména apoptotické Stépeni DNA, zatimco u
pacientd s RARS detekované poskozeni DNA zahrnovalo i zlomy
neapoptotického plvodu.

Pacienti s MDS méli v erytroidni i myeloidni frakci kostni dfené vyrazné vyssi
hladiny oxida¢niho poskozeni DNA neZ kontrolni skupina, subtypy RA a RARS
se vtomto ohledu mezi sebou neliSily. Oxidacni poskozeni DNA tak
nepochybné pfispiva ke zvySené nestabilité genomu a progresi onemocnéni.

(B)

Jak Fidi¢i méstské autobusové dopravy, tak zaméstnanci garazi byli vystaveni
vy$Sim koncentracim k-PAU a benzénu v ovzdusi nez kontrolni skupina.
V porovnani s kontrolami mély obé exponované skupiny zvySené oxidacni
poskozeni DNA a proteind, pouze fidi¢i autobus( vsak soucasné vykazovali i
znamky zvysené peroxidace lipida. Vyskyt oxidovanych lézi v DNA perifernich
lymfocytd narlstal se stoupajici expozici benzénu a zvySené hladiny
triglyceridd v plazmé zvySovaly riziko toho poskozeni.

Jako hlavni pfi¢ina zvySené oxidace proteind a lipidG byly identifikovany k-
PAU. Vyssi vék a zvySené hladiny LDL cholesterolu patfily k faktorlim
prispivajicim k vys$simu riziku oxidacniho poskozeni lipidl, zatimco vysoké
hladiny vitaminu C mély protektivni efekt. Vyssi pfijem vitaminu C a nizsi vék
byly zfejmé hlavni faktory zodpovédné za nizké hladiny 15-2;-lsoP u
zaméstnancl garazi, i kdyz byli vystaveni zvySenym koncentracim k-PAU.

Rozsah poskozeni DNA ovliviiovaly i polymorfismy v genech kddujicich enzymy
opravnych mechanismi DNA. Pfitomnost alespon jedné mutantni alely
hOGG1 (Cys) v genotypu zvySovala riziko oxidaéniho poskozeni DNA, zatimco
homozygotni konstituce XPD23 (GIn/GIn) zvySovala riziko vzniku DNA-SB.
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Varianta GSTM1 null spojena s deficienci metabolického enzymu Il. faze
glutathion-S-transferazy vykazovala protektivni uc¢inky na integritu DNA.

(€)

Mezi vSemi testovanymi typy magnetickych nanodcastic vykazovaly nejnizsi
ucinnost ve znaceni mesenchymalnich kmenovych bunék lidské kostni dfené
komeréni kontrastni nanocastice Endorem. Naopak nejefektivnéji pronikaly do
bunék SPIONy potazené poly-L-lysinem a D mandzou.

Ucinnosti znaceni zavisela nejen na typu nanocastic, ale i na ptvodu bunék,
coz naznacuje, ze genotyp konkrétniho ddrce by mohl ovlivihovat Ucinnost
transportu nanocastic do bunék.

Nase vysledky jednoznacné prokazaly schopnost vSech typ( testovanych
SPIONU indukovat v bunikdch dlouhodoby oxidacni stres i v pripadech, kdy
klasické testy na viabilitu a bunécnou smrt nenaznacuji Zddné Skodlivé Ucinky.
Absence akutnich toxickych ucinkd tak nemuZe byt povaZovana za dlkaz
biokompatibility testovanych nanoddastic.

K zajisténi bezpecénosti SPIONU pro biomedicinské aplikace je proto treba
ovéfit oxidacni poskozeni biologickych makromolekul po snizeni koncentraci
intracelularniho znaceni na minimum nezbytné pro MRI.
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INTRODUCTION

Single cell gel electrophoresis (SCGE) or comet assay is a method for detection
and quantitation of DNA breaks at the level of individual cells. These breaks
may result from direct interaction between the genotoxic agents and DNA or
during the repair of induced lesions. Failed or defective repair usually triggers
an apoptotic process which is also characterized by specific fragmentation of
DNA. The action of genotoxic compounds is associated not only with the
induction of DNA breaks but also with the base alterations. To increase its
sensitivity and specificity, the comet assay is combined with lesion-specific
repair enzymes. Their application on cells after lysis leads to formation of
breaks in sites of damaged bases (Dusinska and Collins, 2008).

Compared to standard staining with Hoechst 333 42, the comet assay
appeared to be more sensitive for detection of radiation-induced apoptosis in
the human lymphoblastoid cell line TK6 (Olive et al, 1993b). In the CHOK 1
cells the comet assay revealed stauroporine-induced apoptosis later than
annexin V, but earlier than TUNEL (TdT-mediated dUTP Nick End Labeling). In
contrast to TUNEL, the comet assay failed to detect late apoptotic cells
characterized by simultaneous labeling with annexin V and propidium iodide
(Goddard et al, 1999).

At present, the comet assay is frequently used in genotoxicology for testing of
new drugs, cosmetics and other compounds with potentially carcinogenic
effects. Biomonitoring of subjects occupationally or environmentally exposed
to harmful compounds represents another field for comet assay application.
In this case, the biological samples collected from residents of polluted areas
or subjects exposed during working hours are examined by comet assay and
the results are compared with the levels of DNA damage in control subjects
with the aim to identify and minimize the risk factors. Testing the harmful
effects of environmental contaminants on suitable cell lines in vitro represents
an alternative approach (Mgller et al, 2000).

Comet assay is also used for studies aimed to the impact of particular diseases
on DNA quality, investigation of individual variability in capacity of repair
mechanisms or monitoring the changes induced by diet intervention, such as
antioxidant intake (Collins et al, 2014). In ecogenotoxicology, the comet assay
is applied to follow the influence of environmental factors on genetic material
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of wild animals or to monitor the changes in the levels of DNA damage in
relation to changes of ecological conditions (Mgller, 2005). Advance in
commercialization of nanotechnology products dramatically increases the risk
of human exposure to nanoparticles. This is associated with urgent need to
assess the toxic and genotoxic potential of engineered nanomaterials. Recent
comparative study has confirmed the suitability of comet assay for
measurement of nanoparticle genotoxicity (Karlsson et al, 2015).

Increased levels of DNA damage as well as ineffective repair mechanisms play
an important role in pathogenesis of many life threatening diseases, such as
malignant and degenerative diseases. Not only the low requirements on the
amount of examined material, but also the possibility to analyze a wide scale
of cell types represent a great advantage predetermining comet assay for
clinical applications. The method has been already used for assessment of
hypoxic cell proportion in the tumors with the aim to ascertain an optimal
therapeutic dose of irradiation (Olive et al, 1996). Another approach involves
monitoring of DNA damage in oncological patients during the treatment in
order to judge the efficiency of therapy or recommend the change of
individual therapeutic regime according to actual patient condition. To search
for persons predisposed to carcinogenesis, the DNA damage in lymphocytes of
patients with cancer and their healthy relatives was analyzed using comet
assay (Rajeswari et al, 2000). Alternatively, the efficiency of repair mechanism
was studied in oncological patients (Herrero et al, 2015) or the susceptible
subjects were identified on the basis of association between the genetic
polymorphisms in genes coding for repair enzymes and the repair efficiency of
radiation and oxidative DNA damage (Vodicka et al, 2007). With respect to
clinical applications, the method has been widely accepted especially in
reproductive medicine for the measurement of DNA integrity in sperms
(Gunasekarana et al, 2015).
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AIMS OF THE STUDY

The work is based upon the use of comet assay in hematology, biomonitoring
and nanotoxicology.

(A) Within hematological research, the attention was paid to myelodysplastic
syndromes (MDS) because the current knowledge suggests that the oxidative
stress, acquired DNA lesions and the efficiency of DNA repair play an
important role in pathogenesis and clinical course of these diseases. We
focused on patients with refractory anemia (RA) and refractory anemia with
ring sideroblasts (RARS), i.e. the subtypes with high levels of apoptosis in bone
marrow cells, with the aim to:

v" compare the levels of non-specific (DNA-SB) and oxidative damage to
DNA in erythroid (glycophorin A+) and myeloid (glycophorin A-) bone
marrow fractions from patients with RA, RARS and control subjects

v detect any differences between the two subtypes of MDS

v' verify whether the results of comet assay correlate with the patient
clinical status and laboratory findings

(B) In the field of biomonitoring, DNA damage in the lymphocytes of city bus
drivers, garagemen and control subjects was evaluated using comet assay in
order to:

v' determine the extent of non-specific (DNA-SB) and oxidative DNA
damage in the particular groups in relation to personal exposure to air
pollutants

v" compare the results of the comet assay with the levels of 8-oxodG in
urine of monitored people and biomarkers of oxidative damage to lipids
and proteins

v identify the impact of genetic and non-genetic factors on the levels of
DNA damage

(C) The Department of Neuroscience at the Institute of Experimental Medicine
AS CR has long been engaged in developing the therapeutic procedures
facilitating the recovery of central nervous system after the traumatic injury,
ischemia or degenerative disease. For these purposes, bone marrow stem
cells labeled with superparamagnetic iron oxide nanoparticles (SPIONs) are
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used which allows the tracking of transplanted cells within organism by
magnetic resonance imaging (MRI). To warrant the optimal labeling efficiency
for MRI as well as the safety of nanoparticles for biomedical applications, the
attention is paid also to design of new types of SPIONs and analysis of their
surface and morphological characteristics. Within this issue, the comet assay
was used in order to:

v" determine the levels of DNA-SB and oxidative damage to DNA, proteins
and lipids in human bone marrow mesenchymal stem cells labeled with
SPIONs varying in their surface and compare them with the results
obtained in unlabeled cells

v identify the most promising type of SPION for clinical applications
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MATERIALS & METHODS

Subjects and collection of samples

Source of cells for analysis of DNA damage in MDS patients and study the
biological effects of magnetic nanoparticles were bone marrow aspirates.
Samples were maintained in IMDM (Iscove's Modified Dulbecco's Medium,
Sigma, Germany) at 4 C until further processing (maximum 24 hours).

For human biomonitoring, urine and heparinized blood were collected from
bus drivers working in the center of Prague and garagemen, always at the end
of personal monitoring. The control group consisted of administrative workers
of Transportation Authority of the City of Prague. After collection, the samples
were coded and transported at 4 C for further processing.

Sample processing

Isolation of mononuclear cells

Mononuclear cells (MNCs) were isolated from bone marrow or blood by
density gradient centrifugation over Histopaque-1077 or Ficoll-Paque PLUS
according to the manufacturer's instructions (Sigma, Germany).

Separation of erythroid and myeloid fractions of bone marrow

Bone marrow mononuclear cells were labeled using magnetic beads with
antibody against glycophorin A and erythroid and myeloid fraction were
separated using a miniMACS magnetic cell sorting (Miltenyi Biotec, Germany).
MNCs from blood were diluted with freezing medium and stored at -80°C
(Novotna et al, 2007).

Comet assay

Alkaline version of the comet assay was combined with enzymes Endolll and
Fpg (Sigma, Némecko) for detection of oxidative damage to DNA (Singh et al,
1988; Collins 2004, Novotna et al, 2007).

Other methods

Cultivation and labeling of human mesenchymal bone marrow stem cells with
magnetic nanoparticles (Turnovcova et al, 2009)

Efficiency of cell labeling with SPIONs — counting the number of Prussian blue-
stained and unstained nanoparticle-labeled cells

Cell viability — WST-1 colorimetric assay based on the cleavage of the
tetrazolium salt 4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-
benzene disulfonate (Roche Diagnostics, Germany).
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Cell death — Annexin V/propidium iodide labeling was performed according to
the manufacturer’s protocol.

Individual exposure to c-PAHs — personal samplers equipped with filters
collecting PM 2.5 wre carried by the study participants for 48 h (Binkova et
al, 2007), quantitative chemical analysis of c-PAHs was performed
according to the EPA method (EPA Report 1999) in the certified laboratory
ALS Czech Republic, Prague.

Individual exposure to traffic-related volatile compounds was measured using
Radiello® radial diffusive samplers (Supelco, PA, USA) carried by the study
participants for 24 h, the analysis was performed by capillary gas
chromatography with flame ionization detector technique detection in the
certified laboratory ALS Czech Republic, Prague.

Assessment of urinary 8-oxodG — competitive ELISA (Yin et al, 1995;. Rossner
et al, 2007)

Assessment of lipid peroxidation — F,-IsoP immunoassay kit (Oxford, MI, USA)
according to manufacturer’s instructions

Assessment of protein oxidation — protein carbonyl assay, noncompetitive
ELISA (Buss et al, 1997; Marangon et al, 1999; Rdssner et al, 2007)

Genotyping — PCR (polymerase chain reaction) and RFLP (restriction fragment
length polymorphisms) (Binkova et al, 2007;. Sram et al, 2006).

Determination of other analyzed variables — the levels of vitamins A, C and E
were analyzed by HPLC with UV detection (Driskell et al, 1982; Tanishima a
Kita, 1993), the plasma levels of LDL and HDL cholesterol and triglycerides
were determined spectrophotometrically using Sigma diagnostic kits and
appropriate standards, urinary levels of cotinine were analyzed by
radioimmunoassay according to Langone a Van (1982) and the creatinine
levels were measured in urine by reaction with picric acid (Jaffe method)

Statistical analysis — software GraphPad Prism 2.01, Statistica 7.0 a SAS 9.1
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RESULTS & DISCUSSION

(A) The results of comet assay demonstrated significantly increased DNA
fragmentation in bone marrow cells of patients with RA and RARS when
compared to controls of the same age. The patients with RA exhibited an
inverse relationship between the extent of DNA breakage in b.m. cells and the
number of mature cells in the blood. Especially the erythroid fraction of b.m.
was affected which corresponded with the generally accepted concept about
an increased apoptosis in these MDS subtypes. Nevertheless, the published
data about the cell type preferentially subjected to apoptosis are
contradictory. Some authors detected an increased cell death in progenitor
CD34+ b.m. cells (e.g. Parker et al, 2000). Our results in glycophorin A+
population supported the finding of researchers that observed premature
apoptosis also in more advanced CD34- cell types (e.g. Albitar et al, 2002).
Surprisingly, we did not find any relationship between the results of comet
assay and cytopenia in patients with RARS, although their levels of DNA
fragmentation in b.m. cells markedly exceeded not only the control values,
but also the values detected in patients with RA. Apparently, the DNA damage
in RARS involves also DNA breaks of non apoptotic origin.

The presence of ring sideroblasts with iron deposites in mitochondria
represents the key feature discerning RARS and RA. High content of iron could
contribute to oxidative stress and, subsequently, to induction of oxidative
damage to DNA of b.m. cells. Oxidation of pyrimidine nucleotides in
progenitor CD34+ b.m. cells of patients with MDS has already been reported
(Peddie et al, 1997). In our study, both RA and RARS patients exhibited in both
b.m. fractions (i.e. including the CD34- cells) considerably higher levels of
oxidative DNA damage than the controls. In consequence of ineffective
hematopoiesis, many RA and RARS patients depends on blood transfusions
which may lead to iron overload and, subsequently to ROS production and
damage to biological macromolecules. In agreement with this assumption,
Ghoti et al. (2007) observed in these MDS subtypes correlation between the
serum levels of ferritin and ROS in peripheral lymphocytes and thrombocytes.
In our patients we did not find any similar relationship. Inflammation
represents another possible source of ROS in organism. According to our
results, associated inflammation apparently was not responsible for the
extent of DNA oxidative damage in b.m. cells of RA and RARS patients. In any
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case, oxidative damage to DNA undoubtedly contributes to increased genome
instability and disease progression.

(B) The results of personal monitoring demonstrated that the bus drivers and
garagemen were exposed to higher concentrations of c-PAH than the controls.
This was probably the main cause of increased DNA breaks in lymphocytes of
both exposed groups. On the other hand, the levels of Fpg- a Endolll-sensitive
sites did not differ between the groups, although the levels of urinary 8-oxodG
in exposed subjects significantly exceeded control values. The difference
between the two methods used for demonstration of oxidative damage could
be responsible for this discrepancy. While the amount of urinary 8-oxodG
involves the repair products of oxidized guanine in DNA and cell pool from the
whole organism, the results of comet assay combined with enzymes of
excision repair reflect a broad spectrum of oxidized purines and pyrimidines,
but only in lymphocyte DNA (Mgller et al, 2000). In our cohort of all analyzed
subjects, the levels of Fpg- and Endolll sensitive sites in lymphocyte DNA
increased with increasing exposure to benzene. Hence, the benzene
undoubtedly induced oxidative DNA damage and the difference between the
groups was not detected probably due to effective repair of this damage.
Increased levels of DNA-SB in bus drivers and garagemen could than reflect an
ongoing excision repair of oxidized lesions as well as the single- and double-SB
arising from unrepaired or incorrectly repaired DNA lesions.

Long-term exposure to air pollutants may also damage to the other biological
macromolecules. In our study, both bus drivers and garagemen showed higher
levels of oxidized proteins in plasma than the controls. However, only the bus
drivers simultaneously exhibited also the marks of increased lipid peroxidation
because increased levels of 15-2F,-IsoP were detected in their urine. In this
case, the c-PAH were identified as a main cause of increased oxidation of
proteins and lipids. In contrast to DNA, these macromolecules lack the fast
repair mechanisms. As a result, the induced lesions accumulate so that even
the effect of relatively low concentrations of c-PAH may manifest.

In agreement with published data, advanced age and increased LDL
cholesterol levels belonged in our study to factors contributing to higher risk
of lipid oxidative damage, while the high levels of vitamin C had an opposite
effect. Higher intake of vitamin C and younger age were probably the main
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cause of low levels of 15-2;-IsoP in garagemen despite that they were
exposed to high concentrations of c-PAH.

Also the genetic constitution may significantly modify the response of
individual to harmful effects of environmental pollutants. In our study, the
carriers of at least one mutant allele hOGG1 (Ser/Cys or Cys/Cys) exhibited
higher levels of oxidative damage than the subjects with wild genotype
(Ser/Ser). Similar results were obtained in study aimed to the incidence of
micronuclei in workers exposed to dust from heavy metals (Mateuca et al,
2005). In contrast, the individuals with variant genotype XPD 23 (GIn/Gin) in
our cohort appeared to be more susceptible to the induction of DNA-SB than
heterozygotes (Lys/Gln) and homozygotes with wild allele (Lys/Lys). Similarly,
Matullo et al. (2001) observed in population of healthy nonsmokers an
association between the variant allele XPD 23 and increased incidence of DNA
adducts. As the DNA-SB represent necessary prerequisite of damage at
chromosomal level, our finding suggests, that the carriers of XPD 23 (GIn/GIn)
exposed to respirable particulate matter could be more susceptible to
carcinogenesis than the subjects with wild allele.

The presence of null GSTM allele has been associated with lower resistance to
PAH-induced oxidative stress (Autrup, 2000). The population studies,
however, gave contradictory results. Analysis of bus drivers in Copenhagen
revealed significant relationship between the GSTM1 absence and increased
incidence of chromosomal aberrations (Knudsen et al, 1999), while the traffic
policemen with GSTM null variant exhibited even a lower incidence of
micronuclei in lymphocytes than their counterparts with active enzyme
(Leopardi et al, 2003). Similarly, our previous study suggested relationship
between the GSTM deficiency and mild protective effect on the levels of DNA-
SB in lymphocytes of city policemen (Novotnd et al, 2007). The same
relationship was observed in the present study.

(C) Among all tested SPIONs, the commercial Endorem exhibited the lowest
efficiency of cell labeling while SPIONs coated with poly-L-lysine or D mannose
internalized most effectively. Nanoparticle size and chemical composition of
their surface were the main factors influencing the efficiency of cell labeling.

Not only the various types of SPIONs exhibited the different efficiency of cell
labeling, but also the same type of SPION labeled with different efficiency the
stromal b.m. cells obtained from different donors. These results suggested
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that also the genotype of particular donor could influence the efficiency of
nanoparticle transport into the cell.

Similarly, the response of cells to the action of SPIONs was donor-dependent.
The cells from donor 1 exhibited significant decrease of cell viability only in
culture most efficiently labeled with nanoparticles and none of tested SPIONs
increased the number of dead cells above the control values.

For a long time, the absence of acute toxic effects has been considered as a
confirmation of biocompatibility of tested nanoparticles. According to these
criteria, our results obtained with cells from donor 1 should imply that none of
the tested SPIONs represent serious biological risk. However, the analysis of
cells from donor 2 showed a somewhat different picture. Almost all types of
SPIONs decreased cell viability and this effect was even more pronounced
after the subsequent growth of labeled cells in medium without
nanoparticles. Also the cell death was higher and subsequent cultivation of
cells in medium without SPIONs did not alleviate the cytotoxic effects. The
cells labeled with commercial contrast agent Endorem exhibited even a higher
incidence of dead cells in comparison with preceding interval.

The different responses of the cultures could be primarily linked to different
ages of cell donors (almost 40 year difference), although the donor-related
variability in the length of cell cycle might play some role as well. On the other
hand, it is generally accepted that the nanoparticle protein ,corona“, a
dynamic layer of proteins and other biomolecules that adsorbs to
nanoparticle surfaces immediately upon contact with living systems, mediates
the interaction of nanoparticles with the cellular machinery rather than the
nanomaterial itself (Lynch et al, 2007). Hence, differences in the composition
of the intracellular environment due to disparate genotypes must be also
taken into consideration when explaining the different responses of our
cultures.

It has been stated that the induction of high ROS levels, although perhaps not
toxic to cells as such, could have long term effects and should be considered
as a hazard (Soenen et al, 2011). Indeed, in our experiments, the cells from
both donors exhibited high levels of oxidative damage to lipids, proteins and
DNA as a consequence of nanoparticle exposure and, in general, no
improvement occurred during the subsequent growth of cells in medium
without nanoparticles. The effect was most apparent in the lipids of the
exposed cells. The levels of 15-F,-IsoP (a marker of lipid peroxidation)

30



exceeded the control values several-fold and markedly increased even further
during the subsequent interval. This could be associated with the
accumulation of induced lesions because lipids lack fast repair mechanisms.

In conclusion, our results unambiguously demonstrated capability of SPIONs
to induce long-term oxidative stress inside the cells. Oxidative damage to
lipids, proteins and DNA was detected even in absence of acute cell toxicity
which could impair therapeutic functions of stem cells in the host. Apparently,
the intracellular concentrations of SPIONs were too high. To warrant the
safety of nanoparticles for biomedical applications, the concentrations of
intracellular label should be decreased to minimum necessary for MRI.
Attention should be simultaneously paid to the possible consequences of
oxidative stress induced by SPIONs under in vivo conditions.
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CONCLUSIONS

The main conclusions of the Ph.D. thesis are as follows:

(B)

In agreement with the concept of increased apoptosis in low-risk MDS
subtypes, the results of comet assay demonstrated in b.m. cells of patients
suffering from this disease considerably increased DNA instability in
comparison with control subjects. While in patients with RA the comet assay
detected mostly an apoptotic DNA fragmentation, in patients with RARS the
observed DNA damage involved an additional breaks of non-apoptotic origin.

Patients with low-risk MDS exhibited in erythroid and myeloid fraction of b.m.
significantly higher levels of oxidative DNA damage than the control subjects.
In this respect, RA and RARS subtypes did not differed. Hence, oxidative
damage to DNA undoubtedly contributes to increased genomic instability of
the patients and disease progression.

(B)

Both city bus drivers and garagemen were exposed to higher concentrations
of c-PAHs and benzene than the control group. Compared to controls, the
exposed groups showed an increased oxidative damage to DNA and proteins,
only bus drivers exhibited simultaneously the marks of increased lipid
peroxidation. The incidence of oxidized lesions in lymphocyte DNA correlated
with exposure to benzene and plasma triglycerides increased the risk of this
damage.

Oxidative damage to lipids and proteins was associated with exposure to c-
PAHs and the lipid peroxidation levels positively correlated with age and LDL
cholesterol, and negatively with vitamin C. A higher intake of vitamin C and a
younger age probably represented the main factors responsible for the low
levels of urinary 15-2;-IsoP in the garagemen despite their increased exposure
to c-PAHs.

Also the polymorphisms in genes coding for enzymes of DNA repair modified
the extent of DNA damage. The presence of at least one hOGG1 (Cys) allele in
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genotype increased the risk of oxidative damage to DNA, while XPD23
(GIn/GIn) homozygotes were more susceptible to induction of DNA breaks.
GSTM1 null variant seemed to protect DNA integrity.

(€

Among all tested SPIONs, the commercial contrast agent Endorem exhibited
the lowest efficiency in labeling of human mesenchymal bone marrow stem
cells. In contrast, the SPIONs coated with poly-L-lysine and D-mannose
entered the cells the most efficiently.

Labeling efficiency depended not only on the type of nanoparticle , but also
on cell origin which suggests that the genotype of particular donor could
influence the efficiency of nanoparticle transport into the cells.

Our results unambiguously demonstrated capability of all tested SPIONs to
induce long-term oxidative stress in cells. This was evident even in the case
when the standard tests on cell viability and cell death did not indicate any
harmful effects. Hence, the absence of acute toxicity cannot be considered as
an evidence of SPION biocompatibility.

Lowering intracellular label concentrations and authenticating oxidative stress
levels using in vivo experiments are required to ensure the safety of SPIONs
for biomedical applications.
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