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ABSTRACT

The evaluation of individual health risk in workeozcupationally exposed to
industrial xenobiotics requires the use of a langenber of parameters reflecting external
exposure, internal exposure, biological effects mtlividual susceptibility. Environmental,
occupational and life style-related exposure toagehic agents may contribute to cancer risk
in humans. To prevent the potentially hazardouscédf of such agents it is important to
understand their mechanisms of action. Styrenenés af the most important monomer for
producing polymers and copolymers in plastics xlggaints and together with 1,3-butadiene
(BD) in the manufacture of synthetic rubbers. listthesis, a large set of parameters,
including markers of external and internal exposamd biomarkers of biological effects and
susceptibility have been studied in relation to dlceupational exposure to both styrene and
BD.

First part of the present study was focused onluatiag the role of various
biomarkers to assess genotoxic effects of aboveioma xenobiotics. Biomarkers reflecting
styrene- and BD-induced genotoxicity and mutagéenic®-styrene guanine DNA adducts,
haemoglobin adducts, single-strand breaks (SSBSB &ndo Ill sites, chromosomal
aberrations (CA), hypoxanthine-guanine phosphoyilb@sferase gene mutation freguencies
(HPRT MF), from the aspects of their accumulation oweretand of the role of adaptation
and/or selection in the genotoxic risk of styremposure have been analyzed (Publications
No. 11, 1ll, V, VI).

Second topic of the study was to investigate th&siple modulating role of genetic
polymorphisms of genes encoding for metabolizind datoxifying enzymes in individuals
occupationally exposed to styrene and BD (PubbicatiNo. 1I, Ill, VI). DNA samples of
exposed workers and controls were subjected totgeaanalysis foEPHX1 (Tyr113His
and His139Arg), GSTM1 (deletion), GSTP1 (llel05Val) and GSIT1 (deletion)
polymorphisms. Hand-lamination workers exhibitedignificantly higher proportion of low
EPHX1 activity genotype. Styrene-exposed individualshwBiSTP1 genotype lle/lle exhibit
significantly lower MF at theHPRT locus as compared to those with heterozyg@8§P1
genotype.

Third part of the study was focused on assessiagdle of DNA repair capacities
(DRC) in styrene- and BD-exposed workers (Publicegi No. 1I-VIl). Individual DRC in
styrene-exposed workers was significantly higher domparison with controls. The
stimulation of DNA repair in laminators could exjpldheir enhanced capacity to repair DNA
damage, which is assumed to be repaired mainlyasg lexcision repair pathway. Possible
relationships between the capacity to repair owdaDNA damage, parameters of exposure
and parameters of genotoxic effects have been zwlyThe only positive correlation was
found between DRC and DNA damage in females. Amesmed capacity to incise 8-
oxoguanine, which represents oxidative damagernmphocytes, was recorded among highly
exposed workers. Significant association betweeth boternal and external exposure
parameters and repair capacity to remove oxiddMé& damage suggests a possible role of
oxidative stress in styrene-related genotoxicity.

In the next part of the study, modulating effecP®&IA repair gene polymorphisms in
the context of styrene and BD exposure has beessiigated. Genetic polymorphisms in
DNA repair genes and possible links with DNA repatites, CAs and SSBs in DNA are
summarized in Publications No. IV, VI, VII. Amondl analyzed polymorphismsXPD
Lys751GIn polymorphism was a major factor influengcthe frequencies of CAs. SSBs and
CAs frequencies were the highest in individualdweidbmmonAA genotype and the lowest in
those with varianCC genotype for this polymorphism. Tire workers witlt@mbination of
low EPHX1 activity genotypes and th&A (wild type) and AC (heterozygousXPD alleles
exhibited higher levels of CAs than individuals hwitombined highEPHX1 activity
genotypes and variant alle@C genotype forXPD. This observation suggests an increased
risk of genotoxic effects in individuals with paudiar genotype combinations.



Finally, analysis of immune markers and their tiefeship with various genetic
polymorphisms has been performed for the first imthe present study (Publications No. I,
IV). An increase number of leukocytes and lympheaytas observed in individuals wiGA
and AA genotypes ofCyclin D1 Pro242Propolymorphism as compared with those with
commonGG genotype. The number of eosinophiles was positiasiociated with variar@
allele for XPD Lys751GIn. Immunoglobulin IgA was positively asided with variantT
allele XRCC3 Thr241Met and negatively withC andCC genotype®f XPC Lys939GIn. The
relationships between various DNA repair polymospis and immune parameters are even
more difficult to explain at the moment, due to thek of knowledge on functional aspects of
the genetic polymorphisms analyzed and due todhgptexity of the immune system.

It is important to use many biomarkers in largeyagon and consider altogether all
aspects of genotxicity. A comprehensive approacly pravide fundamental information
about the suitability of the biomarkers and may tdbate to the understanding of the
mechanisms of genotoxic effects of industrial xeotds and their metabolites in humans.
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Sulfotransferase
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Xeroderma pigmentosum, complementation group G gene
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GENERAL BACKGROUND

Exposure to industrial chemicals, biotransformationand DNA repair

Xenobiotics (from the Greekenox = foreign, bios = life) are chemical
compounds that are alien to the living organismicipal xenobiotics include drugs,
carcinogens and various compounds that have bémduced into the environment
by artificial means.

It has been assumed for long that environmentaloaedpational exposure to
chemicals may result in the development of canthe first example of a specific
causal relationship between occupational exposuke Gancer has been reported
already in the 18 century, where several articles were publishecbntegqy that
miners, smelters, dyers and chimney sweepers exaed by specific cancers.

The persistence of xenobiotics in the environmentvall as their chemical
property and toxicity determine the potential Hediazard. Persistence is a function
of the biotransformation rate in living organismhiah influences the compound's
form, time, and mobility in the environment (Wilsehal. 1985). Recent reviews on
the toxic properties of chemicals and their classifons with respect to the
carcinogenic potency have been published by intema agencies like IARC
(International Agency for the Research on Canceranée) or EPA (US
Environmental Protection Agency, USA) on a regblasis and summarizing the most
recent scientific achievements. These data areidmty used for decision making by
the civil authorities to impose occupational, eamimental and dietary exposure
limits. However, a complete understranding of gerigfcarcinogenic potential of
industrial chemicals has yet to be accomplished.

Biotransfromation of xenobiotics represents a k&gp 9n their elimination
from the body. This process consists of the deatitm and the excretion of
metabolites, and occurs mostly in the liver. Severaor enzymes and pathways are
involved in drug metabolism, and are divided intoage | and Phase Il reactions.
Phase | reaction comprises oxidation, reductiomrdiysis and/or hydration of the

xenobiotics, followed by conjugation the active@®tary metabolites with glucuronic



or sulphuric acid, or glutathione (Phase II) witlbsequent excretion in bile or urine
(Jakobyet al. 1990).

The metabolic conversion of environmental compounudsy result in the
formation of reactive metabolites, capable to &tw@icectly the nucleophilic centers of
biological macromolecules (DNA, proteins) and tlexerting the genotoxic effects
(reviewed in Pfohl-Leszkowicz 2008).

DNA is constantly damaged by a variety of factomthbphysical (UV or
ionising radiation) and chemical (reactive oxyg@edes, alkylating agents, bulky
adducts). More than 10 000 various kinds of suslofes per cell and day can result in
mutations, genomic instability, or cell death. Suieéimages must be repaired quickly
and efficiently to keep the integrity of the genonmkherefore, the cells have
developed a very complex mechanism of more thandEses involved in 6 major
repair pathways in which different kinds of DNA dage can be detected and
repaired: (1) the direct reversal pathway, (2) Hmgous Recombination (HR), (3)
Nonhomologous End Joining (NHEJ), (4) NucleotideciBion Repair (NER), (5)
Base Excision Repair (BER) and (6) Mismatch Re@siMR) (Wood et al. 2001;
Ataian et al. 2006). The BER proteins excise and replace dam&ye¢d bases,
mainly those arising from oxidative damage or adkgtl bases. NER mainly removes
bulky adducts or UV photoproducts caused by enwremal agents. MMR corrects
occasional errors of DNA replication as well as ehelbgies formed during
recombination. Two additional types of DNA repattR and NHEJ, are employd
when the most serious type of DNA damage, a dotrales break, occurs (Lindahl
and Wood 1999; Woosd al. 2001; Hakem 2008; Figure 1).

Apparently, DNA repair seems to remove DNA damagguced by simple
alkyl epoxides by different mechanisms (base eagisiepair, BER: short-patch
repair) in comparison to methylating agents (BEdtigtpatch repair) and polycyclic
aromatic hydrocarbons (NER) (Lindahl and Wood 198%ishina et al. 2006;
Braithwaiteet al. 1998; Wyatt and Pittman 2006).
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Figure 1: A simplified scheme of the most importantDNA repair pathways
(modified from Hoeijmaker2001).

The cell cycle and mitotic spindle checkpoints also critical in this process
to ensure that cell proliferation only follows cect replication and organization of
genetic material, respectively. However, if the gfenmaterial is altered, it can be
repaired at the DNA level, enabling the cell toliegie. If the genetic damage is too

excessive for repair, the cell avoids propagatimg damaged DNA by undergoing
apoptosis (Friedberg 2003; Hakem 2008).
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Markers assessing the genotoxic effects

Humans are continually exposed to numerous envieowah and/or
occupational xenobiotics and if the metabolic sysie less efficient this may lead to
their accumulation in the body. Exposure to a pidéchemical carcinogen involves
a continuum of events starting from absorption, tioming through activation to
reactive metabolites and binding to DNA and resgltinto mutations. In the worst
case, the above process may result in cancer gevelt (Pererat al. 2000; Au and
Salama 2005¢igure 2).

In the past years there is increasing interestsimgubiological markers to
monitor populations for identification oversized pesure to environmental
xenobiotics. The basic aim is to use these finditmgpredict increased risk for
development long-term health consequences. Witlawgal occupational conditions,
current workers are usually exposed to lower commagans of xenobiotics then in the
past. In addition, the automation of industrialqgaeses leads to decrease of number of
employed workers. This may cause a problems whemdmitoring studies recquired
extensive population size for sophisticated siaibhinalyses (At al. 1996).

Various biomarkers can be used to elucidate the hamesms of the
genotoxic/carcinogenic process as well as the iddal response to carcinogens. Any
measurable alteration of the DNA is regarded astarnpial marker of exposure. As a
biomarker, DNA damage in lymphocytes probably i@#ean exposure over the
previous few weeks, but if some damage is resistargpair, a cumulative increase in
the steady state level might appear over time. blaee the level of DNA damage
represents a steady state between induction of gla@ad its repair (Somorovska
al. 1999).

DNA adducts, DNA and chromosomal damage

DNA adducts are, among various other biomarkendicogarly appropriate as
biomarkers of DNA damage. This important integralasure of DNA damage reflects

the biological effect of a potential mutagen andyrréggger a cascade of events that
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can be directed to carcinogenesis (Perera and YeairZ000;Hemminkiet al. 2000;
Vegliaet al. 2008).

DNA adducts also represent an individual measunmaetibolic (activating or
detoxifying) enzymes as well as DRC (Hemmiekial. 2000; Perera and Weinstein
2000). These primary DNA lesions cause alteratioriee DNA structure, resulting in
the formation of DNA strand breaks, chromosomalresagements, deletions and
mutations. Following ineffective repair, the reatlDNA damage may lead to the
insertion of an incorrect base, followed by tramgeyn and translation of mutated
templates, finally resulting in the synthesis of dified protein. Serious are the
mutations in genes controlling the cell cycle, ay@mmes or tumor-suppressor genes,
resulting in a cell population with a proliferative survival advantage. (Vodiclaal.
2006a; Figure 2). Evidence of a relationship betwB®&A adducts and cancer has
been summarized elsewhere (Poirier 2004; Farhet. 2008). The possibility to
determine specific DNA adducts quantitatively, atigbir comparison to other
genotoxic parameters or biomarkers provides esdentormation on the mechanisms
of potentially genotoxic agents. The sensitivitytioé currently available methods for
adduct measurement has been shown to be suffimerdetecting the background
levels of DNA and protein damage (Vodiastaal. 2006c¢).

Persistant DNA adduct lesions lead to several typEsgenomic
alterations. Among them, there are macrolesionsesponding to changes in the
structure of chromosome. Structural CAs represeidrascopically recognizable
changes in the morphology of the chromosome, priynareakage and exchanges
between and within chromosomes. Recent prospediudies have indicated a
positive correlation between the frequencies of nggmeous CA in peripheral
lymphocytes and a later onset of cancer (Natar2(®2; Hagmaet al. 2004; Boffetta
et al. 2007). The predictive value of CA frequencies vpasticularly strong for
stomach and colorectal cancer, but somewhat wdakdéung cancer (Rossnet al.
2005).

Other types of cytogenetic damage observable irrasdope include sister
chromatid exchanges (SCEs) and micronuclei (MN)iclwvlare formed either from
acentric chromosomal fragments or whole chromosolagging in cell division.

In human lymphocytes vivo, tobacco smoking, alkylating cytostatics, and

ethylene oxide are well-documented SCE inducergk@iuet al. 1993). Moreower,
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increased MN frequencies have been associatedexpbsure to ionizing radiation,
age, and gender (Norppbtal. 1993).

Exposure to xenobiotics

==

Metabolic activation Metabolic deactivation
Reactive metabolites Less reactive metabolites

¢ A 4

Non-reactive metabolites

Individual susceptibility
(metabolizing and repair enzymes)

Ny
? DNA adducts

Uud)SAs sunwiw|

a4
DNA repair ::>
N/ N/ v
Instability, DNA SSB L, Cytotoxicity Normal
cell transformation, transition lessions cell
mutaoenesi CA, SCE, deletions ¢
chromosomal Programmed
+ aditional abberations cell death K

factors

A 4

Carcinogenesis 4<

Figure 2: Events involved in the cascade of genotiaxeffects following exposure

to xenobiotics

The most commonly analysed DNA damage is repredeny SSBs in DNA.
These are transient promutagenic lesions, repiliagedirect effects of damaging
agents. They may also be related to apurinic oriyinic sites and also represent
intermediates in cellular repair, since both NERI 8ER cut out the damage and
replace it with undamaged nucleotides (Colknhal. 1997).
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Markers of individual susceptibility

Optimally, various biomarkers should be employeduhderstand genotoxic
effects of xenobiotics. Simultaneously, it shouldoabe considered the role of
interindividual variability which may markedly moldite the observed results by
affecting metabolism, cellular response to carcamsgand defence mechanisms. In
particular, for understanding individual factors dutating genotoxic and/or
carcinogenic risks, biomarkers of individual suddmlity and DNA repair are
important. Modern standard techniques, such asnpaiyse chain reaction (PCR),
which allows the amplification of small gene regipnan be used for the detection of
gene polymorphisms. In particular, single nucleatumblymorphisms (SNPs) can be
identified by restriction fragment length polymorgi (RFLP) techniques or using
DNA microarray (SNP array).

For genotyping, to assess properly all possible bioations of various
relevant genotypes and their modulating effectsbmmarkers large cohorts are
needed. (Vodickat al. 2003). Ideally, studies on individual susceptiiilshould
enable us to establish various positive and adwggsetypes which should minimize
the risks resulting from exposures in sensitivavididials. Unfortunately, this is not
possible at the moment, since we have insufficiefdrmation on all the relevant
genetic variations, and we do not know enough alibat functional effects of
individual polymorphisms or in combination (geneigeinteractions, SNP-SNP
interactions, haplotypes). Because the effectdhesd polymorphisms are relatively
subtle, and some important alleles are relativahg,rmuch larger study populations
are necessary to evaluate their modulating effentdiomarkers, especially when
gene-gene interactions are regar(Modickaet al. 2004c).

A number of studies have addressed the role aétgepolymorphisms for the
risk of genotoxic effects and cancer in humans he past few years. Because
carcinogenesis is influenced by a multitude of gereny single polymorphism
affecting cancer risk is, in general, expecteddweha relatively small contribution at
the individual level. However, the attributablekri® the population of common low-
penetrance susceptibility genes may be substa@8haields and Harris 2000;
Hemminkiet al. 2006).

15



Associations between various genetic polymorphiams$ molecular markers
involved in the cascade of genotoxic events mayigeouseful information on the
modulating effects of genetic polymorphisms, onivitbal susceptibility towards
environmental and occupational carcinogens ancerpbssible links between DNA
repair polymorphisms and individual DNA repair saté/odicka et al. 2004a).
Individual susceptibility to exogenous genotoxicans determined by factors
including exposure, nutritional status, genetic amununological constitution. It
seems to be critical to understand the functiofffaelce of genetic polymorphisms in
key enzymes and proteins involved in chemical bridéformation and DNA repair to
define the role of genetic background in modulasagsitivity towards xenobiotics.

XME polymorphisms

A specific response to exogenous and endogenonetayécants may be
modulated by the genetic polymorphisms of xenobiotetabolizing enzymes
(XMESs), resulting in increased or decreased efficyeof biotransformation. Many of
the various XMEs enzymes are polymorphic — sevasaimon forms of the enzyme
coexist in the population, due to a multiple akel&s the enzyme variants may differ
from each other in function, genetic polymorphisraynbe considered as a marker
representing a different individual reaction to ieonmental exposure. The
toxicological importance of a polymorphism in a ptation depends on the
prevalence of the ,risk” genotype (Rothmeiral. 2001).

Several drugs, xenobiotics and some endogenoustasides are metabolised
by cytochrome P450 monooxygenases (CYP). The mutin the CYP genes can
cause enzyme products with abolished, reducedgedlt@ increased enzyme activity.
It is attractive to speculate that polymorphisnthe CYP genes would influence the
individual’'s capacity to convert different precamegenic compounds into their
ultimate carcinogens and thus, being a major faatemportance for the individual's

susceptibility for developing chemically inducedhcar (Ingelman-Sundberg 2001).
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Another source of inter-individual variation in takolism of xenobiotics are
polymorfic genes, coding for the enzymes involvethie metabolic phase Il pathway.
Phase Il enzymes include glutathione S-transferé&&sls) and microsomal EH.
Currently, two polymorphisms dEPHX1 gene are known: a T to C substitution in
exon 3 (Tyrl13His) reduces enzyme activity, wheras\ to G transition in exon 4
(His139Arg) is associated with increased activgiflegard and Ekstrom 1997).

GSTs are a complex multigene superfamily of inbigcenzymes involved in
the metabolism of a wide range of chemicals. In &osn cytoplasmic GSTs comprise
eight classesa (GSTA), 4 (GSTM),n (GSTP),0 (GSTT),t (GSTZ),c (GSTS),0
(GSTO) andk (GSTK) with distinctive substrate specificity. Tieglutathione S-
transferases (GSTM), for example, are highly actigainst epoxides and metabolize
arene oxides such as styrene-7,8-oxide (SO), bajmogne diolepoxide and trans-
stilbene oxide (Steinkellnet al. 2005). GSTP1 is the most abundant GST isoform in
the lungs and, therefore, is particularly importamtthe inactivation of inhaled
toxicants, such as styrene or tobacco-related pimxaens (Saarikosldt al. 1998).

It is also over expressed in some tumours and d¥sigtant cell lines, suggesting a

significant role in acquired resistance to certaiticancer drugs (Hayes al. 1995).

DNA repair polymorphisms

Another group of genetic susceptibility factorattieould influence the levels
of DNA and chromosome alterations are polymorphisin@NA repair genes, which
are involved in the repair of various DNA lesionsduced by exogenous or
endogenous genotoxic compounds as well as ionearagUV radiations (Duel al.
2000; Christmanret al. 2003). The polymorphisms of different DNA repagngs,
mainly SNPs, modulate the individual repair capadoit response to DNA damage.
Thus, the presence of a large inter-individual atesn in DRC may represent that
individuals with repair capacity below the popwatimean can be at an increased risk
of developing a disease, including various kindscahcer (Vodickaet al. 2007).

Although the links between some SNPs of DNA reggnes and their phenotypic
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consequences have been already investigated (Mayalr 2002; Vodickaet al.
2004a), this crucial topic recquires additionatation.

Few examples illustrating associations among DBjgair polymorphisms and
various parameters of genotoxicity are hereby tegorA homozygosity for a variant
polymorphism in the DNA ligase subunit XRCC1 is aasated with higher sister
chromatid exchange frequencies in smokers, suggeath association of this allele
with a higher risk for tobacco- and age-related DN&mage (Duelkt al. 2000).
Ladigeset al. (2003) briefly summarizes epidemiological and tiortal relevance of
XRCC1 SNPs in relation to cancer and other age-relaigehdes. BER rates seem to
be decreased witKRCC1 Arg399GIn homozygous variant genotype. Similarly, the
capacity to repair oxidative DNA damage appeaisetsignificantly decreased among
individuals withhOGG1 Ser326Cys homozygous variant genotype (Atial. 2004;
Vodicka et al. 2007). Statistically significant associations h&een found between
XPD polymorphisms and skin, breast and lung canceran(iduerraet al. 2006).
These studies, as well as many others, providenrdton for better understanding
the mechanisms in the development of disease, dantgative risk assessment and
for development of strategies in disease prevemgrograms.

Hundreds of polymorphisms in DNA repair genes hiaeen identified so far;
however, for many of these polymorphisms the impactepair phenotype and cancer
susceptibility remains uncertain. The epidemiola@fyDRC and its effect on cancer
susceptibility in humans is, therefore, an impadrtnea of investigation (Naccarati
al. 2007). Several other studies have been conductadvestigate the functional
effects of variant DNA repair genes by using diefar biomarkers (Dybdaldt al.
1999; Berwick and Vineis 2000; Aai al. 2004; Vodickeet al. 2004a).

DNA repair capacity

The polymorphisms of genes involved in differemi®repair pathways may
modulate the individual response to DNA damage army have an impact on
individual genetic susceptibility to generally afpe of cancers (Goods al. 2002).

In addition to heritable polymorphisms in DNA repgenes with largely unknown
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functional consequences, DRC represents anothenfmaty important source of
interindividual variability. Normally there is a dgmic equilibrium between input of
damage and its removal by effective and accuradtalaerepair enzymes and it is
usually the steady state level of damage thatnsnoonly measured. If the steady state
is disturbed — by, for instance, a sudden inflanomya¢vent releasing reactive oxygen
and causing a surge of damage — the damage measilteithicrease, but then
increased repair activity (through normal enzymeelcs, with possibly induction or
activation in addition) will tend to restore theuddprium (Collins et al. 2004). The
steady state level will depend on the intrinsicarepate in the individual's cells,
which may be partly genetically determined and Ipadffected by metabolic,
nutritional or environmental factors.

DRC measurement represents a complex marker atbegrseveral factors:
polymorphisms, gene expression, stability of geneodpct, effect of
inhibitors/stimulators, environmental factors, $if@de factors (Berwick and Vineis
2005). Functional DNA repair assays provide fundataleinformation about the
capacity of the organism to deal with a chronicasype to numerous environmental
and dietary genotoxicants. For instance, our piahlny studies using the Comet assay
indicated that lymphocytes from styrene-exposedker@r have an increased capacity
to removey-ray-induced DNA breaks and to convert 8-oxoguammnBNA of HelLa
cells to SSBs. These findings suggest that ocaupealtiexposure to styrene, and
probably to other xenobiotics as well, may affeathbBER and the repair of oxidative
lesions (Vodickeet al. 2004b). Several studies demonstrated the impatah©NA
repair in the genotoxicity of BD-derived epoxidér example, mice deficient in
NER are more susceptible than wild-type mice to rthgagenic effects of BD and
diepoxybutane (DEB) (Wickliffeet al. 2007). An earlier study has suggested that
epoxybutene induces CAs and DNA damage that isregphy the excision process in
Go lymphocytes (Kligermaret al. 1999). A role of DNA repair in modulating BD-
induced genotoxicity/carcinogenicity was suggedigdHallberget al. (1997), who
described significantly decreased DNA repair ratesvorkers exposed to BD. In
order to understand better the mechanisms of BDced genotoxicity, and finally,
carcinogenicity, additional controlled study in expental animals were performed.
The BER capacity increased during the exposurennegdhe maximum at the day

after the termination of 28 days of BD exposureQ(8) and then returning to the
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control level. A possibe induction of DNA repar eajty was further supported by
a significant correlation between BD concentration blood and BER capacity
(R=0.866, p=0.050, Vodicket al. 2006b).

Styrene

Styrene is one of the most important monomer fadpcing polymers and
copolymers, used in an increasingly wide rangepplieations worldwide. The main
industrial uses for styrene are in plastics, lggats and coatings, synthetic rubbers,
polyesters and styrene-alkyd coatings (Collins d@idhey 1992). Finally, the
occupational exposure in hand-lamination work mrinforced plastics industry may
entail a daily intake of grams of styrene via iti@n (IARC 1994, 2002). Styrene is
also an environmental contaminant and is presemsimall quantities in some food
items, tobacco smoke and engine exhausts (8basal993; Tanget al. 2000).

HC=CH,

Figure 3: Structural formulae of styrene

IARC has classified styrene as a possible humesinmagen (group 2B) and its
principal intermediary metabolite, styrene-7,8-&idSO) as a probable human
carcinogen (group 2A) (IARC 1994, 2002).

Styrene metabolism has been reviewed (Vodigkal. 2002a, 2006a; Figure
4). Exposure occurs mainly via inhalation of st@ewvapour. Inhaled styrene is
absorbed into the blood and metabolized in lived lumg to styrene-7,8-oxide (SO)
by cytochrome P450-dependent monoxygenases (Hgtheks 1999; Greenet al.
2001). The role of specific CYP isozymes in theabetism of styrene has also been
examined (reviewed in Vodicket al. 2002a; IARC 2002). In human liver samples,

CYP2EL1 seems to be the most important CYP for sgyraetabolism (Guengerieh
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al. 1991; Wenkeet al. 2001; Greeret al. 2001). Kimet al. (1997) identified CYP2E1
and CYP2C8 as being the most important metabolizcyraps at low styrene
concentration, while CYP2B6 and CYP2C8 were mosbmpnent at a high
concentration of styrene (Nakajima al. 1994). SO is primarily detoxified by
microsomal EH to phenylethylene glycol (PEG) whishfurther metabolized to
mandelic acid (MA) and phenylglyoxilic acid (PGA) the principal urinary
metabolites (Sumner and Fennell 1994). To a mixbent, SO is conjugated with
glutathione by GSTs, resulting in subsequent foionaiof phenyl hydroxyethyl
mercapturic acids (PHEMAS), excreted in urine (FFégd). An alternative oxidation
on the aromatic ring leads to the formation of &dne oxide, which may also
contribute to the styrene genotoxicity (Pfaéflial. 1981). Potential genotoxic effects
of styrene 3,4-oxide are not yet known, but met#dm®lbf the ring oxidation pathway
were shown in mice to be much more potent pulmonogigtoxic than SO (Cruzast
al. 2005). This metabolic pathway can be monitoredm®asuring urinary 4-vinyl
phenol conjugates (4-VPT; Manidi al. 2003). Another pathway is the conversion of
styrene to 1- and 2-phenylethanol, which are furthmetabolized to
phenylacetaldehyde, phenylacetic acid, phenylaicedierd and hippuric acid.

Styrene by itself exhibits little or no genotoxeffects. The metabolite
responsible for genotoxicity is almost exclusivllp). SO have been shown to be
genotoxic also inn vitro tests (Scott and Preston 1994). The formationeoiotpxic
SO is slower in humans than in rodents. More sieesgipecies for development of
lung tumors after exposure to high doses of stysraats and the most sensitive are
mice (Nakajimaet al. 1994; Carlsort al. 2000; Filseet al. 2003.

MA, PGA are generally accepted as biological maridrexposure and are the
main metabolites of styrene in urine (Figure 4)eJdtwo acids represent more than
90% of the styrene metabolites in humans (Bardaml®l Bardodejova 1970;
Guillemin and Bauer 1979; Johansairal. 2000).

Conjugation of styrene 7,8-oxide with glutathioaeninor metabolic pathway
in humans, leads to specific mercapturic acid pctsl(PHEMAS) that can be
measured in the urine (Ghittatial. 1997; Figure 4).
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Figure 4: Major routes of styrene metabolism (Vodika et al. 2006a)
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The genotoxic effects of styrene and SO and individual susceptibility

Blood protein adducts, reflecting the reactivity 80O with biological
macromolecules, represent an excellent marker ¢drnal exposure.ln vitro
incubation of SO with blood from humans, mice aais$,rdemonstrated that SO reacts
with a variety of nucleophilic sites in haemoglobio form SO-Hb adducts.
Measurement of haemoglobin adducts has been prgosenonitor occupational
exposure to styrene. (Brenngral. 1991; Phillipset al. 1994; Vodickaet al. 1995,
1999, 2003; Basilet al. 2002; Jaget al. 2007).

Reaction of styrene and SO with nucleic acid darestits and DNA leads to
the appearance of various DNA adducts — which sgmts a direct measure of the
biological effect. SO adducts have been detecteddweral authorsn vivo andin
vitro, in mice or rats and in DNA isolated from lymphtesy of workers exposed to
styrene (Vodickaet al. 2001a, 2002a; Henderson and Speit 2005). Styreite o
induces 7-guanine alkylation, comprising 93% o#&lkatlkylation in double-stranded
DNA (Koskinen et al. 2000). However, in cultured human lymphocytes the
characteristic mutations induced by styrene oxids WT- GC transition (Bastlova
and Podlutsky 1996). This indicates that the mutegeffects are most likely due to
the minorN®-adenine adducts (1% of total alkylation) (Koskireeral. 2000; Latham
et al. 1993). In vitro data on the effect of SO on cultured human lympgtesc
confirmed the relatively long half-life of @uanine DNA adducts and the induction
of strand breaks (Bastlow al. 1995). In addition, Horvatkt al. reported relatively
high levels of N-styrene guanine DNA adducts in humans (Horea#d. 1994).

Styrene exposure may also result in secondary RIidkage via oxidative
stress. White blood cells of styrene-exposed warlsdtowed signifcantly increased
levels of 8-hydroxy-deoxyguanosine (8-OHdG), sbas recently been proposed that
styrene exposure could create an imbalance betwaetants and anti-oxidants
(Marczynskiet al. 2000; Gameet al. 2002; Collins 2009).

Furthermore, it has been demonstrated that SOcesdDNA strand breaks,
which are transient promutagenic lesion, represgntirect effect of damaging
agents. They could be related to AP sites (apuani¢ apyrimidinic sites) and also
may represent intermediates in BER and NER refaatlifs et al. 1997). Various

studies showed increased levels of SSBs followxgpsure to styrene (Somorovska
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et al. 1999; Laffonet al. 2002; Buschiniet al. 2003). A negative correlation was
found between DNA repair capacities and SSBs in DNIAese data suggest that
DNA repair rates may be induced among workers esgbosd styrene, and,

subsequently, SSBs are efficiently removed (Vodgtlka. 2004b).

The possible genotoxic effects of styrene and BS@mphocytes of exposed
workers have also been investigated in some stuwdgesonitoring of chromosome
aberration (CA), MN and SCE (Laffaet al. 2001; Vodickeet al. 2006a). Reviews on
cytogenetic markers in workers occupationally expoto styrene showed mainly
negative results for the induction of chromosonahédge. This can be explained by:
a) insufficient statistical power of results, caligy small size of studied populations,
b) cytogenetic end point is not so specific matkerause it can reflect DNA damage
induced by a variety of factors and c) there isklat data which reflect the
relationships between DNA repair, cell cycle regjala and individual susceptibility
and cytogenetic markers.

In recent years, the large field of individual sestibility has become of great
interest. This includes interindividual differendasgenes encoding drug metabolism
and DNA repair enzymes. Several studies on xenigbiahdicated that genetic
polymorphisms in some XME or DNA repair genes magniicantly modulate
genotoxic outcomes (Norppa 2003, 2004). Genetigyrpotphisms in cytochrome
P450 CYP2E1l, EPHX1, and GSTM1, Pl, and T1 are relevant to styrene
biotransformation and modulate the level of SO fednand the extent to which it is
detoxified.

Although glutathione conjugation represents a midetoxification route in
metabolism of styrene, it may become important hgaim lungs — the major site of
entry of styrene to the human body. Mainly GB8TM1 genotype, but also tHeSTT1
genotype, play an important role in this particutaetabolic pathway in humans
exposed to styrene. In styrene-exposed individwals the GSTM1 null genotype a
lower urinary excretion of PHEMASs was observed (Haid et al. 2001; De Palmat
al. 2001). In a study on human volunteers exposedrurw#@rolled conditions to 50
mg/m3 of styrene, subjects witBSTT1 positive genotype excreted four times more
PHEMAs in comparison witlsSTT1 null subjects, whereas a 6-fold difference was
associated with th&STM1 null genotype (Haufroidet al. 2002). Godderist al.
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(2004) observed a lower level of DNA damage (SSBsyorkers from a fiberglass-
reinforced plastic factory exposed to styrene aivirduals withGSTT1 null genotype.

By analyzing an effect of XME polymorphisms on r@rkers in styrene-
exposed lamination workers, increased levels of SS8Rd increased mutation
frequencies (MF) inHPRT gene were associated with the heterozygozity ia tw
CYP2EL1 polymorphisms (1053C>T and 7632T>A) (Vodiataal. 2001b). Similarly,
higher levels of N1-SO-adenine DNA adducts werentbun relation to the
heterozygosity in bot@YP2E1 (1053C>T and 7632T>A) polymorphisms (Vodidta
al. 2003). The lower level of SCE was found in indiads carrying at least one
variant allele inCYP2EL (7632T>A) andGSTP1 (llel05Val) genotypes (Teixeiret
al. 2004). The frequency of CA significantly correlhtgith EPHX1 activity genotype:
individuals withEPHX1 high activity genotype had the lowest CA frequenglgereas
individuals with EPHX1 low activity genotype exhibited the highest CAduency
(Vodickaet al. 2001b).

Interindividual variation in DNA repair may alsagsificantly modulate the
measured incidence of markers of genotoxicity. Bisfen DNA repair lead to
hypersensitivity to DNA-damaging agents, accumatabf mutations in the genome,
and, finally, to the development of cancer or vasionetabolic disorders.

Only few studies investigated the mechanisms ofADfpair of styrene-
induced DNA damage. The factors of individual spsibdity modulate styrene-
induced genotoxicity and individuals with “disadt@geous” genotype could be at
a higher risk of styrene carcinogenity. Particylafctors of individual susceptibility
and DRC, in combination, may substantially moduldte genotoxic outcome (as
recently evidenced for combinations of polymorphlism XME and DNA repair
genes. (Naccaradt al. 2006).

1,3-butadiene

BD is a colourless, extremely flamable, chemicalactive gas. It is an
important industrial monomer that is used in higilumes in the manufacture of

styrene—butadiene rubber (SBR, 85%) and a wideetyadf other synthetic rubbers,
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resins and polymers. BD-based products are impodamponents of automobiles,
construction materials, computers and telecommtioits equipments or protective
clothings (Jacksonet al. 2000a; White 2007; IARC 2008). BD is also an
environmental contaminant, originating mainly fromhicle emissions or tobacco
smoke.

CHZ\ /CH\

CH CH>
Figure 5.: Structure of 1,3-butadiene

Over the last 30 years, the relationship betwegrosure to BD and cancer in
human populations has been investigated in numestudies. An IARC working
group in 1998 classiffied BD as a probably carcarog to humans (Group 2A), based
on limited evidence for carcinogenicity (IARC 199®ecently, the epidemiological
studies indicate an increased risk of leukemia &mdphomas among workers
occupationally exposed to this chemical (Macalesal. 1996; Delzellet al. 2001;
Graff et al. 2005; Chenget al. 2007). On the basis of sufficient evidence of an
increased risk of leukaemia in humans, sufficiemtdence of carcinogenicity in
animals and supportive evidence from mechanisticlies, the Working Group
reclassified BD as human carcinogen (Group 1) i@72@Grossest al. 2007; IARC
2008). Additional studies have established BD tcalmdent carcinogen, with mice
being considerably susceptible than rats (Himmiglst®897; IARC 1999; Boogaaret
al. 2004). These observations may be due to spediesetices in the metabolism of
BD, patrticularly the formation of DNA-reactive mbtdites EB and DEB. (Filsest
al. 2007; Wickliffeet al. 2007)

The genotoxicity of BD is most probably caused kg metabolic
intermediates. BD-induced mutagenicity requiresaielic activation, and the DNA-
reactive epoxides formed during BD biotransformatere direct-acting mutagens
(Melnick and Kohn 1995; IARC 1999). In the firstept of BD metabolism,
cytochrome P-450 mono-oxygenases are involved, ljna@YP2E1 at low and
CYP2A6 at high BD concentrations. Cytochromes @adBD to the epoxybutene
(EB) (Duescher and Elfarra 1994; IARC 1999). Twbertenzymes which play a
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major role in the metabolism of BD are GST and osomal EH. GST mediates the
conjugation of EB with GSH resulting in formatioi mono-hydroxylated urinary
metabolites. In another way, the EB can be furthetabolized to DEB by CYPs
(CYP2E1 and CYP3A4) or to 3-butene-1,2-diol via mgomal EHs. This latter
product also acts as a substrate for CYPs to fagoxybutanediol (EBD), which can
be also alternatively formed from DEB by EH. Thi#daepoxides are also detoxified
by GST or by microsomal EH (Figure 6). EB, DEB &mBID are reactive metabolites
which can react with biological macromolecules amwiy contribute to the

mutagenicity and carcinogenicity of BD (Jacksbal. 2000a).
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Figure 6. Major steps of metabolic pathways of BD educed from findings in

mammalsin vitro and in vivo (Modified from IARC 2008)
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Genotoxic effects of BD and individual susceptibility

All three metabolites — EB, EBD and DEB, are capat¥ reacting with
macromolecules vitro. DNA adducts have been identified in humans exptes&D
and in animals exposed to BD and its metabolitbs. Major DNA adducts in rats and
mice exposed to BD are at thN¥ position of guanine (Boogaastl al. 2001, 2004;
Zhang and Elfarra 2003, 2004, 2005, 200MY.-Guanine adducts can undergo
spontaneous depurination from DNA, resulting inrapa sites. The observed DNA
adducts are congruent with induction of G-A trapsitmutations, adenine mutations
(A-T and A-G) and deletions (Reosbal. 2001; Leeet al. 2002).

The similarity in the shape of the dose—responsees for the formation of
DNA adducts and the induction &fPRT MF in splenic T cells from mice and rats
exposed to butenediol suggests that epoxybutandthel product of butenediol
epoxidation) may play a significant role in the agenicity of BD (Powleyet al.
2005). Several studies in workers exposed to BDetsnown significant changes in
markers of genotoxicity HPRT MF, chromosomal damage) (Mea al. 2000;
Ammenheuseet al. 2001; Abdel-Rahmaset al. 2003) while others have shown no
significant differences between exposed workers @rdrol groups (Albertingt al.
2003; Sranet al. 2004; Zhanggt al. 2004; Lovreglioet al. 2006).

These inconsistent results may be due to intesitidal differences in DNA
repair as well as in metabolic capacities of XMEyemnes. In workers exposed to BD,
levels of haemoglobin adducts were found to be ctdfé by the combined
polymorphisms foICYP2E1, GSTM1 andGSTT1 genes (Fustinongt al. 2002). The
main CYP isoenzyme involved in the conversion of BDCYP2E1 (Jacksost al.
2000b; Schlade-Bartusiadt al. 2004). The importance daZYP2E1l polymorphisms
may be confirmed by another study showing an aasoni between this SNP and an
increased risk for lung cancer among Mexican—Anaeremokers (Wt al. 1997).

Since the absence of GST enzymes could lead t@oa elimination of
xenobiotics, GST polymorphisms could be expected to influence suiduéty to
genotoxic/carcinogenic effects. In studies invediigy BD-exposed workers, the
GSTM1 null andGSTT1 null genotypes were associated with levels of DIMAgpet
al. 2001) and haemoglobin adducts (Fustinenial. 2002). Several authors have

observed higher frequency of SCE, induced by DE® these results were strongly
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associated with th&STT1 polymorphism, (Wiencket al. 1995; Schlade-Bartusia
al. 2000). Another report showed an increased seitgio¥ GSTM1 null subjects to
the induction of SCE by epoxybutene (Sasiadtkal. 1999). The multivariate
regression analysis, used to investigate the samedius effect of various parameters
like occupational exposures, smoking habit, age aliferent genotypes on
logarithmically transformed data of total CAs, rakesl that th&sSTT1 polymorphism
significantly modulated the total CA frequenciesl)Jdwed by occupational exposure
and smoking habit (Musakt al. 2008). Workers with the IowEPHX1 activity
genotype were reported to be more susceptible teinBDced genotoxicity than
individuals with the more commoBPHX1 genotype (Abdel-Rahmasat al. 2001,
2003; Vodickaet al. 2004c). In experimental studies, mice that laak filnctional
EPHX1 gene were more susceptible than wild-type micehéoomutagenic effects of
BD or diepoxybutane (Wickliffet al. 2003).

Several other molecular epidemiological studiegeh@ported no effect of BD
on HPRT mutations or chromosomal changes at levels of atoupal exposures and
no significant associations with a particul@STT1 or GSTM1 genotype (Abdel-
Rahmaret al. 2001; Zhanget al. 2004). Contradictionamong these outcomes may be
connected with the impact of exposure to other a0 agents from other sources
e.g. cigarette smoke, or automobile exhaust (Husgi&ursiainen 2004; Musak al.
2008).

Immunotoxicity and exposure to industrial xenobiotcs

The immune system plays an important role in @taia of human body from
infectious disease, tumor identification and re@tt as well as from various
environmental/industrial xenobiotic insults. Adwereffects of xenobiotics on the
immune system may be associated with a broad spedf short and long-term end-
points, including hypersensitivity, autoimmunitgcreased susceptibility to infectious
agents and even an increased risk for cancer. finerenmune function parameters
are of potential value in the evaluation of indivadl health risks in workers

occupationally exposed to immunotoxic industrial eriicals. Results from
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Bergamaschet al. (1995) and Bircet al. (2002) suggest immune alterations of cell-
mediated immune response of T-lymphocytes and iamgal in leucocyte subsets in
peripheral blood of workers exposed to styrene.ddwer, this compound was also
found to suppress the activity of mouse splenig/mghocyte killer cellsin vitro
(Grayson and Hill 1986)

The expression of adhesion molecules in peripHacadd cells and in serum
among workers occupationally exposed to styrenécabeld that styrene exposure
activates the immune system and altered leukoayerance (Jahnowet al. 2002)
Activation of immune system among styrene workeraswalso confirmed by
increasing of the proportion of natural killer se{NK) (Mutti et al. 1992).

The lymphocyte stimulation responses and phagoagtigity of monocytes in
peripheral blood as well as the humoral immunityaleated by determining serum
IgG. IgA, IgM, IgE, and acute phase reactants @8- @4-components of complement
were assessed in comprehensive study of the baalbgnonitoring of workers
occupationally exposed to styrene (Tulinsdtaal. 2000). This study revealed a
suppressive effect of styrene on cultured lymphexybllected from styrene-exposed
workers. Decreased proliferative activity was notedlymphocytes from styrene-
exposed workers upon stimulation with Con A (Corsahin A). Positive correlation
of C3-component of complement with duration of #gosure indicates possible
association between styrene exposure and these plcase reactants as indicators of
inflammation. Finally, the presented data suggeshune alterations of cell-mediated
immune response of lymphocytes and imbalance inolegte subsets in peripheral
blood in workers occupationally exposed to styrdt@moral immunity seems to be
more resistant to the effect of styrene.

To our knowledge, there are no reports addressimgultaneously the
genotoxic and immunotoxic burdens associated widssive occupational exposure

to industrial xenobiotics. In this respect our s#sdepresent a pioneering attempt.
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STUDIES CONSTITUTING THE PhD THESIS

The aim of this work is summarized into the follagipoints:

- to evaluate the role of various biomarkers teeasgyenotoxic effects of industrial
xenobiotics.
The use of a comprehensive battery of biomarkets rbt reveal simple
mechanistic relationships between the exposurebaidgical effects. The risk
assessment of genotoxic styrene in occupationalppged humans is reviewed
in the light of adaptation and or population setect

- to investigate the role of genetic polymorphisaismetabolising and detoxifying
enzymes in styrene and BD exposed individuals:
Factors of individual susceptibility are importdént understanding of mutagenic

and carcinogenic effects of xenobiotics.

- to assess the DRC in styrene-exposed workers
Inter-individual differences in DRC pose an impattgource of variability in
maintenance of genome integrity and thus influegarmpredisposition to various
diseases, including cancer. A possible role of DR@odulating the individual
susceptibility towards genotoxic effects of envirmntal and occupational

carcinogens is an important field to study.

- to study the possible modulating effect of DNAa& polymorphisms on markers of
genotoxicity
Since clear mechanistic links between various gemetlymorphisms of DNA
repair genes and their phenotypic consequencesaré&nown, relationships
between transient markers of genotoxic effectse(B85Bs and CAs) and DNA

repair polymorphisms are of particular interest.
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- to evaluate the immune markers in the context clipational exposure to styrene
and to investigate their relationship with variggnetic polymorphisms
Markers of genotoxicity play a role in the cascafl€arcinogenic events. The
same applies for immune parameters, particularlyelation to malignant cell

proliferation/metastasis processes.
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RESULTS AND DISCUSSION

The populations from all studies included into gresent work consisted of:
healthy individuals employed 1) in local adminisoa as clerks, employees of
regional hygienic stations and research institated 2) in various branches of the
plastics and rubber industry of central Europe ffe¢rand eastern Bohemia, western
Slovakia). The study design was approved by thall&thical Committee and the
participants provided their informed consent ptiegir inclusion into the study. The
samplings of biological material were carried outcading to the Helsinki
Declaration. Confounding factors, like medical drngatments, dietary (vitamins,
particular diets) and lifestyle habits (alcohol,daooffee consumptions, smoking
status) and possible exposure-related effects ve@@ded in detailed questionnaires

and considered in the statistical analyses.

Role of various biomarkersin assessment of genotoxic risk of industrial xenobiotics

In the Publication No. Il, we have analysed bidkees reflecting styrene-
induced genotoxicity and mutagenicity %€tyrene guanine DNA adducts,
haemoglobin adducts, SSBs, CAPRT MF) from the aspects of their accumulation
over time and of the role of adaptation and/orc&la in the genotoxic risk of styrene
exposure.

The level of N-terminal valine adducts in haembgtoserved as a parameter
reflecting both internal exposure to styrene armdahility of styrene intermediate, SO,
to attack nucleophilic sites. Regression analysigaled that haemoglobin adducts in
styrene-exposed workers strongly correlated onlth veixposure coefficient, while
correlations with styrene workplace concentratiggrs of employment and age were
not significant.

Styrene-induced DNA adducts are considered aspat@owerful biomarkers
of styrene exposure, representing important integr@asures of DNA damage and
reflecting the DNA repair activity to remove thein. our study, the levels of ©
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styrene guanine DNA adducts significantly corredatgith years of employment,
styrene exposure and, particularly, with exposwefficient. Finally, only G-styrene
guanine DNA adducts and CA correlated with workelatyrene concentrations, as
well as with the duration of employment. Intereghyn all markers (DNA and
haemoglobin adducts, SSBs, CA amPRT MF) correlated significantly with
exposure coefficient, illustrating cumulative etiéeSO-adenine DNA adducts has
also been analysed in white blood cells of styrexgesed workers (Publication No.
[l). 1-SO-adenine DNA adducts have been deteatet¥di out of 19 hand-lamination
workers exposed to styrene, while none of severraosubjects showed DNA
adducts above the detection limit. Statistical gsialclearly shows a strong effect of
both acute styrene and cumulative exposure onethed bf 1-SO-adenine adducts in
white blood cells.

We did not record any statistically significantfelience between the MF at the
HPRT locus in styrene-exposed workers and control iddials. MF at theHPRT
locus correlate significantly with styrene concatitm at the workplace, but not with
parameters of internal exposure (styrene concémran blood, urinary mandelic
acid). A significant correlation between MF at tHBRT locus and the parameters of
cumulative exposure was recorded. These data suppassumption that MF at the
HPRT locus may accumulate in relation to the styrermenre over time (Publication
No. IlI).

SSBs and SSB Endo Il sites are in detail covand@ublication No. V. SSBs
in DNA were significantly lower in exposed worketfsan in those unexposed and
correlated inversely with parameters of interngbasure. This is in contrast with a
previous study (Vodickat al. 1999), and may be caused by differences among the
examined populations. The previous study consisfethdividuals exposed for 14
years on average, whereas workers in the presety stere exposed to styrene for
less than 4 years. On the other hand, in the presedy the relatively lower SSB
levels in exposed workers were associated with raireient DNA repair capacities,
whereas in previous reports DNA repair rates werteandressed. Contrasting results
between this study and a previous (Somorowka. 1999) were also found in the
levels of SSB Endo lll sites, reflecting either sibasites or oxopyrimidines, and were

almost identical in both the exposed and controups.

34



Except for DNA and haemoglobin adducts, the othemharkers are rather
non-specific, reflecting many types of various gera effects due to different kind
of exposure and other events, such as DNA repdhidrcase of SSBs. Additionally,
exposure coefficient represents rather a theofetialue, assuming that styrene
exposure levels are constantly the same as measuoeé particular day of sampling.
It is well known that levels of styrene exposureynsabstantially vary from day to
day, depending on the character of production.

The assessment of biomarkers of genotoxic effecthin context of BD
exposure is shown in Publication No. VI. Intereghyn the frequency of CAs was the
highest for individuals engaged in checking andliguaontrol (the lowest exposed)
and for individuals from the mixing department (g exposed), and lowest for
individuals employed in other processes in thepleat (medium exposed). SSBs and
SSB Endo 1l sites were not significantly differebétween these groups or even
between smokers and nonsmokers. More explanatongid®rations about these

findings will be provided in the following paragtag

Genetic polymorphisms of metabolising and detoxifying enzymes in individuals
exposed to industrial xenobiotics

Genotype analyses 8PHX1 (Tyr113His and His139Arg);STM1 (deletion),
GSTP1 (llel05Vval) andGSTT1 (deletion) were performed in DNA samples from
styrene exposed workers and controls. (PublicallonIl). The group consisting of
hand-lamination workers exhibited a significantligtrer frequency of lowEPHX1
activity genotype (His irEPHX1-Tyrl13His) and significantly lower frequency of
high EPHX1 activity genotype (Arg inEPHX1-His139Arg). These differences in
allele frequencies between styrene-exposed woikedsunexposed individuals may
indicate a process of selection over time, espgciamong styrene-exposed
individuals. We may expect that individuals, whe &well equipped” to deal with
styrene (and other chemicals) exposure, due to gesietic background can performe
their work for many years; others would relativedpidly quit.

The role of various biomarkers, particularly ight of possible modulatory

effect of genetic polymorphisms of genes encodiog XME is discussed in
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Publication No. Ill. DNA adducts are influenced the heterozygosity ilCYP2E1
(7632T>A). Using multiple regression analysis, ppaars that the levels of 1-SO-
adenine adducts may be influenced by heterozygos@YP2E1 (both 1053C>T and
7632T>A). In this study, we also demonstrate ineeeaMF at theHPRT locus in
styrene-exposed individuals bearing heterozygasitSTP1 genotype (llel05Val),
while no such association was seen in the contalp Styrene-exposed individuals
with GSTPL1 lle/lle genotype exhibited significantly lower MR the HPRT locus as
compared to those with heterozygo@STP1 genotype. Our study, although
performed on a limited cohort, suggests that cleretyrene exposure together with
genetic polymorphism itGSTP1 may result in increased mutagenicity at HRRT
locus.

The effect of polymorphisms in genes coding for KMnzymes QYP1A1,
CYP2EL, EPHX1, GSTM1, GSTP1, and GSIT1) on CAs, SSBs, and SSB Endo IlI-
sensitive sites was also evaluated in workers eyeglon tire plants, and thus were
exposed to a variety of xenobiotics, mainly BD (Rugtion No. VI). Individuals with
the lowEPHX1-activity genotypes exhibited the highest CAs, whihose with
medium and high-activity genotypes had significarldwer CA frequencies. An
important additional metabolic pathway in the dé&toation of reactive BD
intermediates is conjugation with glutathione gatetl by GST. We did not observe
any association between the biomarkers measurétkipresent study and common
genetic polymorphisms i@STM1, GSTP1, andGSTTL1. Interestingly, in this study we
have also measured expression levelsSC¥P2EL, a gene involved in xenobiotic
biotransformation, a relatively novel biomarker tmomonitoring studies. Our data
suggest a trend toward higher CA frequencies ividdals with increase@YP2E1

MRNA expression levels.

Assessment of DNA repair capacity regarding the exposureto styrene and BD

We have measured DRC using two separate DRC @stsof them make use
of the ability of specific glycosylase (oxoguaniglgcosylase; OGG1) to remove 8-

oxoguanine in periferal lymphocyte extracts. Inosettest DNA breaks induced by

36



y-rays are repaired according to the individual mrepapacity, and the results are
expressed as amount of repaired SSBs.

Individual repair capacity to repair DNA breaksluced byy-rays in styrene-
exposed workers was significantly higher in comgari with controls (Publication
No. Il). BER is the DNA repair pathway most probalacting on the removal of
styrene-induced DNA adducts. The stimulation of Dk&pair in laminators could
explain their enhanced capacity to regaiay-induced DNA damage, which is known
to be specifically repaired by BER.

Generally, SO induces a wide variety of differeypels of DNA adducts (Fig.
5 in Publication No. Il). Different types of addsdcit different sites of the DNA bases
exhibit different biological properties, which magsult in different kinetics of
formation and removal, different rates of repaiogass and, therefore, different
biological significance and mutagenic potencies

The results from two different DNA repair testséd on modified version of
the comet assay are shown in details in Publicationlll and V. Capacity to repair
irradiation-specific DNA damage was significantbmer in external controls than in
exposed subjects from laminary plants. In the cobrposed to the highest styrene
concentrations, DRC apparently decreased. The apjp@crease in DNA repair rates
related to the medium styrene exposure may refifettive activation of the DNA
repair machinery. Moreover from results of theselists, we may assume that styrene
exposure may result in the induction of DNA repairhumans up to a certain
threshold (around 100 mgfin On the other hand, an increased capacity of
lymphocytes to incise 8-oxoguanine, which represeokidative damage of
lymphocytes, was recorded among highly exposed everkSignificant association
between both internal and external exposure pasmand repair capacity to remove
oxidative DNA damage suggests a possible role afative stress in styrene-related
genotoxicity.

Based on the data collected from questionnaireshawee analysed possible
associations between levels of analysed biomakealsdifferent dietary and lifestyle
factors (Publication No. IV, based on general papaonh). Irregular exposure to a
broad variety of chemicals, used in the workplazes linked with the rates of

irradiation-specific DNA repair. In addition, themsumption of coffee positively
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affected irradiation-specific DNA repair rates, lidgcreased the capacity to repair
oxidative damage.

The capacity of peripheral blood lymphocytes (PBlcsyepairy-ray-induced
SSBs and to convert 8-oxoguanine in HelLa cell DNt ISSBs were assessed also in
workers employed in the tire plant (Publication N@). The main outcomes was, a
higher DNA repair rates were detected in smokersoimparison with nonsmokers,
suggesting that the various alkenes present irrattgasmoke may have induced the
BER capacity to repair DNA damage. However, nonficant twofold higher
irradiation-specific repair rates were found in iens highly exposed to xenobiotics,
including BD. In our case, the DNA repair rates rbayaffected by the coexposure to
styrene or other chemicals in the workplace, algmotheir quantitative contribution to
the total xenobiotic exposure seems rather smaderéstingly, irradiation-specific
DNA repair rates moderately increased with incregsage in the study group. A
significant positive association was observed betw8SBs and irradiation-specific
DNA repair rates. A strong positive correlation vedso found between SSB endo llI-
sensitive-site levels and oxidative DNA damage irajages.

In another study (Publication No. VII), we investigd possible relationships
between the capacity to repair oxidative DNA damagain confounders, parameters
of exposure and parameters of genotoxic effectB$S&As, 1-Ade-adducts and
HPRT MF). The only positive correlation was found betwdeRC and SSBs in
females. It can be related to pronounced interviddal variability in DNA-repair
rates, differences in the levels and/or the dunatibexposure, and the smaller size of
the population investigated. Interestingly, unexgagbsmokers incised oxidative DNA
damage significantly more effectively than unexpgbs®n-smokers, and the same
trend, although non-significant, was found consrdgthe whole study group or the
exposed workers only. This may be due to the géperaf oxidative stress by
smoking and subsequent stimulation of cellular Di¢fair activity. Moreover,
possible associations between the capacity to mepadative DNA damage and
polymorphisms in genes encoding biotransformatiozymes were analysed. Higher
DNA-repair rates were observed in carriers GSTM1 plus genotype, expressing

functional enzyme, compared with those with a dehein GSTM 1.
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DNA repair polymorphisms in relation to styrene and BD-induced genotoxicity (a
putative modulating mode)

Genetic polymorphisms in DNA repair genes and iptesdinks with DNA
repair rates, CAs and SSBs in DNA are shown in iPatdbn No. IV in details. In the
present study, we investigated the potential lingsveen genetic polymorphisms in
genes coding DNA repair enzymes and the levels A& @xd SSBs in DNA in a
central European general population. We studieginpotphisms of the DNA repair
genesXPD Lys751GIn,XPG Asnl1104His, and&XPC Lys939GlIn involved in NER,
XRCC1 Arg399Gin involved BER, andRCC3 Thr241Metinvolved in recombination
repair and in maintaining chromosomal stability. dmg all analysed SNPXPD
Lys751GIn exon 23 polymorphism was a major factdluencing the level of CAs.
CA frequencies were significantly lower in indivels homozygous for the variant
allele C of XPD Lys751GIn. This effect was particularly evident smokers,
suggesting that the CC genotype results in an @elgarepair capacity towards CA-
forming lesions like those induced by tobacco smokdditionally, moderately
elevated CA levels seemed to be associated withotiver polymorphisms of NER,
i.e. the G allele oKPG Asn1104His and the C allele ¥PC Lys939GIn. Moreover,
various combinations of DNA repair genetic polyntagms were studied to evaluate
the modulating effect of "adverse' genotypes oiividdal susceptibility to genotoxic
response.

This modulatory effects was similar on both thegfrencies of CAs and SSB
levels, indirectly suggesting a close reflection @NA damage on chromosomal
damage, as well as a role of NER in the repaifdonation) of SSBs. An increase in
levels of SSBs was observed in individuals homomggéor XRCC1 Arg399Gin
variant allele, this association suggesting thab @#ER participates in modulating
SSB levels. The irradiation-specific DNA repair erats believed to represent
predominantly BER. In agreement with this, the nepate of irradiation-induced
DNA damage was almost 2-fold higher in wild-type nfazygote of XRCC1
Arg399GIn. The moderate influence of XPG and XPQymorphisms may be
explained as a participation of NER.

The combination ofEPHX1 and XPD polymorphisms seems to modulate

levels of cytogenetic endpoints among tire plantrkeos. (Publication No. VI).
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Individuals with the combination of lo&PHX1 activity genotypes and th&A (wild
type) and AC (heterozygous)XPD alleles exhibited higher levels of CAs than
individuals with combined highEPHX1 activity genotypes and variant alle@C
genotype forXPD. This observation suggests an increased risk oftggimoeffects in
individuals with particular genotype combinations,

In Publication No. VII, markers of genotoxicity veeinvestigated in a group of
styrene-exposed hand lamination workers and relatedhe individual genetic
polymorphisms in relevant DNA repair genes and-cgtle geneCyclin D1. SSBs in
DNA and CAs frequencies were the highest in indmld with wild-type AA
genotype and the lowest in those with homozygoumneC allele in XPD, exon 23
gene. The same tendency applied for 1-SO-adenind RbNducts, although the
differences between th¥PD genotypes were not significant. Interestingly, mtta
frequencies at thelPRT gene were the highest in individuals wKRD wild-type AA
genotype as compared to those with var@@tgenotype. Genetic polymorphism in
Cyclin D1 gene had no significant modulating effect on anythef biomarkers of
genotoxicity studied.

We studied the individual capacity to repair oxicka DNAdamage (incision
step in removal of oxidized bases, mainly 8-oxaGyvorkers occupationally exposed
to styrene and in unexposed clerks from the sarterfa(Publication No. VIIl). The
exposed individuals showed a moderate, althoughsigmficant increase in the
capacity to incise oxidized purines compared witlexposed controls. This increase
is subtle if compared with the results from a poesi study, where significantly higher
DNA-repair capacity in styrene-exposed individuglscomparison with the control
group was observed (Publication No. V). The abseoicsignificant differences
between exposed and controls in the present ssuapst likely related to pronounced
inter-individual variability in DNA-repair rates,ifterences in the levels and/or the
duration of exposure, and the smaller size of tpufation investigated.

The relationship between the capacity to repaix@aanine, biomarkers of
genotoxicity and individual susceptibility in stpeexposed workers has ben
evalutated in Publication No. VIII. Individuals Witthe wild-type Ser/Ser genotype
for thehOGG1 Ser326Cys polymorphism showed a higher DNA-repagacity than
those with heterozygous Ser/Cys genotype. Thisemiffce was of borderline

significance. The DNA-repair capacity was signifitg lower in individuals with
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variant GIn/GIn genotype IKRCC1 Arg399Gin. This trend was apparent in the whole
group, as well as after stratification for exposargl sex. Significantly lower repair
capacity was also found in individuals with the dsype Lys/Lys genotype iXPC
Lys939GIn as compared with those homozygous forGh®GIn variant genotype.
Finally, from the general linear model analysis Ei¢A-repair capacity appears to be
significantly modulated by polymorphisms G5TM1 and XRCC1 Arg399GIn and by

sex, while exposure status and smoking did not hayeeffect in this particular study.

Immune markersin individuals occupationally exposed to styrene

Two different immune assays, proliferative respoasé/mphocytes, as well
as expression of adhession molecules on PBL, werieiaed in workers of a rubber
factory and of a styrene plastic lamination pldlglication No. ). Workers exposed
to variety of xenobiotics, such as BD and polyayeromatic hydrocarbons (PAH) in
a rubber factory displayed enhanced lymphocyteifpration. On the other hand
workers occupationally exposed to styrene showesugpression of lymphocyte
proliferation cultured with mitogeni vitro. These data suggest a different cell-
mediated immune response of PBLs in workers frobbeu factory versus styrene
workers. Styrene increased activation of the immsystem and altered leukocyte
adherence in exposed workers. This interaction gsitecal first step in response to
immune stimuli, and alterations in leukocyte-en@titi association could be harmful
to an effective response to inflammatory stimuli.

Our further interest was also to investigate thesfble relationship between
individual susceptibility (DNA repair polymorphisinsand individual immune
response in the context of occupational exposures believed that markers of
genotoxicity play a role in the cascade of carcerog events. The same applies for
immune parameters, particularly in relation to gpadint cell proliferation/metastasis
process. (Publication No. VII). The present refocuses on the possible modulating
effect of genetic polymorphisms in cell cycle ge&ielin D1 and DNA repair genes
on these markers. For the first time, a relatignsbetween various genetic

polymorphisms and immune markers was shown. Ancestsan between the number
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of leukocytes and lymphocytes a@yclin D1 polymorphism seems to be logical:
Cyclin D1 is involved in the cell cycle, controlgrcyclin-dependent kinases and thus
enabling passing the cell from G to S phase. Tasae why the counts of white blood
cells are affected by th@yclin D1 polymorphism remains unknown. The number of
eosinophiles was positively associated v{#PD variantC allele and negatively with
XRCC1 variantA allele andXPC variantC allele. No influence was exerted by any of
the confounding factors examined. Immunoglobulid iyas positively associated
with XRCC3 variantT allele and negatively witKPC AC andCC genotypes Both C3-
and C4-complement components were decreased widodls with XRCC3 CT and
TT genotypes Both soluble adhesion molecules sL-selant sICAM-1 (intercellular
adhesion molecule 1) were significantly associated XPC gene. The relationships
between various DNA repair polymorphisms and immpaeameters are even more
difficult to explain at the moment due to the ladkknowledge on functional aspects
of the genetic polymorphisms analyzed and due & dbmplexity of the immune

system.
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CONCLUSIONS

The role of various biomarkers in assessment of getoxic effects of industrial

xenobiotics:
In our studies, we assessed the role of varioundnikers to detect genotoxicity
of styrene and BD. Among biomarkers, the only djpeand sensitive marker of
DNA damage is represented by DNA adducts. Howawethodologies for the
determination of specific DNA adducts are laboriansl cannot be employed on
large populations, thus random variations cannotrided out. Additionally,
styrene (as well as other xenobiotics) is capablenduce a wide spectrum of
DNA adducts with different biological impacts. Tkeadducts may be repaired
via different DNA repair mechanisms, but information adduct-specific DNA
repair is very limited at the moment. If adducte aot effectively repaired, the
mutation in affected site in DNA can lead to thetsgis of an altered protein.
Mutations in an oncogene, tumor-suppressor gena,gane controlling the cell
cycle can result in a clonal cell population wittpraliferative or survival
advantage.
Others biomarkers assessed in exposed individeglse( for measuring DNA or
chromosomal damage) do not reflect the genotoXeces of a specific exposure
to styrene or BD, because their levels can be glyanfluenced by others factors

(for example age or exposure to another xenobidtiessPAH, etc.).

The modulating effect of genetic polymorphisms of MIE genes and of DNA

repair genes in styrene and BD exposed individuals:
From our studies we can conclude that differeniegermpolymorphisms in XME
and DNA repair genes may affect styrene and BD igaimity. An absorbed
dose of genotoxic agent is dependent on the bsfmamation and the individual
susceptibility, also related to different polymoighs in XME genes, certainly
plays an important role in this process. The indud@NA damage is
subsequently repaired more or less efficiently ampidly, depending on the
individual's genetic background. Particularly, farst of individual susceptibility

and DRC, in combination, may substantially moduldie genotoxic outcome.
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Considering these aspects, we can assume thatnsavikb “adverse” genotypes
may be at a substantially higher risk of styrene genotoxicity or

carcinogenicity.

The role of DNA repair capacities in styrene- and B-exposed workers
With the employment of a specific test based onifiestiversion of the comet
assay, we have observed that DRC in styrene-expuoselers as well as
workers from tire plant were higher in comparisathveontrols groups. The lack
of accumulation of genotoxic damage over time ipased individuals could be
due to the induction of adaptive DNA-repair proessfollowing the exposure to
xenobiotics. In particular, the stimulation of DN&pair in styrene laminators
could explain their enhanced capacity to repaiay-induced DNA damage,

which is known to be repaired specifically by BER.

The immune markers and their relationship with various genetic polymorphisms
Presented data indicate the utility of immune fiorciassays and expression of
adhesion molecules for biological monitoring forrlgaeffects in workers
occupationally exposed to industrial chemicals. Téwsociations between
immune parameters and genetic polymorphism€yicin D1 and DNA repair
genes seems to be important because both systamsiie and repair) represent
a complex systems that play arole in the developnué various diseases,

including cancer.
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