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INTRODUCTION

Introduction

Cancer is a leading cause of death worldwide, v#tH million new cases and 8.2
million deaths in 2012 [1]. Globally, 19% of allrezers are attributable to environmental and
occupational exposures, resulting in more thamiilkon deaths each year [2]. According to
the latest publications, workplace carcinogensaaemunted for approximately 2% to 8% of
the global cancer mortality [3, 4]. In 2010, thevere globally an estimated 118,097 deaths
and nearly 2.7 million disability-adjusted life yegdDALY's) from neoplasms due to exposure
to occupational carcinogens [5]. Since 1971, mbent900 agents, mixtures, and exposure
situationshave been evaluated by the WHO's International Agdar Research on Cancer
(IARC), of which more than 450 have been identif@sdcarcinogenic, probably carcinogenic,
or possibly carcinogenic to humans based on firglingm experimental studies in animals
and epidemiological studies in humans. Currenth8 agents are classified by the IARC as
proven carcinogenic to humans, including a numliesubstances found in the environment
and work settings such as benzene, cadmium, ethyl®nde, formaldehyde, nickel
compounds, polychlorinated biphenyls (PCBs), tobacemoke, vinyl chloride,
benzo[a]pyrene, etc. Reports on certain identiiedironmental factors that can increase the
risk of human cancer are regularly published asGA®onographs [6].

Nowadays, use of chemicals forms a vital part of bi¢ as it provides basic
conditions of existence and determines life stashddliost of the people encounter them every
day, either at work or elsewhere. The rapid globdlstrialization exacerbated the chemical
risks in workplaces and so it also increased wetlted health and safety problems.
Exposures to hazardous chemicals in occupatiott@h@e usually tend to be higher and more
durable than those in the ambient environment. &fbes, workers may be at much higher
risk of chemical-related diseases than the genmwpllation. Nevertheless, occurrence of
harmful substances is unavoidable in other aredigeptoo. Chemical products for domestic
use, including insecticides, herbicides and honearchg products, as well as presence of
toxic contaminants in food or drinking water poserpanent health risk to the general public.
To prevent the possible acute and chronic chenmcikieed effects on humans and to control
the safe handling and use of substances, chemadalysmeasures gain more and more

importance [7].
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Despite the increasing amounts and kinds of chdsiicause, the knowledge on their
hazardous properties is not in line with the indaktlevelopment. There is still a large gap
between the information we have and the informatvemeed to control chemicals in order to
protect human health [8]. Research efforts to edphe knowledge of these substances are
particularly important to provide sufficient sciditt base for risk assessment; therefore,
among others, the genotoxic features of chemiasl o be investigated.

Contribution to the knowledge about the genotoxiopprties of two widely used
biocide compounds that can be encountered notiordgrtain occupational settings but also
in the general environment, deriving both from nalffitsources and from human activities,
serves the above aim. Ethylene oxide was usedsnibrk as a “model agent” to study the
role of alkylating effects in the development ohducancer. The genotoxic potential of the
pyrethroid insecticide phenothrin was also inveded to allow for evaluating the genotoxic

risk associated with phenothrin use.

Experimental background

The genetic information is stored in deoxyribonicclecid (DNA) molecules, which
are under constant attack as a consequence of hoethdar metabolism, as well as exposure
to genotoxic agents. Unrepaired DNA damage can tea&n in mutations that alter the
genetic information encoded within DNA. Mutationndées any changes in the genetic
material of an individual cell or organism, rangiingm single nucleotide changes to the gain
or loss of entire chromosomes, that can be passdd future cells or organisms. Mutations
can lead to missing or malformed protein producé afertain gene, or can lead to cancer if
they occur in specific areas of DNA that contrdl geowth, death, differentiation and repair.
Cells have consequently evolved complex mechanigmgrotect their genetic material
against mutations. Defects in the cellular respadnsBNA damage can result in genomic
instability, a hallmark of cancer cells. Cells resg to genotoxic damage by invoking DNA
repair pathways and initiating DNA damage signglleascades, or inducing programmed cell
death (i.e. apoptosis) [9].

The term “genotoxicity” is broadly used for all iess in the genetic material or in the
genetic processes, such as DNA repair, which are mexessarily associated with

mutagenicity. Contrarily, the term “mutagenicityéfers only to the induction of permanent
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transmissible changes in the amount or structutbeofjenetic material of a cell or organism.

Thus, genotoxicity covers a broader spectrum opemds than mutagenicity [10].

DNA damage

DNA can be damaged in a number of ways. As it igiantly unstable molecule,
spontaneous damage due to replication errors, desion, depurination and oxidation is
aggravated by the additional effects of radiatiod anvironmental chemicals. Hundreds of
different DNA damage products have been documeritesiever, these lesions can be
categorized into a few major groups without attangpto be comprehensive.

Simple adducts

DNA adducts are a form of DNA damage caused byleovattachment of a chemical
moiety to DNA. Some of these DNA adducts have be@posed as useful biomarkers of

exposure to environmental toxins as well as ofinagenic risk [11, 12].

Oxidation

DNA bases can be oxidized by a variety of mechasisReactive oxygen species
(ROS), including singlet oxygen (2} hydrogen peroxide (@#D.) and hydroxyl radicals
(-OH), are the primary instigators of oxidative DNlAmage [13]. ROS are generated from
cellular metabolism, including oxidative respiratiand lipid peroxidation, or can be induced
by indirect effects of chemicals, as well as iomgzand ultra violet light (UV) irradiation [14,
15]. Reactive oxygen species are normally kept alafce by antioxidant enzymes
(superoxide dismutase, catalase, peroxidases)daratascavengers (glutathione, melatonin,
vitamins A, C and E) [16]. Chemicals may induce R&@ticially by enzymatic conversion
to secondary reactive products and/or free radical®y disturbing antioxidant defence and
enzyme functions [17]. Oxidative DNA damage inclsidevariety of lesions, including abasic
sites, base adducts, base modifications, sugamkesbase-protein cross-links, single strand
breaks (SSBs), and double strand breaks (DSBs) T8 most powerful ROS responsible
for the direct damage to DNA are the hydroxyl ratiEnd singlet oxygen that induce, among
others, the formation of the most common adducix&leoxyguanine (8-oxodG), that has

been used as a biomarker for oxidative damage [I83. oxidized guanine bases no longer
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have three hydrogens available for binding withosirte therefore binds preferably to adenine
and result in guanine to thymine transition mutadiof not repaired [20]. The mutagenic
potential of DNA oxidation is clearly evidenced by mutagenicity of ionizing radiation
which produces DNA oxidation [21].

Alkylation

Alkylation is the transfer of an alkyl group fronme molecule to another, leading to
various types of adducts on the heterocyclic basdsackbone. Methylation is the simplest
type of alkylative modification. The N 7 positiori guanine is the most vulnerable site on
DNA, N7-methylguanine is thereby the most abundakylation product; however, it is
relatively innocuous and is removed mostly throegbntaneous depurination. Methylation of
the O 6position of guanine induces O6-methylguanine (O&jnadduct, the mutagenic
potential of which is relatively higher becauseniispairs with thymine during DNA
replication, which gives rise to a transition migtatof G:C to A:T [22]. The phosphodiester
DNA backbone is also sensitive to alkylation damageaich can lead to the cleavage of the
backbone [23].

Alkylating agents are prevalent in the environmand are widely used in chemical

industry, as well as for chemotherapeutic andlsteg purposes [24-26].

Hydrolysis

Hydrolysis of DNA is also a type of primary DNA dage, formed both endogenously
and induced by different types of exogenous ade®t1) radicals remove hydrogen from the
deoxyribose-phosphate backbone causing DNA cleabatyeeen the deoxyribose sugar and
nucleobases, which creates apurinic or apyrimidsiie (AP site). AP sites unrepaired can
result in mutation during semi-conservative regiaa as a random nucleotide base will be

inserted into the strand synthetised opposite tHié&mn27].

DNA cross-links

Formation of DNA cross-links has been shown to bleaeced by various chemicals
that produce bulky, large-size adducts, as welbyagxposure to UV irradiation. UV light
principally induces cyclobutane pyrimidine dimehatt are dimeric photoproducts between
adjacent pyrimidine bases on the same DNA stra8fl [he presence of large DNA adducts
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or DNA cross-links can hinder the progression ofADpblymerases during replication and

also interfere with chromosome segregation durirgsis [27].

DNA strand breaks

DNA strand break (single and double) may be crebjeibnizing radiation, industrial
chemicals, reactive oxygen species, excessivedassion repair, replication of single strand
DNA breaks, collapsed replication forks, inhibitioh DNA polymerase and topoisomerase.
In addition, most of the DNA alterations mentiorsabve can potentially be transformed to
single or double strand breaks, as the DNA repaichimery incises damaged DNA in order
to remove and replace it with an undamaged DNA secgl [10]. Unrepaired DNA double
strand breaks (DSBs) may result in structural clugmme abnormalities, whole or partial
chromosome loss, and genetic recombination, butatsm lead to the breakdown of DNA
replication, causing apoptosis to prevent a possiblutation being passed on during

replication [29].

Mismatches of DNA

Errors during DNA replication are the endogenousra® of mismatched bases. It
occurs when wrong DNA base is stitched into plata inewly forming DNA strand, or a
DNA base is skipped over or mistakenly insertednd@b@xic agents are also able to cause
errors in DNA replication by inhibiting enzymes oived in the replication process [29].

DNA repair pathways

Cells have multiple strategies for responding toAD#damage; including initiation of
transient cell cycle arrest, utilizing specific DN@pair pathways or undergoing apoptosis. If
the exposure to DNA damage persists, it may figrations incorporated into the genome as
mutations. To ensure stable maintenance and iahegtof the genetic material, several DNA
repair pathways are employed to repair DNA lesidepending on the type of the damage:

e direct DNA damage reversal

* homologous recombination

10
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* non-homologous end-joining
* DNA mismatch repair
* nucleotide excision repair

* base excision repair

Most DNA lesions are repaired efficiently, with fbde varying from 4 min for base
damage to 90 min for DSBs [30]. Alkylating agentlused methyl-DNA lesions can be
repaired by direct reversal, applying DNA-alkyltséerases that are capable to remove the
alkyl group in a one-step reaction. Products of/lation damage are also repaired by the
nucleotide or base excision repair pathway [23]BBS%re repaired exclusively by either
homologous recombination or non-homologous endrjgipathways [31]. DNA mismatch
repair primarily restores single base mismatched single base loops, or insertion and
deletion loops [29]. Nucleotide excision repairtl® principal way by which human cells
remove bulky adducts or UV-induced cyclobutane midine dimers from DNA, but it
repairs essentially all DNA lesions. Recognitiontleé damage leads to removal of a short
single-stranded DNA segment that contains the tesibe undamaged single-stranded DNA
remains and DNA polymerase uses it as a templatgynthesize a short complementary
sequence. Final ligation to complete nucleotideisgac repair and form a double stranded
DNA is carried out by DNA ligase. The base excisiepair pathway is involved in repairing
simple DNA changes such as single strand breald,sanple DNA adducts arising from
oxidative and alkylating damage, as well as migghor inappropriate bases. The process is
initiated by the action of specific DNA repair enzgs, the DNA glycosylases, which
recognize and remove specific damaged or inap@tphases, forming AP sites. An AP
endonuclease is then employed to cleave the DNARmee which causes a single strand
break. This gap in the DNA is then filled by DNAIpmerase and ligated by DNA ligase
[29].

A number of chemicals have been shown to alter D&#air functions, by modifying
the structure or capacity of repair enzymes, oclgnging their expression on a gene level,
indirectly contributing to the accumulation of DNéamages. Failure in the DNA repair

mechanisms can lead to mutagenesis and ultimaaetynogenesis [32].

11
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Chemical carcinogenesis

Chemicals may induce cancer by genotoxic or norigic mechanisms. Chemical
carcinogenesis is a complex, multi-stage proceadirlg to malignant cell transformation
which includes initiation, promotion and progress|83]. The initial events typically involve
genotoxic damage to cellular DNA, leading to a rmatg which can give the cell a selective
growth advantage and/or an inability to regulatngh. Alterations of genes that control the
cell cycle or cell differentiation can be assodlateith neoplastic development. A constant
activation of proto-oncogenes or inactivation ofmur-suppressor genes as a result of
mutation can result in a clonal cell populationhnat proliferative or survival advantage that
can be expanded in the tumor promotion stage. Rtomdoes not involve a direct genotoxic
event. It is defined as the clonal expansion dfated cells, induced by a promoting agent,
resulting in a preneoplastic lesion. Progressiomasked by a permanent selective growth of
preneoplastic cells into neoplastic cells. Therattens that bring about progression can arise
from continued exposure to the carcinogen, additi@pontaneous or induced mutations, or
genomic instabilities [34]. The agents that eftbet transition from the promotion stage to the
progression stage are termed progressor agent® \apents that effect the transition of
normal cells to the progressive stage are termatplie carcinogenic agents [10].

Genotoxicity and mutagenicity assays

Investigation of genotoxicity is particularly imgant because it is closely associated
with carcinogenesis and it is necessary for thabéishment of scientific basis for the
assessment of cancer risk to humans from exposuchdmicals. It is undertaken for two
main reasons:

» to detect chemicals that might cause genetic damage
* to detect chemicals that might be carcinogenic gdasn the assumption that

mutagenesis is a key event in the process of aagemesis).
The knowledge of genotoxic effects of frequenthyedischemicals and molecular

mechanisms responsible for DNA damage can aidermésign of efficient strategies that will

prevent this damage from accumulating into mutation

12
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A wide range of assays are used currently for tbeedfion of genotoxic and
mutagenic effects. The sensitivity and specifi@fythese tests, with respect to test species
and genetic endpoint, are highly variable. Therethree categories of genotoxicity assays:
those that measure change at the chromosomalws&uewel, those that measure change at
the level of genes, and those that measure atiegaéit the level of the DNA molecule. These
can be combined either as a test battery or irradisystem, however, a battery of tests can
also be ordered in a tiered system [35].

Basic tests typically used in the first or scregnamase of investigation are microbial
gene mutagenicity assays and tests for primary Diifsage in mammalian cells, as these are
the most rapid and least expensive laboratory nasthbhe most commonly used microbial
gene mutagenicity assay is tBalmonella(Ames) short-term mutagenicity test which uses
various histidine-depender8. typhimuriumstrains as indicator organisms for mutagenic
events [36]. Ideal method for detecting DNA damaga single cell level is the single cell gel
electrophoresis assay (comet assay) which is aldetect single strand breaks, double strand
breaks and alkali labile sites [37]. Other methouattude: the detection of DNA adducts or
the detection of unscheduled DNA synthesis thatuscdn response to DNA damaging
exposures [38, 39], the alkaline-elution assay MBjch measures the rate in which single
strands of broken DNA pass through a filter, thkalhe unwinding assay [41] which
measures the rate at which double-stranded DNA natsvin alkali dependent on the number
of strand breaks, zonal centrifugation [42] whickasures the average molecular weight of
DNA fragments, sedimentation of nucleoids [43] whimeasures the distance nucleoids
sediment in a sucrose gradient dependant on thergnod DNA supercoiling, and the DNA
precipitation assay [44] which measures the peroéntndamaged DNA precipitated after
centrifugation. Although these methods have beenvsho provide a sensitive measure of
the overall DNA damage to cells, there are severatations when compared to the comet
assay. For example, typically large number of asllequired, radiolabeling of DNA does not
permit analysis of DNA damage in noncycling celisd information on the response of
individual cells is not possible.

The second or confirmation tier is where positivesults are confirmed using
mammalian systems. The most often applied testsnaramalian gene mutation assays and
in vitro cytogenetics assays, such as chromosome aber(&ihassay, sister-chromatid
exchange (SCE) assay, and the micronucleus (MNayas¥he CA assay assesses
chromosome damage in metaphase cells using ligbtostopy. It is sensitive to agents

which break the DNA strand directly. On the othendh the assay is time-consuming,

13
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technically demanding, and therefore expensive.[88E can sensitively detect chemical
mutagens that interfere with the DNA structure biylating bases, or by intercalating
between the double helix of DNA [46]. The MN assaycapable for the detection of
chemicals which induce formation of small membrabpeund DNA fragments, i.e.
micronuclei, in the cytoplasm of interphase celMicronuclei originate mainly from
chromosome breaks or whole chromosomes that fahtiage with the mitotic spindle (due
to damage to the mitotic mechanism) when the deitlds. The MN assay does not require
metaphase spread for analysis, and is therefonglesinin addition, the simplicity of scoring
and its wide applicability in different cell typ@sake it a useful tool to assess cytogenetic
abnormality [47].

In the third or final phase of investigation onenworein vivotests are utilized in order
to evaluate possible mechanism of genotoxicity pmoide a test model in which additional
relevant factors (absorption, distribution, metédmn| excretion) that may influence the

genotoxic activity of a compound are explored [35].

Measurement of DNA damage by the comet assay

The single cell gel electrophoresis assay or cassay is a cheap, sensitive, easy to
perform and rapid technique to evaluate the DNA agenin individual cells [48]. Its
development began with the work of Ostling and dsba in which they embedded irradiated
cells in agarose and observed that nucleoids vathafjed DNA were stretched toward the
anode, while undamaged nucleoids had round figt®é [The cell had the appearance of a
comet in which the nucleus represents the headeoddmet and the migrated DNA represents
the tail (Fig. 1).

Figure 1. Image of a damaged cell nucleus in the comet assay

14
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They also observed that the amount of DNA migratmmard the anode increased in
irradiated cells in a dose-dependent manherl988, Singh et al. modified the assay by
introducing an alkaline condition during the eleptioresis at pH > 13 [37]. The latter
version is commonly referred to as the alkaline ebassay and permits the detection and
guantification of not only DNA single and doubleastd breaks but also alkaline-labile sites
induced by a series of physical and/or chemicalntsy¢50]. Alkaline-labile sites are a
consequence of DNA depurination and modificationtled sugar moiety, which result in
chemical instability and breakage of the phosprsidiebackbone during treatment with alkali
[13]. Due to the larger spectrum of detectable DIR#ions, the alkaline comet assay is more
commonly used. By utilizing the comet assay it asgble to detect low levels of DNA
damage in individual cells therefore only a smalimier of cells are needed in each
experiment and almost any eukaryotic cell typesklmansed. As single cells are visualized, it
is possible to detect intercellular differences@sponse to DNA damaging agents [51]. In
addition, the observation of DNA damage is lessjexiive than that of other short-term
genotoxicity assays; comet assay is faster ancretsiperform, it has a higher statistical
power and the possibility of automation [52].

The fundamental principle of the test is to detB&A damage by monitoring
movement of DNA fragments in an agarose gel. Th&cbsteps include acquisition of a
single cell suspension, preparation of microscopges cell lysis, enzyme treatment
(optional), alkali unwinding, electrophoresis, malization and DNA staining for
visualization of the “comet”. Cells can easily bletained from cell cultures, from whole
blood, or from tissues by enzymatic digestion amspsnded in either PBS their respective
media. Once a single cell suspension is prepaledcells are embedded in low melting
agarose and mounted on a microscope slide. Afeeatfarose has cooled and solidified, the
slides are subjected to a prechilled lysis solutammtaining detergent and a high salt
concentration which compromise the cellular andearcmembranes and extract the nuclear
proteins. When cell lysis is complete, the slides@aced in an alkaline solution of pH>13.
The purpose of this step is to allow the DNA douieéix to relax and unwind, permitting the
detection of single strand breaks and alkalineldadites. After alkali unwinding, the cells are
subjected to electrophoresis in the alkaline sotutiThe negatively charged fragments of
DNA are pulled toward the anode giving the nuclgsscharacteristic comet trace profile.
Finally, the agarose gel is gently neutralized ¢move alkali and detergents to avoid
interference with the DNA-specific fluorescent stag. The resulting comets can be either

scored by visual examination or measured as moogleal parameters calculated by image
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analysis software from the intensity profile. Theshcommonly used computed parameters
include the percentage of DNA in the tail (the firaw of nuclear DNA that has migrated
during electrophoresis from the nucleus to the),tdile comet tail length (the maximum
distance that the damaged DNA migrates from thdihgaedge of the head) and the talil
moment. Percentage of DNA in the tail and cométdagth are the measures that seem most
linearly related to dose and the easiest to uraaistas well as give clear indication of what
the comets actually look like. Tail moment can ledirced as the product of the fraction of
DNA in the comet tail and the tail length in pmgdaa therefore a valuable measure to use as
it takes into consideration the density of strarehks in one measure [48, 53].

The comet assay can be applied to a variety ofiegudcluding the investigation of
genotoxicity and DNA repair as well as clinical dies [54-57]. In addition, to determining
which chemicals can cause genetic damage, the aasagiso provide useful information on
the mechanism of damage, e.g. with use of spesifdonucleases that can recognize various
types of damaged bases [58]. Alkylating agents igdaealkylated DNA bases that may be
sites of DNA excision repair. Incomplete excisi@pair sites are a source of DNA strand
breaks that are detected in the comet assay. kr toddetect specific DNA damage, Collins
et al. [59] developed a modified version of the ebassay by introducing an enzymatic DNA
digestion step, for example formamidopyrimidine DidAcosylase (Fpg) treatment, for the
detection of oxidized purines and pyrimidines. Than substrate of Fpg is 8-oxodG, which
is probably the most abundant biomarker of oxiga®NA damage (Fig. 2) [19]. Comet
assay can also be effectively used in environmeasgalwell as in human biomonitoring
studies, since it can be easily performed on hubb@nd samples from individuals suspected
to sustain exposure to DNA damaging agents [60].
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Figure 2. Schematic representation of DNA oxidation'®y leading to the formation 8-
oxodeoxyguanine which is recognized by Fpg enzyaecteaves DNA in the site of the
lesion.

Modified from Berra C.M. et al.[61].

The primary disadvantage of comet assay is itsdpecificity that may be associated
with cytotoxicity. Based on experimental resulte tmaximum concentration of test
substance should allow for more than 75% viabititprder to avoid false positive responses
due to cytotoxicity [62]. Other limitations of tlessay are that it cannot measure the fidelity

of repair of DNA strand breaks and the necessttiitgle cell suspension [48]
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Ethylene oxide O
/ \
HZE 5T H
H

Ethylene oxide (EO), also known as ether
oxide or oxirane, has the molecular formula Figure3.  Chemical structure
H,COCH,. It is the simplest cyclic ether and a ve of ethylene oxide.

reactive alkylating agent due to its highly straimsg which can open easily (Fig. 3). EO is a

Physical, chemical properties

colorless gas at room temperature and atmosphedssyre, but it condenses at low
temperatures into liquid. Its boiling point is 10C7 The liquid has a characteristic ether-like
odor. It is miscible in all proportions with watelcohol, ether, and most organic solvents. Its
vapours are flammable and explosive. EO is a vergatile compound, storing considerable
energy in the ring structure. Its reactions proceenly via ring opening and are highly
exothermic. Under appropriate conditions, EO isvikamdo undergo a variety of reactions,
such as isomerization, polymerization, hydrolysiembustion, and decomposition which

produce a considerable energy.

Occurrence

Ethylene oxide occurs naturally in the atmospheiic being produced in small
amounts by oxidation processes; in addition, ifoisned endogenously as a metabolite in
certain plants and microorganisms. It also occursthe exhaust gases of hydrocarbon
combustion, such as that of internal-combustionressy as well as in tobacco smoke. It can
form spontaneously from manure and sewage sludgeAtlarge quantity of EO is produced
artificially in industrial processes.

Production and application
Ethylene oxide was first discovered by Wurtz [63]1i859 by liquid phase oxidation
using potassium hydroxide to eliminate hydrochloacid from ethylene chlorohydrin.

Nowadays, EO is exclusively produced diyect oxidation of ethylene in the presence of a
silver catalys{64]. Its worldwide annual production was aboutm@lion tons in 2006 [65].
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The major industrial application of EO is as a raaterial in the production of several
industrial chemicals and intermediates, includitiyykene glycols (used in the production of
antifreeze, polyester and polyethylene terephtealdiquid coolants and solvents),
polyethylene glycols (used in perfumes, cosmepibgarmaceuticals, lubricants, paint thinners
and plasticizers), ethylene glycol ethers (used sy component of brake fluids, detergents,
solvents, lacquers and paints), ethanol aminesd(usethe manufacture of soap and
detergents), and ethoxylates in the manufacturdetérgents, surfactants, emulsifiers and
dispersants (Fig. 4) [65].

m Ethylene glycol (65%)

® Ethoxylates (13%)

= Diethylene glycol and
triethylene glycol (7%)

® Ethanol amines (6%)

u Ethylene glycol ethers (4%)

= Polyols (3%)

Polythene glycols (2%)

Figure 4. World industrial use of ethylene oxide (2006).

Minor amounts (0.05 %) of the annual productioretifylene oxide are used directly
in the gaseous form for food disinfection and §#iion of heat- and/or moisture-sensitive
medical equipment in hospitals [25, 64]. EO is aoedlent sterilizing agent because of its
effective bactericidal, sporicidal, and virucidatigity.

The EO sterilization is a low temperature chematatilization method which takes
longer time than steam sterilization, typically 28-+ours for a complete cycle. Temperatures
reached during sterilization are usually in the6BOC range. EO gas must be introduced into
the partially evacuated workspace of the steriletethe concentration of 750-1200 mg/l and
must have direct contact with microorganism onitéms to be sterilized. Due to the highly

flammable and explosive nature of EO in air, it bfas used in an explosion-proof sterilizing
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chamber in a controlled, well-ventilated environmétems sterilized by this process must be
packaged with wraps and be aerated. The aeratignregaire a long time (16-18 hours in
aeration chamber) to make sterilized items safeh&ordling and patient use. There are gas
sterilizers available that use a mixture of EO viithmaldehyde [66, 67].

Disadvantages of EO use are that it can leave t@siclues on sterilized items and it
possesses several physical and toxicological hazargersonnel and patients, therefore the
applications of this substance merit special atar{68].

Exposure data

Human exposure to EO occurs mainly through inhaatf occupationally polluted
air by workers involved in ethylene oxide produntior in the processing and use of this
compound in occupational settings. Although, thejonty of industrial operations in
chemical plants are performed in closed systemsadays, exposure can be still significant
in sterilization plants and in health care steaiian facilities, particularly during unloading of
the sterilized materials [25, 64].

According to the estimation of the National Indtuor Occupational Safety and
Health (NIOSH), in 1990 about 250,000 workers ia hSA were annually exposed to EO,
75,000 of whom were sterilizer operators or hospitarkers [69]. In 15 member states of the
European Union (1990-93), 47,000 workers, includ2¢gD00 medical workers, were exposed
to ethylene oxide estimated by the CAREX exposui@mation system [70].

The 8-hour time-weighted average (8-h TWA) of indat EO exposure levels
typically ranged from undetectable level to 18 m/aithough in occasional work situations
(loading of the gas, leaks, plant breakdown, ethg,worst-case peak exposures were up to
17,300 mg/m [64, 71]. Airborne concentrations (8-h TWA) of B®easured in hospitals
reached 124 mg/inbut in exceptional cases (improper operationtefilizers, insufficient
ventilation of sterilization or aeration area, ieqdately adjusted instruments, etc.),
significantly higher exposure levels (even up teesal thousand mg/fhwere also registered.
Due to the inadequate operation of gas sterilizetBe pediatric ward of the County Hospital
in the City of Eger, Hungary, the airborne concatitn of EO exceeded 150 mg/muring
unloading of the sterilized materials as measunelbb2 [72].

Based on experimental findings in animals and oidegpiological observations in
humans that proved EO presents a health hazardikervg, the U. S. Occupational Safety
and Health Administration (OSHA) established a pssible exposure limit for occupational

20



INTRODUCTION

exposure to ethylene oxide of 1.8 mg/determined as an 8-hour time-weighted average
concentration [73]. Likewise in Hungary, the 8-hamuaximum permissible exposure level of
EO in the workplace air is 1.8 mg/rdetermined by the Hungarian Joint Decree betwien t
Ministry of Health and the Department of Social dramily Affairs of the Occupational
Chemical Safety (No. 25/2000). Being much morevetg, the Health and Safety Executive
in the U. K. recommend 9.2 mgimirborne concentration of EO as a long-term warkel
exposure limit (8-h TWA) [74].

Ethylene oxide is not only an important exogenaxscant, but it is also generated in
small quantity by the cytochrome P450 2E1 conversibethylene, which is formeid vivo
during normal physiologic processes, including noetime oxidation, lipid peroxidation, and
the metabolizing activity of intestinal bacteriab{78]. Cigarette smoke also contains EO

[64]. Practically everyone is, therefore, exposed tertain extent to EO during their lifetime.

Metabolism

After inhalation, ethylene oxide passes throughpgtknonary alveoli and enters the
circulation. 20-25% of inhaled EO that reachesalveolar space is exhaled, while 75-80% is
taken up by the body. It is very soluble in bloow as rapidly distributed to various body
tissues following its absorption. According to &itmkinetic study by Brugnone et al. [79],
the average blood concentration of ethylene oxgdapproximately 3.3 times higher than its
environmental air concentration, reflecting thenhsglubility of ethylene oxide in blood.

There are two possible pathways (enzymatic and emaiymatic) responsible for
ethylene oxide metabolism in humans (Fig. 5). E@ lma converted either to ethylene glycol
through hydrolysis by reaction with water and claeror to thioethers by conjugation with
glutathione. Ethylene glycol is the major metabglioduct of ethylene oxide hydrolysis that
can be excreted in the urine or further metabolidsd alcohol dehydrogenase to
glycoaldehyde, which is transformed to glycolicdaand glyoxal and then to glyoxylic acid.
The toxic glyoxylic acid that suppresses oxidatwe metabolism is eventually detoxicated
via several metabolic pathways. Enzymatic deagtimabccurs by glutathione conjugation
yielding S-2-hydroxyethyl-glutathione, S-2-hydroxyd-cysteine and S-2-hydroxyethyl-
mercapturic acid. Glutathione conjugation preventhylene oxide from covalently binding to
cellular proteins and nucleic acids. About two4siof the population possess the ability to
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enzymatically conjugate EO with glutathione, whilee remaining one-third is out of this
ability that may increase an individual’'s susceftibto the toxic effects of EO [64, 80].
After metabolized, EO metabolites are excreted @iy through the urine. The half-

life of absorbed ethylene oxide in humans has lesémated to be less than 1 hour [64].

(0]
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. GSCH,CH,OH (GSH) water o
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: (glutathione g " (epoxide ’
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urine , racetic aci
HOOCCHNHRCH,SCH,CH,0OH hy ;'g;g;ie;gg)ﬂd
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Figure 5. Metabolic pathway of ethylene oxide.

Source: reproduced from inchem.org

Health effects

Acute inhalation exposure to high levels of ethglexide can cause nausea, vomiting,
respiratory tract irritation, bronchitis, pulmonagema, emphysema and may lead to central
nervous system depression and seizudesmal or ocular contact with solutions of EO may
cause irritation of the eyes askin, while long-term exposure to high levels abarne EO
can result in cataracts. Some evidence exmstgating that short- and long-term inhalation

exposure can cause an increased frequency of méyes in female workers [81, 82].

22



INTRODUCTION

Genotoxicity, mutagenicity, carcinogenicity

As ethylene oxide is an extremely reactive, digating alkylating agent, it attacks the
nucleophilic groups of cellular macromolecules,luding DNA [83]. The mechanism of
genotoxicity of EO is not fully characterized, bsithought to involve the formation of DNA
adducts. The most abundant DNA adduct induced Hhyylexsie oxide is N7-(2-
hydroxyethyl)guanine (N7-HEG) [84]. Its mutagenatgntial was investigated in a variety of
in vitro andin vivo experiments which detected that EO can induce BNand breaks [85],
HPRT mutations [86], micronucleus formation [87fr@mosomal aberrations [87, 88], and
sister chromatid exchange [89] in cultured cell elogystems. EO was demonstrated to
increase the frequency of sister chromatid exchf@@je p53, H-ras and K-ras mutations [91,
92], micronucleus formation [90], HPRT mutation [98nd changes in the expression of base
excision DNA repair genes [94] in experimental aalsrin vivo, as well as DNA strand
breaks [95], chromosomal aberrations [96], micréews formation [97], sister chromatid
exchange [98], and N-ras and p53 gene expressiraibns [99] in humans. The
carcinogenic properties of EO were demonstratedabiynal inhalation studies, where
different types of neoplasms [100, 101], includihgng cancer were developed [102],
however, still limited evidence exists for the cancausing ability of ethylene oxide in
humans.

According to human epidemiological findings, occimaal exposure to ethylene
oxide is principally associated with the developimainlymphatic and hematopoietic tumors
[103-105], but further studies identified additibis#tes of neoplasms, too, including breast
[104, 106, 107] and stomach cancer [108]. Althotlylh major portal of entry of EO is the
respiratory tract, there is still insufficient eeiite that EO is able to induce tumors in the
respiratory tract. Nevertheless, significantly elid mortality among EO-exposed hospital
workers was observed in Hungary, which could béyattributed to lung cancer [109].

Based on the limited evidence of carcinogenicipyrfrhuman epidemiological studies,
and sufficient evidence of carcinogenicity fromdsés in experimental animals, EO has been
classified by the IARC as “carcinogenic to humafggdup 1) in 1994 [64].

It is widely accepted that ethylene oxide is a gexic agent [64], but its DNA
damaging effect on human lung cells has not yenm lpagensively studied, despite the fact that
these cells are the first barrier encountered by E®vious studies investigated the genotoxic
property of ethylene-oxide in human fibroblasts][8Bd in breast epithelial celiis vitro with

the use of single cell gel electrophoresis assdy][land found positive dose-response
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relationship. Nevertheless, no studies have beedumted in cells derived from the lung, the

principal biological target of EO.
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Physical, chemical properties Figure 6. Chemical structure of
phenothrin.

Phenothrin, also known as sumithrin, has the médedarmula of GsH2603, and the
molecular weight of 350.46 g/mol (Fig. 6). It ix@lorless or pale yellow liquid possessing a
slight odor. It belongs to the pyrethroid grouppesticides that have stereocisomers due to the
asymmetric carbon structure. Phenothrin has fdterdnt types of stereoisomers, such as 1R
trans(1), 1Rcis (2), 1Strans(3), and 1cis (4) isomers (Fig. 7).

KD X e LG

(1) (1 R, trans) (2) (1 R, cis)

wﬁl@ = LI

3) (1S, trans) (4) (1S, cis)

Figure 7. Chemical structure of the four stereoisomers ohdsmthrin.
Source: reproduced from inchem.org

The commercially used d-phenothrin is a mixturasoiners 1R¥ans and 1Reis in
4:1 ratio. It is poorly soluble in water (2 mgitat 25°C), but can be dissolved in organic
solvents such as acetone, xylene, hexane or métHamo stable in the air but unstable if
exposed to light and alkaline conditions.

Historically, pyrethroids are synthetic analoguégyrethrins, insecticidal substances
obtained from the flowers of a species of chrysamiiim Chrysanthemum cinerariaefoligm
The majority of pyrethroids were created by modifythe chrysanthemic acid moiety of the
pyrethrin | and esterifying the alcohols. Synthgtycethroids have been developed in order to
improve the specificity and activity of pyrethringhile maintaining the high knockdown and
low terrestrial vertebrate toxicity. Phenothrirais ester of chrysanthemic acid (2,2-dimethyl-

3-(2,2-dimethylvinyl)-cyclopropanecarboxylic acahd 3-phenoxybenzyl alcohol.
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Pyrethroids are classified according to their dtrecand toxicology, including those
lacking the cyano group on the phenoxybenzyl maofBtye 1) and those with a cyano group
on the phenoxybenzyl moiety (type II). Phenothrelobngs to the type | pyrethroid group
which does not contain cyano molecular group. Ottypre | pyrethroids are allethrin,
tetramethrin and permethrin. Type Il pyrethroidsclunle deltamethrin, cyphenothrin,
cypermethrin and fenvalerate. The first manufactypgrethroid was allethrin that was used
worldwide from the 1950’s. From 1950 to 1970, rethmir, tetramethrin and phenothrin were
developed by applying further various alcohol sitbshts. These first generation pyrethroids
are still widely used, but they are photolabileréfore, their half-life is only hours if exposed
to light. In outdoor condition, the half-life of phothrin is less than 1 day. Radiolabeled
phenothrin was observed to be degraded in theafieit 1 to 2 days. However, when it was
used under flood conditions, degradation was sl¢@&reeks to 2 months).

Type Il pyrethroids were developed to improve phstability mainly by modifying
chrysanthemic acid of the pyrethrin molecule. Fertimodification by dihalovinyl analogue
was used to increase stability even more. Pernmettais developed based on the dihalovinyl
analogue modification. In addition, structural nfaditions with halogenated
vinylcyclopropylcarboxylates were applied to ensuneespread application in agriculture.
The products created using halogenated vinylcyolmycarboxylates are cypermethrins,
cyfluthrin and cycloarthrin. The half-life of tydépyrethroids can be as long as one hundred

days in the soil after used in agricultural apglma[111, 112].

Production and application

Phenothrin was first synthesized in 1969, and hle@snhused in various applications
since 1977. Recent quantitative data on the pramlueind use of phenothrin are not publicly
available; its worldwide production level was esited 70-80 tons per year in 1989 by the
WHO [112]. In all likelihood, its global use hasegtly increased over the past decade as
pyrethroid pesticides have emerged to substituterakorganophosphate pesticide residential
uses that are no longer available.

As an effective nerve stimulant it influences threnauction of nerve impulses by
forcing the sodium channels of insects to remaienognd the consequent excessive sodium
discharge eventually leads to paralysis [113].

Phenothrin is widely present in pesticide produbist are used in commercial and

industrial settings to control agricultural and kehiold insects, as well as in infectious
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disease control of insect vectors. It can be agphigesticide mixtures as a synergist or alone
as direct insecticide for both indoor and outdoestpcontrol. For example, to control
mosquitoes and prevent transmission of arbovirefeesr Hurricane Isabel, the Virginia
Department of Health sprayed residents with phenmotin 2003 [114]. Furthermore,
phenothrin has therapeutic applications, specifigais used for eliminating human louse or

scabies infestation, in which case it is formulaasdh powder, shampoo, or lotion [112, 115].

Exposure data

The general population may be exposed to phenatiw@ugh multiple routes such as
inhalation of household aerosol sprays, ingestibriood containing residual material, or
dermal contact with pediculicides (medications utedreat lice and scabies infestations).
According to deterministic exposure assessmentgraleresidential scenarios would result in
exposures of concern, especially the incidentatstign of residues by toddlers. Application
of pediculicides is considered to be a significantirce of residential phenothrin exposure,
too, due to direct dermal contact. Furthermore,upational scenarios may also pose
increased risk of exposure to phenothrin if noaie protective equipment is supplied to or
used adequately by the workers who mix, load amgyaihe pesticide product. Since the
environmental persistence of phenothrin ranges ftaim 2 days, the exposure from residues
in food or drinking water is expected to be verwI§l1l2, 115]. At present, reliable
guantitative data on exposure are not availablalltaw for the characterization of the dose-

response relationship.

Metabolism

Phenothrin is metabolized rapidly by hydrolyticaslage of the ester bond, followed
by oxidation and glucuronidation yielding to theraoon urinary metabolitesis- andtrans-
chrysanthemumdicarboxylic acidig- andtrans-CDCA). Thetrans isomers are metabolized
more rapidly tharcis isomers, and excreted mainly in the urine, whiktabolites of theis
isomers are excreted mainly in the feces. The lialBf the urinary excretion varies from 4
to 12 hours after exposurétansCDCA is used as a biomarker for internal dose ssssent

of certain pyrethroid insecticides [116].
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Health effects

The sensitivity of human nerves to phenothrin &, loevertheless studies reported
general toxic effects of phenothrin observed in aAomincluding symptoms like dizziness,
salivation, headache, fatigue, diarrhea, and bititg to sound and touch [117]. Dermal

exposure may lead to local paresthesia aroundxh@sed skin surface [118].

Genotoxicity, mutagenicity, carcinogenicity

Although phenothrin was found to be non-mutagemi€scherichia colistrains [119],
its genotoxic potential could be evidenced inimrvivo animal study, in which phenothrin
administered to rats intraperitoneally for 14 cangee days caused oxidative DNA damage
in the liver and kidney as measured by high peréoree liquid chromatography (HPLC)
[120]. Further data provided by other mutageni@tygenotoxicity studies, especially on
higher organisms, are lacking.

Its carcinogenic potential was investigatedimyivo animal studies, in two of which
phenothrin increased the incidence of liver canbenvever, it did not achieve statistical
significance [121, 122]. In am vitro study, epithelial cells of the mammary gland were
exposed to phenothrin and the results indicatednareased WNT10B proto-oncogene
expression [123]. On the basis of these limitedifigs, phenothrin has been classified by the
United States Environmental Protection Agency (P\JEas “not likely to be carcinogenic to
humans” [115].
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Aim and objectives

The purpose of our study was to characterize thetgaic properties of the sterilizing
agent ethylene oxide and the pyrethroid insectipldenothrin inin vitro cellular models by
using a modern, highly sensitive genotoxicity test.

To fulfill the aim, the following objectives werets

1.1. To examine the susceptibility of lung epithelialle¢o the alkylating insult of EO in
anin vitro system by means of the alkaline comet assay eetbell populations: (1)
cultured human lung epithelial cells which représgmsefulin vitro model of the
lung as the hypothesized target of EO exposurecyRyred human keratinocytes as
non-established targets of EO; and (3) isolateddruperipheral blood lymphocytes,
a commonly used cell type in biomonitoring.

1.2. To describe the susceptibility pattern of thesedhrell types towards the alkylating
insult of EO by comparing it to the susceptibildfthe same cell types towards the
oxidative DNA damage induced by hydrogen peroxidigX).

1.3. To measure thén vitro active concentrations of EO with gas chromatogyajh
order to determine the average exposure level gunieatment that allows for
modelling than vivointernal dose.

1.4. To reconsider the adequacy of the present (1.8 fygintupational exposure limit

for ethylene oxide.

2.1. To update our knowledge about the genotoxic prasedf phenothrin as measured by
the comet assay im vitro cellular models of human peripheral blood lymptiesy
and human hepatocytes.

2.2. To make a preliminary evaluation on the appropni@ss of the present regulations of

phenothrin use.
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Materials and methods

Chemicals

Ethylene-oxide and chemicals used for the alkadimmet assay were purchased from
Sigma-Aldrich Chemie GmbH (Heidelberg, Germany)tréisPhenothrin was obtained
from Dr. Ehrenstorfer GmbH (Augsburg, Germany). Eneonuclease formamidopyrimidine
DNA-glycosylase (Fpg, FLARE™ Module) was acquirednii Trevigen (Gaithersburg, MD,
USA). Acetomethoxy derivate of calcein (Calcein ABHd 7-aminoactinomycin D (7-AAD)
fluorescent dyes were purchased from Biotium (HagywaA, USA). The cell culture
medium and the supplements were provided by GiBagsley, UK).

Cell cultures

Human peripheral blood samples were obtained byipuecture into heparin-
containing vacutainer tubes (BD Vacutainer SysteRlymouth, UK) from 5 healthy
volunteers (males, aged 25 to 30 yeavinonuclear white blood cells were separdted
the erythrocytes by density gradient centrifugatiming Histopaque-1077. The buffy-coat
was aspirated and resuspended in RPMI 1640 meduataiaing 10% fetal calf serum.

Human type ll-like alveolar epithelial cells (A54®Were kindly provided by the
University of Birmingham, Institute of Occupatiortdéalth. The cells were originally derived
from a lung adenocarcinoma and are extensively aseanin vitro model system to study
human respiratory epithelial cell biology.

HaCaT cells, spontaneously immortalized human keyeytes were a gift from the
Department of Dermatology, Medical and Health Soge@enter, University of Debrecen.
This cell line is a widely accepted cellular equeva of human keratinocytes.

The human hepatoblastoma-derived cell line (Hep®&3% purchased from ATCC
(Manassas, VA, USA). It provides a frequently ugeditro model in human toxicological
studies on liver cells.

A549 cells were maintained in RPMI 1640 medium $eipented with 10% fetal calf
serum, 100 U/ml penicillin and 1Q®/ml streptomycin, while HaCaT and HepG2 cells were

cultured in Dulbecco’s Modified Eagle Medium suppnted with 10% fetal bovine serum,
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100 U/ml penicillin and 10@g/ml streptomycin. The cell lines were grown as olayer in
Tos and Ts flasks (TPP, Trasadingen, Switzerland) at a teatps of 37°C in a humidified
incubator with 5% C@atmosphere and were passaged twice a week.

In vitro treatment

The day before the experiment, the adherent cabBglq, HaCaT and HepG2) were
seeded for treatment into 6 wells (2%d€lIs/well) of a 12-well plate and allowed to attac
overnight and grow to 80-90% confluence. Isolatechén peripheral blood lymphocytes
were partitioned at a cell density of 2%Xlls/ml medium into 6 wells of a 12-well-plate on
the day of the experiment.

Treatment concentrations of EO (0-500 pM) arg®H(0-10 uM) that showed no
evidence of cytotoxicity were previously determirtad Trypan blue exclusion assay. Stock
solution and dilution series (100 uM, 10 uM, 1 udfhe two agents were freshly prepared
before each experiment. Due to the highly volaté¢ure of EO (boiling point: 10.7°C), gas-
tight pre-cooled syringe (Hamilton, Reno, NV, US#as used to weigh it into the cell culture
medium at 0°C in glass screw-cap vial sealed widfloh-lined septa. Aliquots of EO
solution at different concentrations were addethw cell cultures (human peripheral blood
lymphocytes, A549 and HaCaT) for 1 h at 37°C. Dgiimcubation, the plate and the plastic
tubes were hermetically sealed to limit EO evaponafrom the sample. Treatment with
different concentration of #D, was conducted in the same way with the exceptiah tthe
dilution and weighing procedure were carried oubain temperature.

Treatment doses of phenothrin (0-1000 uM) that sltbwo sign of considerable
cytotoxicity were previously determined by Trypanéexclusion assay. Stock solution and
dilution series (100 uM, 10 pM, 1 uM) were madenirethanol. Aliquots of different
concentrations of the phenothrin solution and tlethanol solvent control were added to the
cell cultures (human peripheral blood lymphocytesl #epG2) and incubated for 1 h at
37°C. The methanol content in the cell culture medwas 10% (v/v) for each treatment, the
concentration that was found in previous experintefite non-genotoxic and non-cytotoxic.

Following incubation, adherent cells were washed suraped from the wells to avoid
trypsin-induced DNA damage. All the cell culturegre centrifuged and resuspended in
serum-free medium at a cell density of 2000 cdlls)ell viability was assessed before and
after the treatment by combined fluorescent stginiith Calcein-AM and 7-AAD and was

over 80% in all cases. Incubation was stopped eta@void DNA repair.
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Detection of ethylene oxide concentration by gasiatography

Gas chromatography (GC) was used to monitor thgeaconcentration of EO during
treatment. EO concentration in aqueous solution determined using a HP 589fhs
chromatograph with flame ionization detector eqgeggvith HP 7673 autosampler (Hewlett-
Packard, Wilmington, USA) and a split injector. Tlebromatography integration was
achieved using a Packard Bell Packmate computeipeegh with HP ChemStation
chromatography software (Rev. A.0603). Nitrogen wsed as the carrier gas at 2 ml/min and
it produced a column head pressure of 52 psi at.2Zbhe injection volume was 1 ul (using
5 ul autosampler syringe), at a split ratio of 1IBe injector temperature was 180°C and the
detector temperature was 200°C. The GC was equippdd a HP-PLOT U, bonded,
divinylbenzene/ethylene glycol dimethacrylate dapy column with 30 m column length,
0.32 mm diameter and Lmn film thickness (Agilent Technologies, Palo AIGA, USA).
The stationary phase separated polar moleculesltowled the detection of EO in aqueous
solution with high efficiency and thermal stability

EO concentration measurements were carried outruhéesame conditions as the
genotoxic investigations. Following incubation fay 15, 30, 45, or 60 min at 37°C, 1 ml
medium was pipetted into plastic Eppendorf tube @yaled to 0°C. The cellular components
were removed by centrifugation at 10.000 rpm fonifh and by application of wool inlet liner
to prevent column occlusion. The supernatant medies transferred into 1.5 ml glass
screw-cap vials sealed with Teflon-lined septaG@ analysis. The used column allowed for
direct injection of samples containing large amoaintvater, therefore extraction procedure
was unnecessary. The amount of EO in the samptemied by the area under the elution
curve was calculated using a calibration curve Wed provided by measurements on a series
of known aqueous EO dilutions in the range of 1@@00 uM. The time-weighted average
exposure level of EO for the whole incubation pgéneas assessed by integrating the data
from the investigated incubation time points.

To characterize the possible confounding effectenflogenous EO produced by
cellular metabolic mechanisms, the intracellularels of EO were determined. Cells were
lysed by using MagNA Lyser Green Beads (RobeggnosticsGmbH Mannheim Germany
to liberate EO generated physiologically by thelscelThe homogenate was then

ultracentrifuged to separate the supernatant tret then directly injected into the gas
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chromatograph. Sample preparation was conducte@°@tto keep EO in solution. The

endogenous level of EO was below the detectiort imeach cell type.

Cytotoxicity test

Before and after treatment, aliquots of cells weubjected to cytotoxicity assay.
Calcein AM and 7-AAD fluorescent dyes were useddiabel the cells. Calcein AM is a non-
polar compound that passively crosses the plasnmabname of living cells, where it is
cleaved by intracellular esterases to reveal a pelgr derivative of fluorescein (calcein) that
remains trapped in the cytoplasm. 7-AAD is a DNAeioalating dye, which is able to
permeate membranes of dead and dying cells, bnbtgenetrate plasma membranes of live
healthy cells.

Both fluorescent dyes were dissolved in PBS tanal fconcentration of 2 uM each.
200 pl of this working solution was added to thé pellets (1x16 cells) then incubated for
30 minutes at 4°C, shielded from light. The labatelis were washed and resuspended in ice
cold PBS buffer. 40 ul of cell suspension was plabd microscope slide for immediate
microscopic examination.

Cell survival was determined to exclude on-goinly @eath at the end of the chemical
treatment when genotoxicity test was performedhst the confounding effect of apoptotic

DNA damage could be excluded.

Genotoxicity test

The alkaline version of the single cell gel eleptroresis assay (comet assay) was
performed immediately after chemical treatmentofelhg the procedure described by Singh
et al. [37]with slight modifications. Degreased frosted slidese preliminarily covered with
1% normal melting point agarose (NMA). After solidation, the gel was scraped off the
slide. The slides were then coated with three ky&fo NMA covered with 0.75% low
melting point agarose (LMA) containing the cellsXx 1¢ per slide) and topped with 0.75%
cell-free LMA layer. After solidification, the embded cells were lysed (2,5 M NaCl, 100
mM N&EDTA, 10 mM Tris base, pH 10, 1% sodium N-lauragtcosinate and 1% Triton X-
100 added fresh) at 4°C for at least 1 h, shiefdad light. After lysis, the DNA was allowed
to unwind for 20 min in the alkaline electrophosediuffer (300 mM NaOH, 1 mM
NaEDTA, pH 13) and subjected to electrophoresis engame buffer for 20 min at 0.8 V/cm

33



MATERIALS AND METHODS

and 300 mA in a horizontal electrophoresis cham{@o-Rad Richmond, CA, USA)
Finally, the slides were rinsed gently three timéth neutralization buffer (0.4 M Tris base-
HCI, pH 7.5) to remove excess alkali and deterggftér drying, each slide was stained with
ethidium bromide (20 pg/ml) and stored in a hunmedifcontainer at 4°C until analysis.

For the detection of oxidative DNA damage, Fpg, esaidn specific restriction
endonuclease that can recognize oxidized purindspgrimidines, was applied [19]. After
lysis, two additional steps were incorporated ia tomet assay: slides were washed three
times in 1X FLARE buffer (1 mM HEPES-KOH, pH 7.40@ mM KCI) over a 30 minute
period at room temperature, and then incubatedd%%min at 37°C with Fpg diluted in
enzyme reaction buffer (1X FLARE buffer plus 1X BS&oncentrations of the enzyme were
prepared according to the protocol provided byrtenufacturer. Slides treated with buffer

alone were applied as negative control. The skda® then processed as described earlier.

Image and data analysis

The fluorescence signal was detected at 400x magtdn using a Zeiss Axioplan
epifluorescent microscope (Carl Zeiss GmbH, Germaguipped with a 50 W mercury lamp
and a CCD camera (IMAC-CCD, Computer Systeme, Geynaonnected to an image
analysis system.

To determine cytotoxicity, FITC filter (absorbaneevelength: 467-498 nm) for
Calcein AM and TRITC filter (absorbance wavelendiB2-554 nm) for 7-AAD was applied
to excite the colabeled cells. Survival rate watemeined by visual examination of 10
randomly selected non-overlapping fields per sligksch field contained 10 to 30 images (Fig.
8). Cell viability is expressed as the mean of pheportions of living cells from repeated
experiments. The proportions of living cells obsen technical replicates were subjected to

statistical analysis.
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Figure 8. Microscopic image of combined fluorescence staimashan peripheral blood

lymphocytes.

For the assessment of genotoxicity, samples werieelxby using FITC filter. Comet
Imager v.2.2.1. Software (MetaSystems GmbH, Gerihamgs used to analyze 2 x 50
randomly captured comets from duplicate slides@rdpute the DNA damage parameters in
an automatic measurement process. The softwarkagpthe intensity curve of the whole
image (yellow line) and of the intensity of the Helacated around the highest intensity
density (red line) after background correction. Tdiference between the two intensity
curves (blue line) provided the intensity of thé (&ig. 9). DNA damage parameters were
automatically calculated from the intensity signd&srcentage of DNA in the tail (tail DNA
%, TD), tail length (um, TL) and tail moment (a damed descriptor considering both tail
length and the fraction of DNA migrated in the takere measured to quantify DNA damage.
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Figure 9. Measurement of the DNA damage parameters of a lgaypd nucleus using
Comet Imager Software 2.2.1.

From each sample, the medians of the DNA damaganer values were used as
central values since data had not normal distoioudind medians are less sensitive to outliers
due to skewed data distribution than means [124¢ fesults are presented as mean of the
median values of DNA damage parameters from regeakperiments. The medians of
technical replicates were subjected to statisaoalysis.

Experiments with EO and J@, were independently carried out three times on A549
and HaCaT cells and five times on human periphklad lymphocytes from a healthy
volunteer. Investigations with phenothrin were peledently performed three times on
HepG2 cell line and five times on human periph&tabd lymphocytes from five different
donors.

Simple linear regression (Pearson test) was usddteymine the association between
DNA damage levels and concentrations of the examnio&icants. Means of cell viability
(cytotoxicity) and medians of DNA damage (genotayjcinduced by various doses of the
chemical agents in repeated experiments weretstatig compared to that of untreated cells
using two-sample, one-tailed Studernttest. Statistically significant difference was egted

at 5% significance level.
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Results
Ethylene oxide
Internal dose of ethylene oxide

The concentration of EO in the cell culture medidecreased gradually during the 1
hour incubation period in a time-dependent manseledected by gas chromatography (Fig.
10).
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Figure 10. Time-dependent concentration changes of ethylerde ar the cell culture
medium detected by gas chromatography. Initialttresant concentrations of EO were 20 uM
(A), 50 uM (B), 100 pM (C) and 500 pM (D). Sampiesn the cell culture medium
incubated in sealed 12-well plates for 0, 15, 3B, @0 min at 37°C were centrifuged, then
subjected into gas chromatograph with flame ionaratdetector. Data are means + SEM
(n=3).

A rapid decrease of EO concentration was obsenvéidei beginning of the incubation
period, but the rate of decline slowed down considly as time progressed. The proportion
of the initial amount of the genotoxic agent renmagnn the cell culture fluid at the end of the
exposure decreased with increasing initial dosksat is, higher initial doses of EO
demonstrated more extensive drop. In fact, 18%u[20), 35.8% (50 uM), 44.5% (100 uM)
and 52.5% (500 uM) of EO evaporated from the mednimthe headspace over 1 hour.
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The overall active concentration that models irderdose was estimated by
calculating the area under the concentration-tioreec (time-weighted average). The average

acting concentrations for the incubation period eveonsiderably lower than the initial
concentrations as presented in Table I.

Table I. Acting concentration of ethylene oxide during iretign for 1 hour at 37°C.

Initial concentration (UM) Acting concentration (LM)*

20 16.4
50 32.1
100 55.5
500 237.5

*Time weighted average over 1 h
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Ethylene oxide-induced cytotoxicity

The viability of cells treated with EO or used amitrols was assessed by combined
fluorescent staining method and found to be ovét 88all cases. All three cell types showed
high initial viability (>94%). 1-h exposure to eteye oxide proved to induce limited cell
death in a concentration dependent manner (Fig.Stajistically significant decrease of the
cell viability could only be observed in lymphocgteand lung epithelial cells at the
concentration of 237.5 uM. Keratinocytes showedhsly less viability than the other two
cell types, however without statistically signifintedifferences. The results of the cytoxicity
assay suggest that at the end of treatment thes@avaonsiderable cell death detectable.
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Figure 11. Effect of ethylene oxide treatment on cell viapilithe data points represent
the means + SEM of repeated experiments. Statilstic@gnificant difference (*P<0.05,
**P<0.01, **P<0.001) from corresponding untreatedontrol was determined by Student’s
t-test.
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Alkylating DNA damage induced by ethylene oxide

Exposure of the three cell types to the alkylatagent EOin the 0-237.5 uM
concentration range showed dose-dependent incoéd3&A damage measured by tail DNA

and tail length as shown in Figure 12.
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Figure 12. DNA damage induced by 1 h exposure to sub-cytotooiwentrations of
ethylene oxide in lung epithelial cells, lymphosyaad keratinocytes, measured as tail DNA
(A) and tail length (B) in comet assay. Data areerages of median values of repeated
experiments (+ SEM indicated by error bars). Stat#ly significant increase (*P<0.05,
*P<0.01, ***P<0.001) was determined by comparinpe values of DNA damage induced
by various doses of ethylene oxide to the backgrdewel of untreated cells by Student’s t-
test.
41



RESULTS

All cell types show nearly linear dose-responsati@hship with the applied doses.
EO induced a considerable increase (more thand}-tfltail DNA values in lung epithelial
cells in the 0-237.5 uM concentration range whids statistically significant already at the
lowest used concentration (16.4 uM). Lung epithedigls also had the highest absolute
values of tail DNA in the 16.4-55.5 uM concentrati@nge among the used cell types. The
tail length indicated statistically significant nease (8-fold increase over the background)
from 55.5 uM dose. Treatment with EO induced tmgést comet tails in lung epithelial cells
at each concentration when compared to the otherél types.

In lymphocytes and keratinocytes, statisticallyngigant increase of TD values was
observed at 32.1 uM and 55.5 pM concentrationpes/ely. TL values showed statistically
significant increases from 16.4 puM in lymphocytesl d&rom 237.5 pM in keratinocytes.
Compared to the other cell types, keratinocytes thadlowest DNA damage levels in the
upper concentration range (32.1-237.5 uM).

Linear regression analyses revealed a statisticadjgificant positive correlation of
DNA damage with increasing EO concentrations irthatte cell types (Table Il). The slope of
the linear regression line of both DNA damage pa&tans was found to be higher in lung
epithelial cells (0.158 and 0.029) than in keratiytes (0.102 and 0.014) in the applied
concentration range. Compared with lung cells, lyogytes had a steeper slope of the TD
parameter (0.211), but less increment when coriegléne TL parameter (0.026).

Table Il. Simplelinear regression analysis of the DNA damage @A %, tail length)
induced by 1 h exposure to sub-cytotoxic concdotratof ethylene oxide in the examined
cell types.
Variable r p* p-value
Lung epithelial cell

tail DNA % 0.887 0.158 1.03E-05

tail length (um) 0.797 0.029 3.74E-04
Lymphocyte

tail DNA % 0.895 0.211 9.35E-08

tail length (um) 0.855 0.026 1.56E-06
Keratinocyte

tail DNA % 0.861 0.102 3.63E-05

tail length (um) 0.869 0.014 2.58E-05

*r, Pearson’s correlation coefficients
** 3, regression coefficient
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Hydrogen peroxide-induced cytotoxicity

The viability of cells treated with 4D, or used as controls was assessed by combined
fluorescent staining method. It was found to behhiguntreated cells (>95%). 1-h exposure
to hydrogen peroxide induced limited cell deathefo87% viability in all treated cases) in a
concentration dependent manner (Fig. 13). Stadibficsignificant decrease of the cell
viability could be observed in lymphocytes and keacytes in the 2 to 10 uM concentration
range at the end of the treatment. The same fgy &pithelial cells could be noticed from 5
MM.

100 -

98 A

5 ﬁ:’:::':"::“'_“'_"“_“;“é'; .................................

94 A

Cell viability (%)

A+ Lymphocyte
90 - -

- @ - Keratinocyte

88 —i— Lung epithelial cell

0 1 2 5 10
Hydrogen peroxide (M)
Figure 13. Effect of hydrogen peroxide treatment on cell \ighi The data points
represent the means + SEM of repeated experimestttistically significant difference
(*P<0.05, **P<0.01, **P<0.001) from correspondingintreated control was determined by
Student’s t-test.
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Oxidative DNA damage induced by hydrogen peroxide

To characterize the susceptibility of the thred tgles to oxidative DNA damage in
contrast to alkylating effect, cells were exposetth \M,0, in a concentration range of 0 to 10
UM. The oxidative properties of EO were also inigeged, but there was no EO-induced
Fpg-dependent oxidative DNA damage observed in gkamined cells in the applied
concentration range.

Figure 14 shows dose-dependent increase of DNA ganraluced by kD,. Lung
epithelial cells had the lowest level of DNA damayer the whole concentration range. The
increase of DNA damage values was negligible inglgells and in keratinocytes at low
concentrations (1, 2 uM). Statistically significantrease of tail DNA and tail length values
were noted at 2 uM in lymphocytes, but only at kigtioses in the other two cell types. The
lowest concentration of D, that resulted in a statistically significant incseaof tail DNA in
lung epithelial cells and tail length in keratintey was 5 pM. Only treatment with a
relatively high dose of 10 uM 4@, caused a significant increase in tail DNA content

keratinocytes and in tail length in lung epithetalls.
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Figure 14. DNA damage induced by 1 h exposure to sub-cytotooiwentrations of
hydrogen peroxide in lung epithelial cells, lympyies and keratinocytes, measured as tall
DNA (A) and tail length (B) in comet assay. Data averages of median values of repeated
experiments (+ SEM indicated by error bars). Stat@ly significant increase (*P<0.05,
*P<0.01, ***P<0.001) was determined by comparinpe values of DNA damage induced
by various doses of hydrogen peroxide to the baxkut level of untreated cells by Student’s

t-test.

A statistically significant linear correlation beten DNA damage and :6:
concentrations was also found in each cell typengxed (Table Ill). Lung cells had the least
steep slope of both TD and TL parameters (1.441 @283, respectively). Conversely,
steadily rising DNA damage levels were characterfst lymphocytes with the highest slope
of TD and TL values (2.375 and 0.409, respectively)
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Table Ill. Simplelinear regression analysis of the DNA damage @A %, tail length)
induced by 1 h exposure to sub-cytotoxic concdotrat of hydrogen peroxide in the
examined cell types.

Variable r* [ p-value
Lung epithelial cell
tail DNA % 0.934 1.441 1.56E-09
tail length (um) 0.895 0.293 9.78E-08
Lymphocyte
tail DNA % 0.909 2.375 2.77E-08
tail length (um) 0.895 0.409 9.31E-08
Keratinocyte
tail DNA % 0.865 1.876 8.22E-07
tail length (um) 0.829 0.314 6.18E-06

*r, Pearson’s correlation coefficients
** 3, regression coefficient

Fpg-dependent oxidative DNA damage induced b@Hn the examined cell types
can be expressed as the difference of tail momahtes detected with or without Fpg
digestion in the comet assay (Fig. 15). Althoughstatistically significant differences in the
DNA damage were observed between controls and feagetd cells measured by tail
moment, HO, treatment increased the level of oxidative DNA dgmrecognized by Fpg in
lymphocytes and keratinocytes, indicating the preseof oxidized pyrimidine and purine
bases. The extent of Fpg-dependent DNA damagemphycytes increased with increasing
doses of HO,. A similar tendency was characteristic for keratiytes. In lung epithelial
cells, the oxidative DNA insult was minimal. Thesas practically no extra DNA damage

recognized by Fpg in the appliedncentration range.
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Figure 15. Oxidative DNA damage induced by 1 h exposure to-cgtdgioxic
concentrations of hydrogen peroxide in lung epitiatells, lymphocytes and keratinocytes.
Data are means of differences of corresponding aredalues detected with and without Fpg

modification of the comet assay in repeated exparm(+ SEM indicated by error bars).
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Phenothrin

Phenothrin-induced cytotoxicity

Both human peripheral blood lymphocytes and hunegatocytes showed high initial
viability (>90%) in all experiments. 1-h phenothrinduced limited cell death in human
peripheral blood lymphocytes and human hepatodytes concentration-dependent manner
(Fig. 16). Although their dose-response curvesoflsimilar pattern, statistically significant
decrease of the cell viability could only be obsehn lymphocytes from the concentration of
50 uM. All samples had relatively high, over 77%gbility remaining after treatment.
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Figure 16.  Effect of phenothrin treatment on cell viabilityhel data points represent the
means = SEM of repeated experiments. Statisticaliynificant difference (*P<0.05,
*P<0.01, **P<0.001) from corresponding untreatecontrol was determined by Student’'s

t-test.

48



RESULTS

DNA damage induced by phenothrin

Phenothrin exposure induced dose-dependent incodd3&A damage in both cell types
measured as tail DNA and tail length. The finditepdy indicates the genotoxic potential of
this pyrethroid pesticide (Fig. 17).
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Figure 17. DNA damage induced by 1-h exposure to sub-cytotosientrations of
phenothrin in human peripheral blood lymphocyted aunltured hepatocytes measured as tail
DNA (A) and tail length (B) in comet assay. Data aneans of median values of repeated
experiments (+ SEM indicated by error bars). Stataly significant increase (*p < 0.05,
**p < 0.01, ***p < 0.001) was determined by compag the values of DNA damage induced

by various doses of phenothrin to the backgroumdllef untreated cells by Student’s t-test.
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Continuous rise of DNA damage values of both ggles was observed in the whole
concentration range. Human peripheral blood lymgteschad considerably higher absolute
values of both parameters than hepatocytes in piperuconcentration range (50-1000 pM).
The lowest concentration of phenothrin that produaestatistically significant increase in
DNA damage was 50 pM and 20 pM in human periphblabd lymphocytes, while in
hepatocytes it was 50 pM and 100 uM as assesstal DNA and tail length, respectively.

There was statistically significant positive coatedn between DNA damage and
phenothrin concentration in human peripheral bloodphocytes as well as in hepatocytes
(Table IV). The slope of the linear regression lioeboth indicators was found to be steeper

in human peripheral blood lymphocytes.

Table IV. Simplelinear regression analysis of the DNA damage @A %, tail length)

induced by 1 h exposure to sub-cytotoxic concantratof phenothrin in the examined cell

types.

Variable r* p* p-value
Lymphocyte
tail DNA % 0.982 0.066 4.31E-04
tail length (um) 0.957 0.005 2.62E-03
Hepatocyte
tail DNA % 0.912 0.020 0.011
tail length (um) 0.848 0.001 0.032

*r, Pearson’s correlation coefficients
** 3, regression coefficient
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Oxidative DNA damage induced by phenothrin

The nature of phenothrin-induced DNA damage washéurinvestigated with the
modified comet assay, using the lesion specifitri®n endonuclease Fpg. Fpg-dependent
oxidative DNA damage in the examined cell types wapressed as the difference of tail
moment values detected with or without Fpg digesiiiothe comet assay (Fig. 18). Treatment
with phenothrin apparently increased the level xiliazed DNA bases in both cell types,
although Fpg cleavage could not induce statisticsithnificant increase in the DNA damage
levels. The extent of Fpg-detected DNA damage shaskear dose dependence.
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Figure 18. Oxidative DNA damage induced by 1-h exposure to-cgtdioxic
concentrations of phenothrin in human peripheralodd lymphocytes and cultured
hepatocytes measured as tail moment in comet a3dagy.bars represent the additional
damage detected by restriction endonuclease Fpdga e means of differences of
corresponding median values detected with and witlkgpg modification of the comet assay
(+ SEM indicated by error bars).

Significant linear correlation was observed betw#en oxidative DNA damage and
phenothrin concentrations in human peripheral blasdvell as in liver cells (Table V). The

slope of the linear regression line was found to hiigher in human peripheral blood
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lymphocytes than in hepatocytes in the applied eotration range. Results indicate less

oxidative DNA insult in liver cells than in lymphgtes.

Table V. Simplelinear regression analysis of the DNA damage (t@iment) induced by

1 h exposure to sub-cytotoxic concentrations ohptigin in the examined cell types.

Variable r* B** p-value
Lymphocyte

tail moment 0.959 0.0011 2.46E-03
Hepatocyte

tail moment 0.924 0.0005 8.33E-03

*r, Pearson’s correlation coefficients
** 3, regression coefficient
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Discussion

A large number of chemicals occurring in variousiemnments of our life, including
the workspace, can react with the DNA molecule asllt in structural and functional
changes in several genes that could contributdhéodevelopment of malignancies [125].
Initial genotoxic events play a crucial role in thecess of chemical carcinogenesis [126];
therefore, detailed knowledge on the genotoxic @rogs of environmental and occupational
agents is essential for the development of effegbireventive measures or treatments against
cancers.

The widespread production and use of biocidal sutogts underpin the importance of
understanding the potential health risk of humgposure to these agents. According to their
mechanism of action, several types of biocidesbeadistinguished. Some of them can attack
cellular macromolecules, such as DNA, what expldires antimicrobial efficacy of many
sterilants and disinfectants. Other biocide compisusuch as pesticides, do not necessarily
exert their effect through direct molecular damfid&/]; even though their genotoxic feature
cannot be ruled out.

One of the purposes of our studies was to invdstithee susceptibility of lung cells to
biocide-induced alkylating DNA insult. We used thkkaline comet assay to describe the
dose-response characteristics of EO-mediated DNwAada in three human cell populations,
in lung epithelial cells, in peripheral blood lyngdytes and in keratinocytes. The
susceptibility pattern of these cell types towatttks alkylating insult of EO was compared
with their susceptibility pattern towards the oxidea DNA damage induced by,B,. The
pyrethroid insecticide phenothrin that has beessifi@d as a non-genotoxic agent so far was
the other target of our studies. Its DNA damagintepcy was measured by the comet assay
in cellular models of human peripheral blood lymgytes and hepatocytes in order to review

the genotoxic hazard of phenothrin use.

Ethylene oxide induced alkylating DNA damage

Ethylene oxide is an important alkylating biocidempound with a worldwide
demand of 19 million tons in 2006. It is mainly dse low-temperature chemical sterilization

processes for a variety of heat sensitive matesath as agricultural and medical devices.
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EO, that was found genotoxic in variansvitro andin vivotest systems, sterilizes products in
gaseous form by means of an alkylation reactiohdhatroys organisms’ ability to reproduce
[64].

Alkylation is one of the most common types of DNAntage that can lead to
mutations and cancer [128]. The lung epitheliunthes first barrier that encounters inhalant
toxins, such as polycyclic aromatic hydrocarbong.(benzog]pyrene) which are associated
with the development of respiratory cancer [129%rigusin vivo animal experiments have
indicated that inhalative exposure to EO may ewahtdead to lung cancer [64], but only
very limited data on humans are available in tterdture suggesting that lung cancer cases
might be associated with exposure to EO [130]. @bidity of EO to cause lung cancer in
humans has not been unequivocally demonstratedAjtebugh its genotoxic ability is well
established, no previous studies have examineE@ieéduced DNA damage in cells derived
from the lung, as the primary biological targetadfal effect. An important additional reason
for investigating the EO-induced genotoxic effent lung epithelial cells was that the
sensitivity of lung tissue to alkylative DNA-damagiagents is still not fully elucidated.

Our results revealed pronounced DNA damage in epithelial cells induced by EO
over the whole concentration range used. The sgtaflese that resulted in a significant
genotoxic effect was as low as 16.4 pM. Lymphocwgteswed slightly less susceptibility to
the alkylating effect of this compound as measurgdail DNA, although their tail length
values increased significantly from the lowest aggpldose, too. EO has been reported to
cause significant increase of DNA damage in perglhielood mononuclear cells measured
by the comet assay, but only at high concentrationsxcess of 450 uM [131]. Compared
with the other two cell types, keratinocytes protedbe relatively insensitive to EO-mediated
DNA damage, which achieved significance only ahhigncentrations. Our findings support
a previous observation of increased level of DNfarsd breaks induced by the alkylating
agent sulfur mustard in lung epithelial cells meaduby the TUNELassay [132]. The
genotoxicity induced by alkylating insult was intigated in white blood cells by Ludlum et
al. [133] where exposure to sulfur mustard generated DNA eddiimilarly to the EO effect.
In an earlier study, the specific DNA damaging ipoibf EO in various human cell lines was
investigated with the comet assay, where the stibdép pattern to EO in lymphocytes and
keratinocytes was remarkably similar to those ole®m our experiments [110].

In contrast to the high susceptibility towards thikylating effects of EO, lung
epithelial cells were considerably insensitive aghithe DNA damaging effect of the

oxidative agent kD, which is reflected in the relatively low level BINA damage induced
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in them compared with the other two cell types. Towest dose of kD, that resulted in a
statistically significant increase of DNA strandeéks in lung cells was 5 puM, while in
lymphocytes it could already be observed at a lodase (2 uM). Low concentrations of
H,O; (1-2 uM) induced minimal increase of DNA damagelung epithelial cells and
keratinocytes, but the response to higher dosé$ (5M) differed in the two cell types, where
keratinocytes proved to be more sensitive agaip®k lsult than lung epithelial cells.

The detection of Fpg-dependent DNA sites revealedsiderable KO,-induced
oxidative damage in lymphocytes and keratinocytds|e there was basically no oxidative
damage found in lung epithelial cells over the eguplconcentration range. The possible
explanation for the increased resistance of thistyjge against oxidative insult might be that
pulmonary cells are constantly under oxidativessirand therefore they are equipped with a
wide range of intra- and extracellular antioxiddatense mechanisms, e.g. they contain high
levels of glutathione that plays an important rolehe antioxidant defense [134, 135]. Our
results are in agreement with the general condepatethe resistance of lung epithelial cells
to H,O, [136]. An in vitro study used the comet assay to investigate theatwed DNA
damage induced by 0.2 to 1 mM® in SV-40 transformed lung epithelial cells and,
consistent with our findings, reported resistaraveards the oxidative insult [137]. Oxidative
DNA damage in rat type Il pulmonary epithelial sellas detected by gas chromatography in
a study that applied considerably higher, millimmple,O, concentration [138]. It can be
assumed that the antioxidant defense system was tabprotect the A549 cells against
oxidative insult in the low concentration rangeH, that was used in our investigations.

A remarkable finding of our study is that the treaht concentrations of EO
substantially changed in the cell culture mediunmirgdu incubation, as measured by gas
chromatography. This observation must be taken adosideration when modelling the
internal dose. The average exposure levels of E@ wrgnificantly lower than the initial
concentrations, which can be explained by the kigblatile property of EO.

A confounding factor in assessing genotoxic ristoasted with EO exposure may be
its endogenous level; however, that was found belmevdetection limit in each cell type.
According to previous investigations, endogenoudsiyned EO induced minimal level of
DNA lesions (~ 1 to 10 N7-HEG adducts /Ifucleotides) in lymphocytes [139, 140];
consequently, endogenous EO concentrations arkelnlio pose a considerable genotoxic
burden in ourn vitro model system.

The relatively low average EO concentrations thegatly affected the cells in our

experiments are representative to the serum levielgccupationally exposed individuals
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which largely depend on the actual airborne comaénon of EO [141]. Recent literature data
indicate that occupational settings still remaimajor source of ethylene oxide exposure,
especially in health care and the related industsibere workers may be directly exposed to
EO. Its concentrations measured in work airspaceews to several thousand md/m
occasionally; however, assessment of correlatidwden exposure dose aim vivo dose
requires prudent consideration [142]. Brugnonéd.emhanitored occupational exposure to EO
by measuring the concentrations in the ambientaanl blood and found that the EO
concentration in the blood was, on average, 3.8gifmgher than its concentration in the air
[79]. On the basis of this finding, the lowest mi& dose (16.4 uM) that caused significant
genotoxic effect in ouin vitro study is equivalent to 233 mgir20 ppm) EO concentration
in the workplace air, a level that has been deteséweral times in occupational settings [64].
Taking into consideration the uncertainty factqupleed for carcinogens based on a nonlinear
low-dose extrapolation and for inter-individual aadoility, our findings support the
appropriateness of the 1.8 md/favel of the present occupational exposure limitEO in
the USA [73], but draw attention to the unduly hi§2 mg/m) long term exposure level of
this agent in the United Kingdom [74].

In conclusion, the developad vitro system was able to detect the DNA damaging
effect of EO and kD, exerting alkylating and oxidative DNA damage, retpely. The lung
epithelial cells demonstrated increased sensititdythe alkylating effect of EO, but
considerable resistance to the oxidative DNA damadaced by HO,. These observations
support the assumption that lung epithelial cedis be susceptible targets of an EO-mediated
alkylating insult.While the findings do not provide conclusive eviderfor a causal link due
to the limitations of using aim vitro model, they support the concept that EO may daurtiei

to the development of lung cancer.

Phenothrin genotoxicity

The synthetic pyrethroid insecticide phenothrircaenmonly used to kill household
insects and mosquitoes, although its direct DNA-aigimg effect is not fully characterized.
Only one published study is available that assesgsagenotoxic risk by measuring oxidized
DNA bases in rat liver and kidney with the use &?U€. The study found that phenothrin
administered intraperitoneally for 14 consecutiagdcaused statistically significant, dose-

dependent increase of oxidative DNA damage in lwotfans [120]. The mutagenicity of
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commonly used insecticides containing phenothrirDi2% (~ 6 mM) concentration was
previously investigated with Ames spot forward ntiota assay and yielded negative results
[119]. Based on animal studies, phenothrin expobarebeen related to the development of
liver cancer in mice and rats, although the in@eaiscancer incidence was statistically not
significant between the control and exposed grqup&, 122]. Another investigation linked
phenothrin with breast cancer. Phenothrin has Iséenvn to mimic estrogenic activity in
MCF-7 human breast carcinoma cells by increasimgléirel of WNT10B proto-oncogene
expression [123]. Other studies have not suppotter cancer-causing ability of this
insecticide [112, 143].

According to our results, acute phenothrin exposca@ lead to a significant,
concentration-dependent increase of DNA damagéenmabsence of marked cytotoxicity in
peripheral blood lymphocytes and hepatocytes utiderapplied conditions. The lowest
concentrations of phenothrin that resulted in &éssieally significant DNA damage were 20
uM and 50 uM in lymphocytes and in hepatocytespaetvely. Hepatocytes proved to be
less sensitive towards the genotoxic effect of pktam than lymphocytes what may be
explained by the rich detoxification mechanisms HépG2 cells [144]. The oxidative
genotoxic effect of phenothrin could be evidenaedath cell types, although it did not reach
statistical significance. Nonetheless, the requiist out the potential of phenothrin to induce
genotoxic damage. Such information is first prodids/ our study and may infer important
consequences, since significant effects were obdat/relatively low (micromolar) doses.

The general population is exposed to phenothrimgrily from incidental ingestion of
remaining residues after residential pest contrdtmm use of commercial pediculicides, but
significant exposure may occur in certain occupeticsettings, too [115]. Measurements of
urinary metabolites provide useful biomarkers opasure; however, there is insufficient
information at this time to allow for correlatio the amount of metabolites measured in the
urine to the body burden or to the level of envinemtal exposure to phenothrin. Results of a
single study in humans following inhalation exp@suo pyrethroid sprays containing
phenothrin as a component report that the meaneotration of pyrethroid metaboliteans
CDCA in urine was 1.1 pg/l urine; notwithstandinge proportion of phenothrin in the
pyrethrum mixture was unknown [116]. It would bessplative to estimate the amount of
urinary metabolites produced by the doses apphesur experimental system in the absence
of applicable toxicokinetic models of phenothrintat®lism in humans. Data exist only for
some other pyrethroid pesticides, the residuesha¢twhave been measured in the urine and

plasma of industrial workers. Concentrations ofvedarate and cypermethrin were reported
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to reach 0.044 pM in urine and 1.08 uM in plasnespectively [145, 146]. However, the
toxicokinetic properties of these pesticides mdfedfrom that of phenothrin.

In conclusion, our findings provide one of the tfievidences that the pyrethroid
insecticide phenothrin has detectable genotoxiem@l. The effective doses used in our
study are in the low micromolar range, close tthalgh higher than the internal dose of
phenothrin as it can be estimated by extrapolatiom the limited data on endogenous
concentrations of other synthetic pyrethroids. M#nadess, due to the stochastic nature of
genotoxic effect that has no threshold of safdtg, DNA-damaging potential cannot be ruled
out at lower concentrations, too. The limited datzilable about the toxic effects of
phenothrin and the positive results reported herth the agent used on primary and
secondary cell cultures call for further studiesharacterize the genotoxic properties of this

pesticide.

Conclusions

The identification of carcinogenic chemicals actwig genotoxic mechanisms still
remains a major challenge. Alkaline comet assayequtdo be a useful and sensitive method
to quantify DNA damage at the single cell levelpwing for thein vitro identification of
susceptible cell types towards distinct DNA damggirechanisms.

Our confirmation of the appropriateness of the texgsoccupational exposure limit for
ethylene oxide provides supportive evidence forléwvel of threshold as well as proves the
adequacy of the comet assay to be used in thelisbtabnt and verification of occupational
limits and strategies for biomonitoring of chemieaposures in the workplace so as to reduce
the genotoxic risk of individuals as far as reasbynaracticable.

In the light of our findings on phenothrin, it ishasable to reconsider the health
hazards of this pesticide, especially in regardtsoDNA damaging potential. First and
foremost, in order to minimize the risk of exposaral related health effects, cautious use of
phenothrin containing products, especially the dance of direct human applications, can be

recommend.
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SUMMARY

Summary

More than 1 million people die annually worldwiderh malignant diseases caused by
chemical carcinogens. According to the multistageleh of carcinogenesis the initial events
of cancer development typically involve damage étdutar DNA that can be triggered by

certain genotoxic agents.

We conductedn vitro experiments using the single cell gel electropsisrassay to
investigate the genotoxic properties of two biosidethylene oxide and phenothrin, that can
be encountered not only in certain occupationalnggst but also in the general environment,
deriving both from natural sources and from humatividies. One of our aims was to
investigate the role of ethylene oxide-induced DNAmage in the development of lung
cancer by characterizing the susceptibility of luegithelial cells, peripheral blood
lymphocytes and keratinocytes towards the ethylerele-mediated alkylating and the
hydrogen peroxide-mediated oxidative DNA insult alogl comparing the susceptibility
pattern of these cell types towards the distinctADddMamaging mechanism. Another aim of
our studies was to investigate the genotoxic p@kat the pyrethroid insecticide phenothrin
in cellular models of human peripheral blood lymgytes and human hepatocytes in order to
reconsider the genotoxic risk associated with ptiemouse.

Ethylene oxide induced statistically significantiease in DNA damage at a low
concentration (16.4 pM) in lung epithelial cellsdam lymphocytes. In keratinocytes,
significant genotoxic effect was detected only ahigher dose (55.5 pM). Contrarily,
increased resistance of lung epithelial cells waseoved against hydrogen peroxide-mediated
oxidative insult. These results suggest an incakasesitivity of lung epithelial cells towards
the alkylating effect of ethylene oxide, supportithg possible role of ethylene oxide and
other alkylating genotoxic agents in the inductdriung cancer.

Phenothrin induced statistically significant DNAntiagefrom concentrations 20 uM
and 50 uM in human peripheral blood lymphocytes lagglatocytes, respectively, as well as
oxidative DNA damage could be detected in both erachcell types. The findings provide
evidence for the genotoxic properties of phenothaimd point out the importance of
considering the use of phenothrin with caution.

The genotoxic evaluation of the studied chemicalsnevitable for the appropriate
hazard identification and risk assessment of thusie, as well as for the design and
implementation of effective occupational and enwimental preventive measures against the

development of chemical-induced cancers.
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Magyar nyelvii 6sszefoglalo

A vilagon évente egy millional is tébben halnak nmagkel kémiai anyagok okozta
rosszindulati megbetegedésekben. A karcinogendiiiblépcés modellje szerint a
rosszindulati daganatok kialakulasanak kezdeti sk&ré el§sorban DNS mutéciok a
felelosek, melyek gyakorisaga megnodvekszik genotoxikp®zxiok hatasara.

Kutatasaink soran két, egyes munkahelyeken és ob/koindennapi kdrnyezetinkben
is ebfordulé biocid vegyilet, az etilén-oxid és a femotrgenotoxikus képességét
tanulmanyoztuk laboratériumi kérilmények kozottoksts elektroforézis segitségével. Egyik
célunk az volt, hogy megvizsgaljuk az etilén-oxikilalo hatasanak a tidgdak kialakulasaban
betdltott szerepét tiddaphamsejteknek, periférias limfoctaknak és kecaitaknak az etilén-
oxid alkilal6 és a hidrogén-peroxid oxidativ tipuRINS karositdé hatasaival szembeni
érzékenységi mintazatdnak Osszehasonlitdsa réwdtatakaink masik célja a szintetikus
peszticid fenotrin hasznalatahoz kapcsolodo gerilaiex kockazat Ujraértékelése volt a
vegyulet DNS karositd hatasanak human perifériésfoliitakon valamint hepatocita
sejtvonalon tortéhvizsgélata révén.

Mar alacsony ddézisu etilén-oxid expozicié hatagd@4 pM) megfigyelhét volt a
DNS kéarosodast jetizlistokds paraméterek értékeinek statisztikailagnsitkdns ndvekedése
tudo laphamsejtek és limfocitak esetében, mig keraitiékizan szignifikans genotoxikus
hatas csak magasabb dozisnal (55,5 uM) alakulExzel ellentétben a tddlaphamsejtek
fokozott rezisztenciat mutattak a hidrogén peroxiidativ tipusi DNS kérositdé hatasaval
szemben. Az eredmények a dldaphamsejtek etilén-oxid alkilalé hatasaval szemnbe
fokozott érzékenységét jelzik, utalva az etiléndodk és egyéb alkilalo genotoxikus
agenseknek a tddak kialakuldsaban betoltott lehetséges szerepére.

A fenotrin szignifikAns genotoxikus hatast fejt&tt periférias limfocitdk esetében
20 uM, mig majsejtek esetében 50 pM koncentragidtidtsleg mindkét sejttipusban
kimutathatd meérték oxidativ tipusi DNS karosodas volt megfigyethebMegfigyeléseink
alatamasztjak a fenotrin DNS karositdo képességéfeltsvidk a figyelmet a vegyillet
korlltekint hasznalatanak fontossagara.

A vizsgalt agensek genotoxikus hatasanak jellemzdsagedhetetlen feltétele a
hasznalatukhoz kapcsolédd veszély azonositasanaigckazat becslésének és az ezek
ismeretén alapulé hatékony rakmeégél foglalkozas- és koérnyezet-egészséguigyi

intézkedések megtervezésének és végrehajtasanak.
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