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Chapterr 1 

Generall Introduction 

Preface e 
Organicc solvents are commonly used, both at the workplace and at home. They are applied on 
aa large scale in paints, glues, adhesives, coatings and degreasing/cleaning agents, and in the 
productionn of dyes, polymers, plastics, textiles, printing inks, and dry cleaning agents. Some 
solvents,, e.g. toluene, are also abused by 'glue sniffers' and may be addictive. Most organic 
solventss are highly volatile and readily evaporate into the atmosphere, making inhalation the 
mainn route of entry. The most common reported symptoms after acute exposure are central 
nervouss system (CNS) depression and skin injury, both probably related to the lipophilicity of 
organicc solvents. In contrast, chronic toxicity resulting from repeated exposure is in many 
casess related to the production of reactive metabolites through biotransformation. Common 
exampless are polyneuropathy after exposure to n-hexane and methyl butyl ketone through the 
productionn of 2,5-hexanedione, carcinogenicity of vinyl chloride due to an epoxide 
intermediatee and hepatotoxicity of carbon tetrachloride due to formation of a trichloromethyl 
radicall  [1]. One of the most important effects resulting from exposure to organic solvents is 
chronicc toxic encephalopathy (CTE), which can be caused either by the solvent itself or 
throughh the formation of reactive intermediates. Thus, biotransformation is an important 
determinantt of the toxicity of organic solvents: on the one hand it determines the rate of 
disappearancee of the parent compound from the body, and on the other hand, it can result in 
thee production of highly reactive intermediates which can form covalent bonds with 
componentss of target cells, like proteins, membranes and DNA [2]. 

Largee interindividual variation in biotransformation has been observed, i.e. differences 
inn gene expression, protein levels and enzyme activity, due to environmental and genetic 
factors.. A number of biotransformation enzymes in humans have been shown to be 
polymorphicc [3], Thus, a great potential exists for interindividual variability relative to the 
metabolismm of organic solvents. Large interindividual variations in the biotransformation of 
severall  organic solvents have indeed been observed in in vitro studies [4-6]. These 
interindividuall  differences in metabolic capacity can substantially influence susceptibility to 
solvent-inducedd toxicity. Especially individuals with more efficient activating 
biotransformationn reactions and less efficient inactivating reactions might be at particularly 
highh risk of adverse health effects, when a metabolite is responsible for the mechanism of 
toxicity. . 
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Inn studies with human volunteers, large ranges of solvent levels in blood and in the 
excretionn of the urinary metabolites have been found, at equal exposure concentrations [7-9]. 
Inn field studies even wider interindividual variation in the excretion of urinary metabolites, 
commonlyy used for biological monitoring, has been found [10-12]. These interindividual 
variationss in kinetics found in vivo are mostly ascribed to differences in biotransformation, 
andd are believed to indicate interindividual differences in internal exposure to the target dose 
and,, therefore, in risk of solvent-induced toxicity. Thus, the susceptibility of an individual 
will ,, at least to some extent, depend on individual metabolic capacity. Consequently, markers 
forr enzymatic activity, whether genotype or phenotype, could be used as biomarkers of 
susceptibilityy to chemicals. 

Therefore,, the aim of this thesis was to study the role of biotransformation in 
susceptibilityy to organic solvent toxicity, in particular neurotoxicity. Styrene was chosen as a 
modell  solvent, because of its widespread use throughout the world, its neurotoxic potential, 
andd the large variability observed in its biological monitoring. In addition, a reactive 
intermediatee (epoxide) is formed during styrene metabolism and the enzymes involved in the 
formationn and degradation of this epoxide are both subject to polymorphism. 

Inn this introduction, first the interindividual variation in biotransformation is 
highlighted,, with emphasis on several selected enzymes. Then, general aspects and toxicity of 
organicc solvents will be discussed, with a focus on styrene. Finally the aims and outline of 
thiss thesis will be presented. 

Interindividuall variability in biotransformation enzymes 
AA large number of enzymes exist to metabolise foreign compounds. Virtually all xenobiotics 
absorbedd by the body will be metabolised to some degree. Metabolic reactions can be divided 
intoo phase I biotransformations such as oxidation, reduction and hydrolysis, and phase II 
biotransformationss which involve conjugation of the xenobiotic with an endogenous molecule 
(tablee 1). Quantitatively, the most important enzymes are the phase I hepatic microsomal 
mixed-functionn monooxygenases (cytochrome P450, CYP450), which exhibit broad and 
overlappingg substrate selectivity. The CYP450s are a superfamily of hemoproteins that 
catalysee the biotransformation of xenobiotics, like drugs and industrial chemicals, as well as 
endogenouss substances such as fatty acids, prostaglandins, steroids and ketones. The 
individuall  isoenzymes have significant differences in their substrate preferences. To date, 13 
genee families have been found, and the families 1-4 are considered to be responsible for the 
biotransformationn of xenobiotics. A protein in one gene family is < 36% similar to the 
CYP450ss in another family, and within a family a protein in a given subfamily is about 40 to 
65%% similar to a protein in another subfamily [13]. As to the nomenclature, the root symbol 
(CYP)) is followed by an Arabic family number, a letter indicating the subfamily and another 
Arabicc number for the specific gene [14]. 

Thee phase II enzymes are all transferases. They serve to transfer various moieties such 
ass glutathione, glucuronic acid and sulphate to chemicals, some of which have been 
metabolisedd by phase I enzymes. Similar to the CYP450s, these enzymes also have selective, 
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butt overlapping substrate specificities and catalyse endogenous substances. Typically, the 
phasee II reactions serve to transform a hydrophobic compound into a form that is more water 
solublee and can be more readily eliminated from the body through urine or bile [15]. 

Tablee 1 BiotransformationBiotransformation enzymes 

Reaction n Enzyme e Localisation n Substrate e 
PhasePhase I 

Oxidation n 

Reduction n 

Hydrolysis s 

Cytochromee P450 

Alcoholl  dehydrogenase 

Aldehydee dehydrogenase 
Monoaminee oxidase 
Flavin-monooxygenase e 

Cytochromee P450 

Esterases s 

Epoxidee hydrolase 

Microsomes s 

Cytosol l 
Cytosol l 
Mitochondria a 

Microsomes s 

Microsomes s 

Cytosol,, mitochondria, 

microsomes s 
Microsomes,, c ytosol l 

Alkanes,, alkenes, arenes, 

thiones,, thioethers 
Alcohols s 

Aldehydes s 
Amines s 

Azoo and nitro groups, N-oxides, 
arenee oxides, alkyl halogenides 

Esters s 

Epoxides s 

PhasePhase II 

Glutathionee transferases 
Glucuronyll  transferases 

Sulfotransferase e 

N-acetyll  transferase 
Methyll  transferase 

AminoAmino acid conjugation 

Cytosol l 
Microsomes s 

Cytosol l 

Cytosol l 
Cytosol,, microsomes 

Mitochondria, , microsomes s 

Electrophiles s 
Phenols,, thiols, amines, 

carboxylicc acids 

Phenols,, thiols, amines 
Amines s 

Phenols,, amines 

Carboxylicc acids 

Itt has been recognised for over 40 years that marked interindividual differences exist 
inn enzymes that metabolise foreign compounds and that this variability can be genetically 
determinedd [16,17]. Considerable progress has been made in identifying a number of 
individuall  enzymes that are subject to genetic polymorphism. 

AA polymorphism is generally considered to be a stable inherited trait that is not 
maintainedd in the population by continuous recurrent mutation. The genotype of the lowest 
frequencyy represents usually, but not necessarily, more than 1% of individuals [18]. The 
principlee mechanisms causing quantitative or functional deficits in xenobiotic-metabolising 
enzymess are summarised in table 2. Polymorphism in xenobiotic-metabolising enzymes can 
bee associated with marked differences in response to drug therapy, with an impact on the 
qualityy of life (e.g. alcohol intolerance in Asians due to ALDH2 polymorphism) and with 
increasedd susceptibility to environmentally induced diseases such as cancer [19]. In addition 
too the ability to inactivate foreign compounds, xenobiotic-metabolising enzymes are 
responsiblee for metabolically activating procarcinogens, promutagens and protoxins to forms 
capablee of binding to macromolecules. It is conceivable that individuals with genotypes 
associatedd with a more efficient activating enzyme and a less efficient inactivating enzyme 
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mightt be at particularly high risk of adverse health effects, if exposed to toxicants. 

Tablee 2 Principle mechanism of genetic polymorphisms causing quantitative or functional 

deficitsdeficits [20] 

Att DNA/RNA level 
(1)) deletion of the gene 
(2)) single-nucleotide, insertion or rearrangement mutation of the gene 

(3)) defect in transcription, RNA processing or RNA stability 

Att enzyme protein level 
(1)) absence of enzyme protein 
(2)) and (3): 

decreasedd intracellular concentration of enzyme protein due to a diminished rate or lack of synthesis, or 
acceleratedd degradation of the labile enzyme variant 
normall  intracellular concentration of mutant enzyme protein 

Att enzyme function level 
(1)) no enzyme function 
(2)) and (3): 

changee in the affinity for substrates <Km) 
changee in the maximal velocity (Vmax) 
combinationn of both 
changee in the stereoselectivity of the reaction 

Inn the past, polymorphisms have been identified mainly on the basis of impaired or 
alteredd metabolism in vivo (phenotyping). However, the recent improvements in molecular 
biologicall  techniques have enabled detection of mutations in the genomic DNA (genotyping). 
Inn a few cases, defects originally detected at the level of metabolism are now well understood 
att the DNA level, but for the majority of metabolic polymorphisms both the metabolic effect 
andd the underlying mutation are less clear. 

Virtuallyy all genotyping methods are based on Polymerase Chain Reaction (PCR). 
Withh PCR, a genomic region specified by a pair of primers can be easily amplified over a 
millionn times [21]. Several methods can be used to detect mutations in this amplified DNA, 
thee most popular one being Restriction Fragment Length Polymorphism (RFLP) analysis. 
RFLPP analysis involves the use of restriction enzymes, which cut the DNA at specific 
nucleotidee recognition sequences. When nucleotide changes abolish or create a new 
recognitionn sequence for a restriction enzyme, digestion of the sample with that enzyme 
producess larger or smaller fragments [22]. 

Phenotypingg is concerned with studying the expression of genetic variation, by 
measuringg enzyme activity in vivo. The metabolism of a carefully selected model compound 
iss used to estimate the activity of one or more of the enzymes involved in its metabolism. The 
activityy of the involved enzyme(s) is determined by measuring one of the following metabolic 
parameterss [23]: 
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partiall  intrinsic clearance of the parent compound 
urinaryy ratio of parent compound to metabolite 
urinaryy ratio of metabolite to parent compound + metabolite 
urinaryy metabolite recovery 
areaa under the plasma concentration-time curve of the parent compound 
plasmaa ratio of parent compound to metabolite 
Off  these parameters, the use of the partial intrinsic clearance of the model compound 

iss clearly preferred, as it can be viewed as the quotient of the apparent Vmax and Km of the 
modell  compound with respect to the enzyme. However, as this involves frequent blood 
sampling,, convenience and ethical considerations also influence the choice of the 
experimentall  index used. The advantages and disadvantages of geno- and phenotyping are 
summarisedd in table 3. 

Tablee 3 AdvantagesAdvantages and disadvantages of geno-and phenotyping 

Genotyping g Phenotyping g 

Advantagee - results usually unambiguous 

polymorphismss can be detected in all 
DNAA regions 

techniquess are simple, fast, and 
requiree littl e biological material 

Disadvantagee - DNA mutation does not always 

predictt altered metabolism 

betterr reflection of the in vivo 

consequencess of polymorphisms 

moree elaborate and time-consuming 

multiplee blood samples can be needed 
contributionn of genetic polymorphism to 

interindividuall  variability is difficult to 

isolatee from all other environmental and 
endogenouss influences 

Severall  polymorphic enzymes, which are important in the metabolism of xenobiotics 
aree discussed in the following paragraphs, along with the geno- and phenotyping methods to 
assesss them. 

CYP1A CYP1A 
Thee CYP1A gene family contains two members, CYP1AJ and CYP1A2. CYP1A1 is mainly 
expressedd in extrahepatic tissues like lung, skin, brain and lymphocytes [24] and metabolises 
aa range of polycyclic aromatic hydrocarbons including benzo[a]pyrene. CYP1A2 is expressed 
inn liver and metabolises nitrosamines, arylamines and aromatic hydrocarbons. The expression 
off  both CYP1A1 and CYP1A2 is regulated by the binding of an inducing agent to a cytosolic 
receptor,, the Ah (Aryl hydrocarbon) or 'dioxin' receptor [25]. 

Severall  polymorphisms have been detected in the CYP1A1 gene. The two most 
commonlyy studied are an Msp\ restriction RFLP in the 3' non-coding region of the CYP1A1 
gene,, caused by a 6235CYP1A1 T -  C (CYP1A1*2A) mutation [26], and a further point 
mutationn in exon 7 of the CYP1A1 gene, caused by a 4&S9CYP1AI A — G mutation 
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(CYP1AI*2C),(CYP1AI*2C), leading to an isoleucine to valine aminoacid substitution at aminoacid residue 
462. . 

Thee phenotype of CYP1A1 can be studied ex vivo, using cultured lymphocytes, with 
ethoxyresorufin-O-deethylasee (EROD) or benzo[a]pyrene as a substrate. The CYP1A1*2A and 
CYP1A1*2CCYP1A1*2C alleles have been associated with higher basal levels of EROD and 
benzo[a]pyrenee activity [27,28] and with a higher inducibility of the CYP1A1 gene [27,29,30], 
althoughh others have found no such relationships [31,32]. Both polymorphic loci are 
associatedd with lung cancer in Japanese [33-35] but not in western groups studied to date [36]. 

Althoughh no genetic polymorphism has yet been unequivocally characterised in the 
CYP1A2CYP1A2 gene, considerable interindividual variation both in the level of expression in human 
liverr and in the rate of metabolism of CYP1A2 substrates (caffeine and aromatic amines) has 
beenn reported [37-39]. CYP1A2 has been shown to be involved in the metabolism of caffeine; 
approximatelyy 90% of the systemic clearance of caffeine is mediated by CYP1A2. Several 
methodss for phenotyping CYP1A2 with caffeine have been described. The preferred urinary 
ratioratio is 1-methylurate + 1-methylxanthine + 5-acetylamino-6-amino-3-methyluracil/ 1,7-
dimethyluratee obtained from urine collected for at least 8 h after the caffeine dose [40]. This 
ratioratio correlates well with CYP1A2 activity and is independent of urine flow rate [41]. Using 
thiss urinary ratio, unimodal distributions of CYP1A2 activity have been reported [42]. 
Currently,, no information relating CYP1A2 activity to a particular disease is available. 

CYP2D6 CYP2D6 

CYP2D66 is expressed in liver and brain [24] and metabolises more than 30 commonly 
prescribedd drugs among which antiarrythmics, antidepressants and neuroleptics [43], 
Polymorphismm in this enzyme was first demonstrated with the drugs debrisoquine and 
sparteinee in the late 70's and early 80's [44]. On the basis of phenotyping studies the 
populationn can be divided in poor (PM), extensive (EM) and ultrarapid metabolisers (UM). 
Amongg the Caucasian population, 5-10% have the poor metaboliser phenotype. This 
percentagee is much lower in other ethnic groups like Chinese and Japanese. Debrisoquine, 
sparteinee and dextromethorphan can all be used to phenotype CYP2D6, but due to its safety 
andd wide availability dextromethorphan is the preferred probe. The most commonly used 
methodd is the urinary ratio of dextromethorphan to dextrorphan [45]. The genetic background 
off  the CYP2D6 polymorphism is very complex. At least 12 mutant alleles which lead to an 
inactivee enzyme have been identified. The most common alleles in the poor metabolisers 
groupp are CYP2D6U (splicing defect), CYP2D6*5 (gene deletion) and CYP2D6*3 (gene 
deletion).. Ultrarapid metabolisers possess multiple copies of the CYP2D6*2 allele (then 
calledd CYP2D6*2XN) due to inherited gene amplification [46], 

Manyy studies have been performed in an attempt to establish a link between CYP2D6 
polymorphismm and various types of cancer. However, whether or not C YP2D6 plays a role in 
thee susceptibility to cancer remains unclear [19]. 
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CYP2E1 CYP2E1 
Thee CYP2E1 family in humans is represented by a single gene, CYP2E1, which is expressed 
inn liver, lung and brain [24]. CYP2E1 catalyses both oxidation and reduction reactions with a 
largee number of substrates (table 4), including numerous organic solvents and ethanol. 

Tablee 4 SubstratesSubstrates ofCYP2El [47] 

Alcohols,, aldehydes, 
ketoness and nitrites 

Aromaticc compounds 

Ethers s 

Fattyy acids 

(Halogenated)) alkanes 
andd alkenes 

Nitrosamine,, azo 
compounds s 

Acetaldehyde,, Butanol, 2-Butanone, Ethanol, Glycerol, Isopropanol, Methanol, 

Propanol,, Pentanol, 1 -Phenylethanol 

Acetaminophen,, Aniline, Benzene, Bromobenzene, Chlorzoxazone, 
3-Hydroxypyridine,, Isoniazid, Phenol, Pyridine, p-Nitrophenol, Pyrazole, Styrene, 

Tamoxifen,, Theophylline, Toluene 

Diethylether,, Methyl t-butyl ether, 1,1,2,3,3,3,-hexafluoro-propylmethyI ether 

Arachidonicc acid, Laurie acid 

Acetoacetate,, Acetol, Acetone, Acetonitrile, Acrylonitrile, 1,3-Butadiene, Carbon 
tetrachloride,, Chloroform, Chloromethane, Dibromoethane, Dichloromethane, 

1,11 -Dichloro-2,2,2-trifluoroethane, 2,2-Dichloro-l, 1,1 -trifluoroethane, 
1,2-Dichloroethane,, 1,1 -Dichloroethylene, 1,2-Dichloropropane, 

N,N-dimethylformamide,, N,N-dimethylacetamide, Enflurane, l,2-Epoxy-3-butene, 

Ethane,, Ethylcarbamate, Ethylene dichloride, Halothane, Hexane, Methoxyflurane, 
Methyll  formate, Methylene chloride, N-Methylforrnamide, Pentane, Seroflurane, 

1,1,1,2-Tetrafluoroethane,, Thioacetamide, Tirapazemide, 1,1,1-Trichloroethylene, 
Vinyll  bromide, Vinyl chloride 

Azoxymethane,, N,N-diethylnitrosamine, N,N-dimethylnitrosamine, 

Methylazoxymethanol,, N-nitrosomethylbenzylamine, N-nitrosopyrrolidine, 

N-nitroso-2,3-dirnethylmorpholine e 

Especiallyy compounds with a low molecular weight are good substrates for the 
enzyme,, probably because the active site of CYP2E1 is relatively restricted in size [48]. 
Specificc reactions catalysed by CYP2E1 are the demethylation of N,N-dimethylnitrosamine 
[49],, the hydroxylation of p-nitrophenol [50] and the 6-hydroxylation of chlorzoxazone [51]. 
Severall  polymorphisms have been identified in the CYP2E1 gene (table 5). 

Thee best studied polymorphisms are the PstVRsal polymorphisms in the 5' promoter 
regionn (CYP2E1*5B) and the Dral polymorphism in intron 6 (CYP2E1*6). The CYP2E1*5B 
allelee seems to affect binding of the transcription factor HNF-1, leading to increased 
transcriptionall  activity, mRNA and protein expression over the wild type in vitro [52]. 
However,, several studies have reported that this polymorphism does not influence CYP2E1-
mediatedd chlorzoxazone [53] and nitrophenol hydroxylations [54] in vitro. Whether these 
polymorphismss have an effect on the expression of the gene and on the enzyme activity in 
vivovivo remains to be established. The mRNA expression of CYP2E1 in peripheral lymphocytes 
wass 1.7-fold higher when comparing the heterozygous mutant genotype with the wild-type in 
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non-alcoholl  consuming subjects. Alcohol consuming subjects with the heterozygous mutant 
genotypee had a 2-fold higher mRNA expression compared to non-alcohol consuming 
individualss with the wild type [52]. Furthermore, the elimination rate of ethanol was higher in 
individualss with the homozygous mutant genotype when compared to individuals with the 
wild-typee [55] and similar results were obtained in a study with paracetamol [56]. Taken 
together,, this suggest that the CYP2E1*5B allele increases the CYP2E1 expression and 
therebyy also CYP2E1 activity in vivo. In contrast, no relationship was found between this 
geneticc polymorphism and CYP2E1 enzyme activity measured by chlorzoxazone clearance 
[57],, urinary recovery of 6-hydroxychlorzoxazone [58] or 6-hydroxychlorzoxazone 
/chlorzoxazonee ratio [59]. 

Tablee 5 Genetic polymorphisms of CYP2EI 

Allele e 
CYP2EJ*IA CYP2EJ*IA 

CYP2E1*1B CYP2E1*1B 

CYP2E1*1C CYP2E1*1C 

CYP2E1*1D CYP2E1*1D 

CYP2E1CYP2E1 *2 

CYP2E1CYP2E1 *3 

CYP2E1CYP2E1 *4 

CYP2E1CYP2E1 *5A 

CYP2E1CYP2E1 *5B 

CYP2EICYP2EI *6 

CYP2E1*7A CYP2E1*7A 

CYP2E1*7B CYP2E1*7B 

CYP2E1*7C CYP2E1*7C 

Protein n 
CYP2E1.1 1 
CYP2E1.1 1 

CYP2E1.1 1 

CYP2E1.1 1 

CYP2E1.2 2 
CYP2E1.3 3 

CYP2E1.4 4 
CYP2E1.1 1 

CYP2E1.1 1 

CYP2E1.1 1 
CYP2E1.1 1 

CYP2E1.1 1 

CYP2E1.1 1 

Nucleotidee changes 
None e 
9 8 9 3CC  ̂ G 

66 repeats in the 5'-flanking 

region n 

88 repeats in the 5'-flanking 

region n 
m 2 G ^ A A 
, 0 0 2 3GG  ̂ A 

4 7 6 8 GG - A 
- 1 2 9 3GG _> c . -1053C _ , T 

7 6 3 2 T - A A 
-1293,̂ ^ r, -1053,-, T 

\J\J —  C ; C —  1 
7 6 3 2TT  ̂ A 

" 3 3 3TT - » A 

" 7 1GG - » T; "333T -  A 
T _ A ; - 3 5 2 A _ ^ G G 

RFLP P 

Taql Taql 

DralDral  and Xbal 

Pstl,Pstl, Rsal, Dral 

Pstl,Pstl, Rsal 
Dral Dral 

Effect3 3 

R76H H 

V389I I 
VI791 1 

References s 
[60] ] 

[61,62] [61,62] 

[63] ] 

[63,64] [63,64] 

[65] ] 

[65] ] 

[66] ] 
[67-69] ] 

[67,68] ] 

[69] ] 
[66] ] 

[66] ] 

[66] ] 
aa aminoacid changes; R = arginine, H = histidine, V = valine, I = isoleucine 

Chlorzoxazonee is currently the only available in vivo CYP2E1 phenotyping probe. The 
ratioratio of plasma concentrations of chlorzoxazone and 6-hydroxychlorzoxazone 2 hours after an 
orall  dose seems to reflect CYP2E1 activity well [70]. 

Severall  studies have found an increased risk of advanced alcoholic liver disease (odds 
ratioratio 2.4) in individuals with the CYP2E1*5B allele who abuse alcohol, in Caucasians [71,72] 
andd Japanese [73]. No definite link between the polymorphic expression of CYP2E1 and 
cancerr incidence has been identified. The CYP2E1*6 allele has been associated with lung 
cancerr in Japanese [74] and both mutations with nasopharyngeal carcinoma in Taiwanese 
[75].. However, no such relationships were observed in Caucasian populations [76-78], 
probablyy due to the low frequency of the mutations in Caucasians. 
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MicrosomalMicrosomal epoxide hydrolase 
Epoxidee hydrolases catalyse the addition of water to an epoxide to form the vicinal 
dihydrodiol.. They are generally considered to be detoxifying enzymes. The two forms that 
metabolisee xenobiotics are microsomal epoxide hydrolase (mEH) and cytosolic epoxide 
hydrolasee (cEH). High levels of mEH have been found in liver, brain and adrenal gland [79]. 
mEHH is encoded by a single gene, localised to the long arm of chromosome 1 [80]. Although 
thee gene is highly conserved among species, several mutations in the human mEH gene have 
beenn described. Two were found in the coding region of the gene, resulting in a tyrosine to 
histidinee amino acid substitution at residue 113 (exon 3) and an arginine to histidine 
substitutionn at residue 139 (exon 4) [81]. These alterations give rise to marked differences in 
thee relative amounts of immunoreactive protein and enzymatic activity, possibly by 
modifyingg protein stability. A 50% decrease in the amount of protein was observed with the 
exonn 3 mutation, while the exon 4 mutation gives rise to a 25% increase in immunoreactive 
proteinn amount. Recently, additional mutations were observed in the 5'-flanking region of the 
genee [82]. Two of these polymorphic loci were capable of modulating transcriptional activity 
byy 30%. 

Phenotypingg of mEH activity can be done ex vivo in leukocytes, with c/s-stilbene 
oxidee or benzo[a]pyrene 4,5-oxide [83]. In vivo phenotyping of epoxide hydrolase activity has 
nott been much explored. 

Thee low activity allele (exon 3 mutation) has been associated with an increased risk of 
chronicc obstructive pulmonary disease, odds ratio 4.1, and emphysema, odds ratio 5.0, [84] 
andd with an increased risk of hepatocellular carcinoma, presumably because of a reduction in 
thee ability to detoxify aflatoxin B [85]. 

GSTM1 GSTM1 
Glutathionee S-transferases (GST) are a complex multigene family of enzymes that catalyse 
thee addition of glutathione to reactive electrophilic compounds, most of which are formed 
duringg phase I metabolism. Such conjugation reactions result in the synthesis of mercapturic 
acidss and represent an important excretory route for many xenobiotics [86]. Cytosolic GSTs 
aree dimeric proteins, which are present throughout the body with the highest amount in the 
liver.. The mammalian GSTs can be separated in four classes, a (GSTA), u (GSTM), n 
(GSTP)) and 0 (GSTT). The GSTM class consists of five subclasses, 1-5, of which the 
GSTMM 1 is the most interesting because of its genetic polymorphism. Three alleles have been 
foundd GSTM 1*0, GSTM1*A and GSTM1*B. In GSTM 1*0, the entire gene is deleted and, 
consequently,, persons homozygous for this allele express no GSTM1 protein (GSTM1 null 
genotype).. Approximately 45-55% of the Caucasian population is homozygous for this allele. 
Noo differences in catalytic activity have been reported for the other alleles of GSTM 1. 

Sincee GSTM1 catalyses the detoxication of a wide range of reactive toxic and 
mutagenicc compounds, many studies have tried to associate GSTM 1*0 with an increased 
susceptibilityy to cancer or other environmentally-induced diseases. Many studies have 
examinedd the relationship between the GSTM1 null genotype and lung cancer. A meta-
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analysiss of 8 studies completed prior to 1995 found an odds ratio of 1.3 in Caucasians [36]. In 
thee same meta-analysis an odds ratio of 1.54 was reported for bladder cancer. Söderkvist et al. 
[87]]  reported an increased risk, odds ratio 2.55, of chronic toxic encephalopathy for carriers of 
thee GSTM1 null genotype. 

Organicc Solvents 
Organicc solvents are ubiquitous in industrial societies in a wide range of processes. They are 
usedd for extraction of fats and oils, degreasing, dry cleaning, and the manufacturing of a wide 
rangee of products including paints, adhesives, plastics, textiles, electronics and 
semiconductors.. Two important characteristics of organic solvents are volatility and 
lipophilicity.. Most solvents are quite volatile, so exposure takes place mainly via inhalation. 
However,, many of them are also capable of penetrating the skin, making dermal absorption 
anotherr important exposure route. Classification of the different solvents is mostly according 
too their chemical structure. Eight major classes of solvents can be distinguished (table 6). 

Tablee 6 Eight major classes of organic solvents 

Class s 
Aliphatic c 

Aromatic c 
hydrocarbons s 
hydrocarbons s 

Halogenatedd hydrocarbons 

Alcohols s 

Glycols s 

Ketones s 

Esters s 

Ethers s 

Solventt examples 
n-hexane e 
Benzene,, styrene, 

toluene e 
Trichloroethylene, , 

methylenee chloride, 
carbonn tetrachloride 

Methanol,, ethanol, 
propanol l 

Ethylenee glycol 

Acetone,, methyl ethyl 
ketone e 

Methyll  and ethyl 
acetate e 

Diethyll  ether 

Description n 

Compoundss with 5 to 15 carbon atoms are liquids 

Presencee of one or more benzene (6 carbon) rings 

Saturatedd and unsaturated hydrocarbon chains with 
onee or more substituted halogens (fluorine, 
chlorine,, bromine, iodine) 

Hydrocarbonn with a substituted hydroxyl group 

Dihydroxyy alcohols 

R-CO-R,, the oxygen atom forms a double bond 
withh a carbon atom 

Resultt from the reaction of an acid and a alcohol 

Twoo hydrocarbons joined by an oxygen atom 

ToxicokineticsToxicokinetics and interindividual variability in metabolism of organic solvents 
Inhalationn is normally regarded as the prime route of absorption. The uptake of solvent 
throughh the lungs obviously depends upon the concentration in inhaled air and the duration of 
exposure.. In addition, pulmonary ventilation and blood perfusion of the lung (both a function 
off  workload), blood/air partition coefficient and various tissue/blood partition coefficients are 
important.. Styrene, xylene, acetone and n-butanol are examples of very rapidly absorbed 
solvents,, whereas the absorption of less soluble compounds like methylene chloride and 
1,1,1-trichloroethanee is somewhat less efficient [88].Elimination of organic solvents from the 
bodyy occurs mainly via exhalation of the unchanged solvent and via biotransformation. Since 
solventss are a heterogeneous group of chemicals, there is littl e in common in their metabolic 
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breakdown,, but usually there is a primary involvement of the CYP450 enzymes, in particular 
CYP2E11 [48]. Studies with volunteers and occupational exposed individuals have shown a 
largee variability in the excretion of metabolites at the same external exposure level [8-12]. 

Severall  studies have tried to establish a relationship between interindividual 
differencess in excretion of metabolites and genetic polymorphisms of biotransformation 
enzymes.. Two studies determined the correlation between CYP2D6 polymorphism and the 
concentrationn of toluene in blood and hippuric acid in urine [89,90]. However, extensive 
(EM)) and poor metabolisers (PM) metabolised toluene to the same extent, indicating that 
CYP2D66 polymorphism does not play a role in the biotransformation of toluene. Another 
studyy with toluene assessed the impact of ALDH2, CYP1A1 and CYP2E1 genetic 
polymorphism,, in Japanese [91]. Hippuric acid formation from toluene was significantly 
lowerr among persons homozygous for the mutant ALDH2 allele compared to the other 
genotypes.. Toluene metabolism was also affected by CYP1A1 polymorphism, with persons 
withh the CYP1A1*2C allele having a higher excretion of hippuric acid. In a study with 1,1,1-
trichloroethanee in volunteers, acetylator status was associated with the oxidation of 
trichloroethanoll  to trichloroacetic acid, i.e. slow acetylators excreted more trichloroacetic 
acid.. In addition, the one volunteer that was a CYP2D6 PM, excreted half the amount of 
trichloroethanoll  compared to the others [92]. Recently, in a study with bus drivers exposed to 
benzene,, a significantly lower phenylmercapturic acid excretion was found in CYP2D6 
extensivee metabolisers and in subjects lacking NAD(P)H: quinone oxidoreductase activity 
[93].. A significantly higher excretion of t,t,-muconic acid was observed in carriers of the 
GSTT11 null genotype. Thus, genetic polymorphism seems to play a role in the disposition of 
somee organic solvents. 

Toxicity Toxicity 
Thee most well-known effect of solvents is their capability of inducing an acute, reversible 
narcoticc state. Some solvents have even been used as general anaesthetics, e.g. chloroform, 
etherr and trichloroethylene. Of the long-term effects of solvent exposure, neurotoxicity has 
beenn most extensively studied. Numerous epidemiological studies have been performed to 
assesss the effect of solvent exposure on the central nervous system [94-97]. These studies 
havee shown that workers with excess exposure have, (1) an increased risk of disability 
pensionss for neuropsychiatric disorders, (2) excess neuropsychiatric symptoms, if currently 
employedd and (3) in most studies, lower performance in neurobehavioural tests, if currently 
exposed.. The clinical manifestations are believed to range from an affective syndrome, 
characterisedd by mood disturbances alone, to a severe chronic toxic encephalopathy (CTE), 
characterisedd by short-term memory impairment, fatigue, attentional deficits and mood and 
personalityy changes. This encephalopathy may be irreversible, but is usually not progressive, 
afterr cessation of exposure. Furthermore, individual susceptibility to organic solvents seems 
too exist, as not everyone who is exposed to the same concentration of organic solvents 
developss CTE. However, several issues concerning CTE remain controversial. The exposure 
concentrationn at which CTE is induced (only above or also below the current threshold limit 
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values)) and which individual solvents are responsible for CTE are highly debated topics. In 
addition,, there is much speculation about the importance of peak exposures in the 
developmentt of CTE. 

Otherr central nervous system effects studied include Alzheimer's disease, olfactory 
function,, colour vision, auditory and visual evoked responses and hearing loss. These studies 
havee shown variable relationships with solvent exposure [94]. Some solvents, i.e. n-hexane 
andd methyl n-butyl ketone, are recognised to cause a symmetrical distal sensorimotor 
peripherall  neuropathy through their common metabolite 2,5-hexanedione. This neurological 
disorderr is characterised by accumulation of neurofilaments in the distal segment of the axon 
[98].. In workers exposed to mixtures containing solvents other than n-hexane and methyl n-
buthyll  ketone, evidence of subclinical changes in sensory thresholds have been found [94]. 

Sincee the primary route of absorption of organic solvents is inhalation, respiratory 
effectss of solvents might be anticipated. In general, solvents have been demonstrated to cause 
mucosall  irritation of the upper airways, but studies of pulmonary impairment following 
exposuree have been limited and inconsistent [99]. Except for benzene and vinyl chloride, 
cancerr hazard arising from exposure to other commonly used solvents is unclear. Benzene is 
hematotoxic,, causing leukopenia, anemia and thrombocytopenia and the bone marrow may 
becomee either aplastic or hyperplastic [100]. In addition, it can cause leukemia. In animal 
experiments,, the chlorinated solvents like vinylidene chloride, chloroform, trichloroethylene 
andd tetrachloroethylene have been found to exhibit carcinogenic properties. Nephrotoxicity 
andd hepatotoxicity is observed after exposure to certain solvents, like carbon 
tetrachloride[101],, chloroform [1,101], dimethyl formamide [102], and possibly 
trichloroethylenee and 1,1,1-trichloroethane [101]. 

Solventt exposure has also been associated with an increased risk of spontaneous 
abortionn [103,104]. Exposure in these studies consisted of aliphatic hydrocarbons, toluene, 
trichloroethylene,, perchloroethylene and paint thinners. 

Styrene e 
Styrenee is a colourless, volatile solvent with a characteristic odour. It belongs to the aromatic 
hydrocarbonss like benzene and toluene. Styrene has been known since 1831, but its 
production,, mainly from the dehydrogenation of ethylbenzene, was not started until about 100 
yearss later. Nowadays, styrene is an important chemical used world-wide in the production of 
glass-reinforcedd plastics, polyester resins and styrene butadiene rubber. Its physicochemical 
propertiess are summarised in table 7. 

Occupationall  exposure to styrene is highest in the polyester plastic industry. The 
maximall  allowable concentration (MAC) of styrene in The Netherlands is 107 mg/m3 (25 
ppm).. The MAC value was reduced from 213 mg/m3 to the current value in 1996, since this 
concentrationn falls in the lower part of the no-observed-effect range for the neurotoxicity of 
styrenee [105]. 
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Tablee 7 Physicochemicalproperties ofstyrene 

Molecularr formula 

StructuralStructural formula 

Molecularr weight 

Specificc gravity 

Meltingg point 
Boilingg point 
Vapourr pressure (25 °C) 

Solubilityy in water (20 °C) 
Odourr threshold 
Conversionn factor (25 °C, 760 mmHg) 

C^Hg g 

(S^ i -CH=CH2 2 

104.16 6 

0.900 g/ml 

-30.66 °C 
1455 °C 
858.933 Pa (6.1 mmHg) 

3000 mg/1 
0.322 ppm 
11 ppm = 4.26 mg/m3, 1 mg/m3 = 0.24 ppm 

ToxicokineticsToxicokinetics and (stereo-)metabolism 
Styrenee is rapidly absorbed from the lungs and about 60-70 % is retained in the body. It is 
highlyy soluble in the blood and rapidly metabolised, therefore the uptake rate of styrene in the 
lungss is almost entirely limited by the air flow. In consequence, the uptake rate is 
approximatelyy proportional to pulmonary and alveolar ventilation and increases almost 
linearlyy with work load [88]. Thus, the uptake rate is about five fold higher at heavy physical 
exercisee (150 W) compared to rest [106]. Absorption of styrene vapours through the skin is 
negligible,, about 2% of the inhalatory uptake [107]. Following intravenous administration to 
rats,, styrene concentrations were evenly distributed in the heart, lungs, liver, spleen, kidney 
andd brains [108]. The uptake of styrene by the brain in rodents increases with dose and is 
almostt always as high as in other well-perfused organs, like spleen, kidney and liver [108-
110].. The highest concentrations ofstyrene occur in subcutaneous fat, indicating that adipose 
tissuee might act as a reservoir for administered styrene [110,111]. 

Thee elimination ofstyrene from blood is biphasic with an ti/2 of 1.9 min for the initial 
phasee and a ti/2 of 41 min for the terminal phase [7]. The half-life ofstyrene from fat is much 
longer,, 2-4 days [112]. Only a small percentage (< 5%) of the absorbed styrene is excreted 
unchanged,, through exhalation or excretion in urine. Metabolism occurs mainly in the liver. 
Thee metabolic pathway is shown in figure 1. The first step is formation of styrene-7,8-oxide 
(SO),, catalysed by CYP450. CYP2E1 is generally accepted as the major catalyst in styrene 
oxidation.. In addition, CYP2B6, CYP1A2, CYP2C8, and possibly CYP3A4, have also been 
reportedd to contribute [113]. In humans, SO is hydrolysed to styrene glycol (SG) by 
microsomall  epoxide hydrolase (mEH), followed by transformation to mandelic acid (MA). In 
laboratoryy animals, besides hydrolysis, conjugation of SO with glutathione is an important 
metabolicc step, accounting for 40% of the total excreted metabolites. In humans, this pathway 
iss negligible [114]. MA is further metabolised mainly to phenylglyoxylic acid (PGA); a small 
percentagee is transformed to hippuric acid via benzoic acid. Approximately 57% of the 
absorbedd styrene is eliminated as MA and 33% as PGA [115]. These two metabolites are 
commonlyy used in monitoring the exposure to styrene, either by measuring the metabolites in 
end-of-shiftt urine samples or prior to the next shift [115]. 
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Almostt all of the main metabolites formed in the biotransformation of styrene are 
enantiomers.. Stereochemical factors are important in metabolism and toxicity because 
enantiomerss can interact differently with enzymes, receptors and DNA. The (R)-enantiomer 
hass been reported to induce a higher mutagenicity in Salmonella typhimurium TA100 than the 
(S)-enantiomer,, due to a different interaction with DNA [116,117]. In vitro, the ratio of (S)- to 
(R)-SOO was 1.3, indicating that CYP450 shows moderate product enantioselectivity towards 
styrenee [118]. mEH proved also to be enantioselective, favouring the (R)-enantiomer of SO as 
aa substrate [119]. Thus, the toxicity of styrene depends in part on the enantioselective 
discriminationn of these two enzymes. In addition, the variation between persons in styrene 
toxicityy is also determined by variability in the enantioselectivity of these enzymes. 
Interindividuall  variation in the styrene concentration in blood and in the excretion of urinary 
metabolites,, as well as in the ratio of MA enantiomers has been found after equal exposure to 
styrenee [7,11,120,121]. 

Toxicity Toxicity 
Styrenee exhibits low-to-moderate acute toxicity in both laboratory animals and humans. The 
twoo major effects include irritation (both skin and respiratory tract) and central nervous 
systemm depression. Exposures of 5000 to 10,000 ppm of styrene for 3-8 hours causes 
unconsciousnesss and fatalities in animals [112]. 

Ass for other organic solvents, the major concern of long-term exposure to styrene has 
beenn its neurotoxic potential. In rats exposed to 320 ppm styrene for three months, increased 
gliall  fibrillary acidic protein concentrations have been found in the hippocampus and sensory 
motorr cerebral cortex, which could indicate astrogliosis in these regions [122]. Exposure to 
thee same concentration of styrene for 2 weeks reduced the glutathione content of the brain 
withh -30% [123], indicating that either styrene is metabolised to styrene oxide in the brain or 
thatt styrene oxide formed in the liver can cross the blood-brain barrier. Other studies have 
demonstratedd glutathione depletion of the brain after intraperitoneal (i.p.) administration of 
100-4000 mg/kg styrene oxide [124,125]. Furthermore, in vitro studies have demonstrated a 
non-specific,, cytotoxic effect of styrene and styrene oxide on motor and sensory neurons 
[126]]  and cultured PC 12 cells [127]. The cytotoxicity observed in those studies was typical of 
thosee produced by chemicals that induce oxidative stress by oxidising protein thiols. 
Metabolismm of styrene in the brain could be possible, as the presence of several 
biotransformationn enzymes, including CYP450 and mEH, has been demonstrated in the brain 
[128]. . 

Somee studies have investigated the effects of styrene on neurotransmitters. Mutti et al. 
havee found a marked and dose-dependent decrease in dopamine concentrations in the striatal 
andd tuberoinfundibular regions in rabbits exposed to 750 ppm styrene for 7 days [129,130]. 
Neurobehaviourall  and neurophysiological changes observed in laboratory animals exposed to 
styrenee include tremor, loss of equilibrium, hearing loss and slowing of motor conduction 
velocityy [131]. 

Inn humans, a number of studies have been performed, most of them cross-sectional, 
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whichh have investigated exposure to styrene and neurobehavioural, neurophysiological and 
neuropsychiatricc changes. Many studies have found a relationship between styrene exposure 
andd subjective complaints like fatigue, loss of concentration, equilibrium disturbances, 
headache,, and nausea [132-136]. The question remains whether these findings are the result of 
acutee or chronic exposure and whether they are reversible or not [137]. Styrene can also 
inducee neurobehavioural deficits, i.e chronic toxic encephalopathy, [133,136,138-140] and it 
cann impair neurophysiological performance [135,141]. In a cohort study of 35,443 workers 
employedd in the reinforced plastics industry, mortality from diseases of the central nervous 
systemm has been found to increase with time since first exposure, duration of exposure, 
averagee level of exposure and cumulative exposure to styrene [142]. 

Anotherr concern associated with exposure to styrene is its genotoxicity and 
carcinogenicity,, especially since SO is an electrophilic epoxide that can form adducts with 
proteinss and DNA. In vitro, SO has been shown to be clastogenic by inducing micronuclei 
andd anaphase chromosome bridges, chromosome aberrations and sister chromatid exchanges 
inn cultured human lymphocytes [143]. Styrene can also induce chromosome aberrations and 
sisterr chromatid exchanges in vitro, but only when metabolic activation is favoured over 
inactivationn [144]. Whether or not styrene also induces chromosome damage in vivo in 
exposedd workers remains heavily debated [144-146]. 

Inn rats and mice SO has been shown to produce forestomach tumors after oral 
administrationn [147,148]. Based on these animal data the International Agency for Research 
onn Cancer (IARC) has classified SO as probably carcinogenic to humans (group 2A) and 
carcinogenicc to experimental animals [149]. Styrene was classified as possible carcinogenic to 
humanss (group 2B). Other toxic effects reported after styrene exposure include increased 
serumm bile acid concentrations (possibly indicating hepatotoxicity) [150], reproductive effects 
[96]]  and immunosuppression [151]. 

Aimss and outline of this thesis 
Thee aim of the studies described in this thesis was to investigate whether individual 
biotransformationn capacity affects the metabolism and kinetics of styrene and the 
neurotoxicityy of organic solvents in general. In addition, stereochemical metabolism of 
styrenee was studied. Taken together, this information can aid in the refinement of the risk 
assessmentt and the biological monitoring of exposure to styrene. Ultimately, biomarkers of 
susceptibilityy to styrene and/or organic solvent toxicity might be developed. 

Thee main objectives of these studies were: 

 To study the interindividual differences in metabolism of styrene and styrene oxide in 
vitro,vitro, and to relate the variability observed to genetic polymorphism of the enzymes 
involvedd in these biotransformation reactions {chapter 3 and 4). 

 To determine the extent to which the interindividual variation in toxicokinetics of styrene 
inin vivo can be explained by individual metabolic capacity, assessed by model compounds 
{chapter{chapter 7). 
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 To study whether the interindividual variation in enzyme activity obtained in vitro can be 
usedd to model the variation in styrene kinetics found in vivo, using a PBPK 
(Physiologicallyy Based Pharmacokinetic) model of styrene (chapter 8). 

 To study interindividual differences in stereochemical metabolism of styrene in vitro 
(chapter(chapter 3 and 4) and in vivo (chapter 6). 

 To investigate in a case-control study the relation between the genetic polymorphism of 
severall  biotransformation enzymes and the risk of chronic toxic encephalopathy (chapter 
9). 9). 

Inn order to perform the above mentioned studies, two stereospecific gas chromatographic 
methodss were developed, one for the analysis of styrene oxide in microsomal incubations in 
vitrovitro (chapter 2) and one for the measurement of mandelic acid in urine (chapter 5). Finally, 
inn chapter 10 the results and conclusions are summarised and discussed. 
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