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Chapterr 7 

Metabolicc capacity and interindividual variation in toxicokinetics 
off styrene in volunteers 

Abstract t 
Thee aim of the present study was to assess the interindividual variation in styrene 
toxicokineticss and to correlate this variation with the individual metabolic capacity for 
cytochromee P450 (CYP), CYP2E1, CYP1A2 and CYP2D6. 

Twentyy male volunteers were exposed on separate occasions to 104  3 and 360  20 
mg/m33 of styrene for 1 hour while performing 50 W physical exercise on a bicycle ergometer. 
Styrenee concentrations in blood and mandelic and phenylglyoxylic acid in urine were 
measured.. The metabolic capacity was assessed by phenotyping with chlorzoxazone 
(CYP2E1),, caffeine (CYP1A2), dextromethorphan (CYP2D6) and antipyrine (CYP450). In 
addition,, for the main styrene-metabolising enzyme, CYP2E1, genotyping for the genetic 
polymorphismss of the gene was performed. 

Thee average pulmonary retention of styrene was 62  7% at both exposure 
concentrations,, and the 24-h excretion of mandelic (MA) and phenylglyoxylic acid (PGA) 
accountedd for 58% of the dose at both concentrations. The interindividual variation in styrene 
kineticss ranged from 19% for the terminal half-life (ti/2,p) of styrene to 41% for the cumulative 
excretionn of mandelic and phenylglyoxylic acid. However, no correlation between the 
apparentt blood clearance of styrene (CLapp), tj/2,p of styrene, or excretion of mandelic acid and 
phenylglyoxylicc acid on the one hand, and the individual metabolic capacity on the other hand 
wass found. Although other explanations cannot be excluded, this lack of correlation might be 
duee to the high apparent blood clearance (1.4 1/min) of styrene, indicating that styrene 
metabolismm is liver blood flow-dependent. 

BasedBased on Mira A.M. Wenker, Sanja Kezic, Aart C. Monster and Frederik A. de Wolff, 

submitted. submitted. 
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Introduction n 
Biotransformationn is an important factor in the toxicity of organic solvents. First, it controls 
thee biological availability of an organic solvent itself. Secondly, biotransformation may result 
inn the production of highly reactive intermediates which can form covalent bonds with critical 
componentss of target cells [1]. Therefore, interindividual variation in metabolism might have 
considerablee toxicological consequences. 

Styrenee is an aromatic hydrocarbon solvent which is mainly metabolised to a reactive 
intermediate,, styrene-7,8-oxide (SO). This epoxide is then hydrolysed to styrene glycol, 
whichh is subsequently oxidised to mandelic (MA) and phenylglyoxylic (PGA) acid, the main 
urinaryy metabolites of styrene. The toxic effects occurring after acute exposure to styrene, i.e. 
skinn and respiratory tract irritation and nervous system depression, result from styrene itself. 
Effectss of chronic exposure however, i.e. neurotoxicity and in particular genotoxicity, are 
thoughtt to be caused by the reactive metabolite SO [2]. After equal respiratory uptake, 
considerablee interindividual variation in blood concentrations of styrene [3] and in the 
excretionn of MA and PGA has been found in vivo in man [4-6], which might be due to 
differencess in rate of metabolism. In vitro, large interindividual differences in the rate of 
styrenee oxidation have been observed in studies with human liver microsomes [7]. The aim of 
thee present study was to assess the extent of interindividual variation in styrene toxicokinetics 
inin vivo and to determine whether differences in oxidative metabolism are responsible for this 
variation. . 

Thee oxidation of styrene to SO is catalysed by cytochrome P450 (CYP) and large 
interindividuall  variability in the activity of several cytochrome P450 isoforms has been 
reported,, due to environmental and genetic factors [8]. Genetic polymorphisms have been 
shownn to exist in a number of cytochrome P450 enzymes [9]. CYP2E1 is the main isoform 
involvedd in styrene oxidation [10,11]. CYP1A2, CYP2B6, CYP2C8 and, to a lesser extent, 
CYP3A44 have also been reported to contribute [12]. Recent studies have shown up to 50-fold 
individuall  variability in the expression of CYP2E1 [8] and at least two polymorphisms of the 
CYP2E1CYP2E1 gene have been identified [13], One of them seems to be a functional polymorphism 
andd falls within the 5'-flanking region at a putative HNF-1 binding site. It is associated with 
ann increase in transcriptional activity, mRNA and protein expression in vitro, but its effect on 
thee CYP2E1 phenotype in vivo is still uncertain. Chlorzoxazone metabolism can be used to 
determinee the phenotype of CYP2E1 in vivo [14]. In the present study, both genotyping and 
phenotypingg of CYP2E1 were, therefore, included. Of the other enzymes possibly involved in 
styrenee metabolism no genetic polymorphisms are known to date, but for CYP1A2 a 
phenotypicc assay is available using caffeine metabolism [15]. Furthermore, CYP2D6 
polymorphismm was determined using the probe substrate dextromethorphan. Although to date 
theree is no evidence of being specifically involved in styrene oxidation, this locus has been 
involvedd in variation in response to many chemicals. As a measure of general oxidative 
capacityy antipyrine clearance was measured, which is suggested to be under genetic regulation 
underr carefully controlled environmental conditions [16]. Thus, the individual capacity to 
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metabolisee styrene was assessed by phenotyping for CYP450, CYP2E1, CYP1A2 and 

CYP2D66 and genotyping for CYP2E1. 

Methods s 
Chemicals Chemicals 
1-Methylxanthine,, 1-methylurate, 1,7-dimethylurate, chlorzoxazone, antipyrine and 
dextromethorphann were obtained from Sigma (St. Louis, MO, USA). 5-Acetylamino-6-
formylamino-3-methyluracill  (AFMU) was a kind gift from Dr. M.J. Arnaud and Dr. G. 
Philippossian,, Nestle Research Centre (Lausanne, Switzerland). 6-Hydroxychlorzoxazone 
wass obtained from Ultrafine Chemicals (Manchester, UK). Dextrorphan tartrate and 
levalorphann (internal standard) were kindly provided by Hoffman LaRoche (Basel, 
Switzerland).. Paraflex® tablets (250 mg chlorzoxazone) were obtained from Astra Lakemedel 
(Södertalje,, Sweden). Antipyrine capsules (500 mg) were prepared by the pharmacy 
departmentt of our medical centre. Dral and Rsal restriction enzymes, Taq DNA polymerase 
andd dNTPs were purchased from Boehringer-Mannheim (Mannheim, Germany). 

ExposureExposure to styrene 
Thee volunteers were 20 healthy men, ranging in age from 18-37 years (average 23.3). The 
bodyy mass index (weight/height2) varied from 18 to 25 kg/m2 (average 21.7). They had not 
beenn occupationally exposed to solvents and none had suffered from any respiratory or 
circulatoryy disease. Blood was taken for clinical chemistry and a haematological screen. Al l 
weree non-smokers, two were alcohol abstainers and 13 consumed more than 50 g 
ethanol/week.. They were asked to abstain from alcohol, caffeine and medicaments during and 
488 hours before every session. Each person was informed of the possible effects of styrene 
andd the model compounds and signed an informed consent prior to the beginning of the study. 
Thee study has been performed according to the 1964 Declaration of Helsinki and was 
approvedd by the Medical Ethics Committee of the Amsterdam Medical Center. 

Thee volunteers were exposed twice, with an interval of at least one week, to 104 
mg/m33 and 360 mg/m3 for 1 hour. The coefficient of variation in mean exposure between the 
subjectss was 3 and 6%, respectively. During exposure they performed light physical exercise 
(500 W) on a bicycle ergometer. Exposure was conducted in an exposure chamber of 8 m with 
ann air turnover rate of 6 times/h. Styrene vapour was generated by bubbling a constant flow of 
medicall  air through the solvent in two glass bottles connected in series. The concentration of 
solventt in the chamber was continuously monitored with a Miran IB infrared analyser. 

Inn order to determine the pulmonary ventilation and the concentration of expired 
styrene,, exhaled air was collected in a gas sampling bag for 2 min at four time periods during 
exposure.. The average values were used for calculations. Venous blood samples (one 7 ml 
EDTAA tube) were collected at 5, 10, 15, 30, 45, 55, 65, 70, 75, 90, 105, 120, 135, 150, 165 
andd 180 min after the start of exposure for determination of styrene in blood. In order to 
preventt loss of styrene, the tube was kept on ice until analysis. Urine was collected before 
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exposuree and during 5 time-intervals, 0-2, 2-4, 4-8, 8-12 and 12-24 hours, after the end of 

exposure. . 

Phenotyping Phenotyping 

Onee week prior to the first styrene exposure, metabolic capacity was assessed in all subjects, 

byy using the model compounds paraflex, caffeine, dextromethorphan and antipyrine. Two 

tabletss of Paraflex® ad 250 mg chlorzoxazone, were taken in the morning. Two hours later 7 

mll  blood was drawn. At noon, subjects drank one large cup of coffee containing about 200 

mgg caffeine and drank 10 ml of cough sirop (Dampo®, Hoffman LaRoche) containing 30 mg 

dextromethorphan.. Urine was collected for 8 hours. In the period between the two styrene 

exposuree sessions, subjects took 2 tablets ad 500 mg antipyrine . Twenty-four hours later one 

tubee of blood was drawn. 

Genotyping Genotyping 

Bloodd samples were stored in ACD buffer (0.48 g citric acid, 1.32 g sodium citrate, 1.47 g 

glucosee in 100 ml distilled water) at -20 °C until DNA extraction. DNA was extracted with a 

Bloodd & Cell Culture DNA midi kit (Qiagen GmbH, Hilden, Germany). The CYP2E1*5B 

allelee (cl/c2 genotype) and the CYP2E1*6 allele (C/D genotype) were analysed by PCR-

RFLPP [17,18]. 

AnalyticalAnalytical methods 

Forr the determination of styrene in exhaled air, 1 ml of air was drawn from the gas sampling 

bagg with a gas-tight syringe and injected into a HP5890 GC equipped with a flame-ionisation 

detectorr (FID) and a DB1701 (30 m, 0.53 mm, J&W Scientific) column. To determine the 

styrenee concentration in blood, 200 ul of blood was transferred to a 4-ml vial and equilibrated 

forr at least 30 min at 50 °C. Then, 250 jil of headspace was injected in a HP5890 GC with a 

FIDD and a DB1701 (30 m, 0.53 mm ID, J&W Scientific) column. m-Xylene was used as 

internall  standard. MA and PGA in urine were determined by gas chromatography with FID 

accordingg to Kezic et al. [19]. 

Thee analyses of the model compounds and their metabolites in blood or urine were 

performedd using HPLC. Chlorzoxazone and 6-hydroxychlorzoxazone were measured 

accordingg to the method of Frye et al. [20], except that our mobile phase consisted of 

acetonitril-0.5%% acetic acid (30/70, v/v) and our UV detector was set to 287 nm. The caffeine 

metabolitess 1-methylxanthine (IX) , 1-methylurate (1U) and 1,7-dimethylurate (17U) were 

measuredd according to Dobrocky et al. [21] with sample preparation according to Krul and 

Hagemann [22]. 5-Acetylamino-6-amino-3-methyluracil (AAMU ) was measured with 

exclusionn chromatography according to Tang and Kalow [23]. Dextromethorphan and 

dextrorphann were measured according to the method of Ducharme et al. [24] with minor 

modifications.. Our mobile phase consisted of methanol, acetonitril, 10 mM sodium phosphate 

bufferr (pH 5.7, 13:27:60, v/v) and 2.5 mM octanesulfonic acid. The excitation wavelength 

wass 270 nm and the emission wavelength 312 nm. 
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CalculationCalculation of kinetic parameters ofstyrene and model compounds 
Alveolarr ventilation (1/min) was calculated from the pulmonary ventilation after correcting for 
thee anatomical dead volume of the lungs. The pulmonary intake rate (mmol/min) of styrene 
wass calculated by multiplying the styrene concentration in air with the alveolar ventilation 
[25].. The pulmonary uptake (mmol) was calculated by multiplying the difference between the 
inhaledd and the average exhaled concentration of styrene with the pulmonary ventilation and 
durationn of the exposure. The apparent blood clearance (CLapp, 1/min) of styrene was 

calculatedd by dividing the pulmonary uptake of styrene by the AUCo-™. The kinetic parameters 

forr styrene in blood, i.e. terminal half-life (tm$) and maximal concentration (Cmax), were 
obtainedd from the blood concentration-time course. The apparent terminal elimination rate 
constant,, k, was calculated using the least-squares analysis on the terminal portion of the 
semi-logg blood concentration versus time curves. The terminal elimination half-life (ti/2,p) was 
calculatedd by dividing ln2 by k. The area under the curve from time zero to 180 min was 

calculatedd by a trapezoidal method (AUCo-iso)- The extrapolation to time infinity (AUCo—) 

wass determined by dividing the plasma concentration at 180 min by k (AUCiso-») and adding 
thee result to the corresponding AUCo-iso- MA kinetics were calculated after summing the 
enantiomers. . 

Ass an indicator of CYP2E1 activity, the concentration ratio of 6-
hydroxychlorzoxazonee to chlorzoxazone in plasma was calculated [14]. The CYP1A2 index, 
(AAMU+1X+1U)/17U,, according to Kalow and Tang [15] and the dextromethorphan (DM) 
too dextrorphan (DEX) ratio according to Jacqz-Aigrain et ai. [26] were calculated. Subjects 
weree considered to be poor metabolisers if the log ratio DM/DEX was greater than zero. 
Antipyrinee concentration was measured in plasma and the clearance, a measure of the overall 

.. , ,. , ^ ln(Z) / VD) - In ct Tr , _ . 
CYP4500 activity, was calculated according to the formula XVD, where D is 

thee dose of antipyrine (in mg), ct the concentration of antipyrine (in mg/1) at sampling time, t 
samplingg time (min) and VD is calculated as 0.3625 x body weight + 0.2239 x body height -
0.13877 x age-14.47 [27]. 

StatisticalStatistical analysis 
Normall  distributions of all parameters were checked with the Kolmogorov-Smirnov and 
Shapiro-Wilkk test and by graphically displaying the data in histograms and boxplots. The 
correlationn of the model compounds with the styrene metabolic parameters was evaluated by 
usingg a dichotomous cut point (median value of model compounds), dividing the volunteers in 
aa slow and a fast metabolising group, after which the group means of the styrene metabolic 
parameterss were compared by Students t-test. Furthermore, Pearson correlation coefficients 
betweenn the model compounds and the styrene metabolic parameters were calculated. An 
unpairedd Students t-test was used to evaluate the relation between the genotyping data and 
styrenee metabolic parameters. 
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Pearsonn correlation coefficients were used to determine the correlation between the 
individuall  values of the styrene parameters at the two exposure concentrations. In order to 
obtainn an estimate of the inter and intra-individual variation in the styrene parameters, a 
mixedd effects model was used. To estimate these variance components, data from both 
exposuress were united in a single analysis. In the model, intake was included as a fixed effect 
andd subjects as a random effect (restricted maximum likelihood (REML) method). A 
univariatee general linear model without random effects was used to determine whether age, 
Bodyy Mass Index or alcohol use should be included in the mixed model as fixed effects. All 
analysess were performed in SPSS (SPSS Inc., Chicago, IL, USA). 

Results s 

Thee average pulmonary retention of styrene was 62  7% at both exposure concentrations. 
Thee variation in external exposure concentration was less than 5% at both concentrations. In 
figuree 1 the concentration-time curves for styrene in blood are shown, and in figure 2 the 
cumulativee excretion of MA and PGA. 

Tablee 1 Average values and range of inter individual variation in styrene kinetics after 1 h exposure to 
104104  3 or 360  20 mg/m' styrene and 50 Wphysical exercise 

1044 mg/m3 360 mg/m3 

Uptake" " 
Styrene: : 

ccmmJ J 
AUC AUC 

T,.2.fiT,.2.fi d 

ch,ch,yy; ; 
MA : : 

CumCum excr! 

T,,T,,g g 

%% uptake 
PGA: : 

CumCum excr.' 
TT s 
11 1.2 
%% uptake 

MA+PGA: : 
CumCum excr! 

%% uptake 

MeanMean  SD (n) 

0.888 9 (20) 

7.99 4 (20) 
6733  142 (20) 

699 3 (17) 

1.366 9 (20) 

326  117(17) 
4.22  1.1 (18) 

37  19(17) 

1511 1 (17) 

8.66 7 (17) 

177  7 (17) 

4777  115 (17) 
544  19(17) 

range range 

0.58 8 

5.3--
419 9 

48 8 

0.77 7 

161 1 
2.4 4 

21 1 

5 7--

3.0--
9 --

307 7 
3 5--

-- 1.19 

-- 10.5 
1020 0 

-96 6 

-2.21 1 

-645 5 

-6.9 9 
-87 7 

218 8 

19.5 5 
35 5 

-772 2 
104 4 

CV(%) CV(%) 

21.6 6 

17.7 7 

21.1 1 

18.8 8 

28.7 7 

35.9 9 

26.2 2 

47.5 5 

33.8 8 
54.7 7 

38.9 9 

24.1 1 

32.8 8 

MeanMean  SD (n) 

3.022 3 (20) 

26.77  5.9 (20) 
22766  494(20) 

65  12(19) 

1.377 2 (20) 

11700 2 (19) 

3.88 8 (20) 
11 (19) 

5866  247 (20) 

9.66 3 (17) 

199 6 (20) 

17566 1 (19) 
588  14(19) 

range range 

2.22-4.98 8 

17.9 9 

1640 0 

46 6 

0.97 7 

499--

2.3--
20 0 

265--

5.2--

8--

765--

30--

-43.6 6 

-3781 1 
86 6 

-2.48 8 

2460 0 
-5.9 9 

-58 8 

1111 1 
14.9 9 

32 2 

3571 1 

-75 5 

CV(%) CV(%) 

24.2 2 

22.1 1 

21.7 7 
18.5 5 

30.7 7 

44.6 6 
21.1 1 

28.9 9 

42.2 2 

34.4 4 

31.6 6 

41.1 1 

24.6 6 
dd in tnmol 
bb in umol/1 
cc in (imol.min/1 
dd in min 
LL in 1/min 
11 cumulative 24-h excretion, in umol 
gg in hours 
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Inn table 1 the average results of the 20 volunteers and the range of interindividual 
variationn is shown for each exposure concentration for all determined parameters. 
Interindividuall  variations ranged from 19% for t1/2,p of styrene to 41% for the urinary 
excretionn of MA and PGA. 

150 0 200 0 

Figuree 1 

100 0 

tt (min) 

StyreneStyrene in blood, concentration versus 

timetime curve (n = 20). Solid line indicates 

360360 mg/m1, dotted line indicates 104 

mg/mmg/m ; error bars indicate SD. 

1500--

1000--

5001 1 

01 1 

,.-2"" " 
£ £ 

„„  i 

Figuree 2 

t(h) ) 

20 0 30 0 

CumulativeCumulative excretion ofmandelic acid 

(MA)(MA) andphenylglyoxylic acid (PGA) in 

urineurine (n = 20). Highest two lines indicate 

360360 mg/m', lowest two lines indicate 104 

mg/mmg/m33.. Solid line MA, dotted line PGA; 

errorserrors bars indicate SD. 

Thee individual values for the styrene parameters Cmax, AUC (both after correction for 
intake)) and CLapp showed a good correlation between the two exposure concentrations; r = 
0.82,, p < 0.001 for Cmax, r= 0.66, p < 0.001 for the AUC and r = 0.78, p < 0.001 for the CLapp. 
Thee individual MA+PGA excretions were not statistically significant correlated between the 
exposures,, regardless whether the values were corrected for individual intake or not. The 
resultss of the mixed model variance component estimation are shown in table 2. 

Tablee 2 VarianceVariance components of the mixed model 

Mixedd model 

CI I 
AUCstyr r 

Cmaxstyr r 

MA+PGAcum m 

MA+PGA^ ^ 

Interindividual Interindividual 

variance variance 

0.12 2 

64236.57 7 
8.64 4 

23199.04 4 

7380.94 4 

Residual Residual 

variance variance 

0.03 3 

110409.70 0 
11.94 4 

82378.51 1 

26210.36 6 

Quotient'' Quotient'' 

0.77 7 
0.37 7 

0.42 2 
0.22 2 

0.22 2 

Fixedd effects in mixed model3 

AlcoholAlcohol age BMt C~u~m? intake 

**  parameters with an x were incorporated in the mixed model, based on a prior univariate general linear model 
(GLM)) without random effects. 

intra-classs correlation coefficient, calculated as interindividual variance / (interindividual + residual variance). 
Thiss coefficient is the relative part of the total variance which can be explained by interindividual differences. 
cc Body Mass Index 
dd total time of urine collection 
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Resultss from this model show that the interindividual variation for CLapp was much 
largerr than the residual (intraindividual) variation. For the other parameters, the residual 
variationn was larger than the interindividual variation, resulting in a lower intra-class 
correlationn coefficient. 

Thee average values for the model compounds are shown in table 3. The clearance of 
antipyrinee and the caffeine index showed a normal distribution. The ratio of 6-
hydroxychlorzoxazonee to chlorzoxazone was also normally distributed, with one volunteer 
havingg a very high value. Two slow metabolisers of dextromethorphan could be identified. A 
significantt correlation was found between the antipyrine clearance and the CYP1A2 index (R 
== 0.44, p < 0.005 ) and between the antipyrine clearance and the CYP2E1 index (R" = 0.35, p 
<0.01). . 

Tablee 3 Average values for the model compounds (n=20) 

CLL antipyrine" 
Caffeinee index* 

6-OHCZX/CZX' ' 
DM/DexJ J 

Meann  SD 
44.55 1 
4.899  1.47 

0.311 5 
-1.999 6 

Range e 
25.1-62.4 4 
2.488 - 8.49 

0.14-0.86 6 
-2.78-0.35 5 

aa clearance, in ml/min 
hCYPlA2 2 
cc ratio 6-hydroxychlorzoxazone/chlorzoxazone, CYP2E1 
dd log ratio dextromethorphan/dextrorphan, CYP2D6 

Too compare styrene metabolism with the model compounds and genotyping, those 
parameterss that best described styrene oxidation were used, i.e. CLaPP of styrene, ti/2,p of 
styrene,, cumulative excretion of MA and PGA and the 3-h excretion of MA and PGA. 
Urinaryy metabolites were corrected for intake or AUC of styrene. No significant correlation 
wass found between any of the model compounds and the styrene oxidation parameters at both 
styrenee concentrations, either analysing the data using the median as cut-off point, or using 
correlationn coefficients (table 4, data for CYP2E1 are shown). The person with the highest 
CYP2E11 index did have the lowest 3-h excretion of MA and PGA at both concentrations. 

Tablee 4 Pearson correlation coefficients of the correlation between the CYP2E1 phenotype, 

assessedassessed by chlorzoxazone, and the styrene metabolic parameters 

1044 mg/m3 360 mg/m3 

1)301)30 ^026 
0.233 -0.11 

-0.133 -0.28 

-0.333 -0.30 

-0.255 -0.19 

-0.355 -0.19 

122 2 

CL L 

T„2,P P 

cum/intake e 

MA+PGAcum/AUCstyr r 
oo 3/intake 

MA+PGAoVAUCstyr r 
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Fromm 19 volunteers blood was obtained for DNA extraction. Four heterozygotes for 
thee CYP2E1*6 mutation (C/D) and three heterozygotes for the CYP2E1*5B mutation (cl/c2) 
off  the CYP2E1 gene were identified. The styrene oxidation parameters did not differ between 
thee different genotypes at either styrene concentration (data not shown). 

Discussion n 
Thee kinetics of styrene and its metabolites are in good agreement with results published by 
otherss [3,28,29]. In spite of the homogenous external exposure concentration and the similar 
exposuree conditions, a considerable variation in the individual toxicokinetic parameters of 
styrenee was found. In order to explain these differences, we correlated the individual values of 
thee toxicokinetic parameters with the metabolic capacity, as assessed by the model 
compoundss chlorzoxazone, caffeine, dextromethorphan and antipyrine and by genotyping for 
CYP2E11 polymorphism. However, no correlation was found between styrene oxidation and 
metabolicc capacity. There may be several reasons for the apparent lack of correlation. 

Onee explanation is that the kinetic parameters we chose might not properly reflect 
styrenee oxidation. The partial intrinsic clearance of styrene to SO would be the best in vivo 
measuree for styrene oxidation, since it can be viewed as the quotient of the apparent V^* and 
Kmm of styrene with respect to the responsible CYP450 isoform [30], However, calculation of 
thee partial intrinsic clearance requires measurement of SO. In the present study SO in blood 
couldd not be measured, because the hexane used for extraction of the blood samples was 
contaminatedd with small amounts of SO. Therefore, several indirect parameters were 
calculated,, i.e. CLapp ofstyrene, ti/2,p ofstyrene, the cumulative 24-hour excretion of MA and 
PGAA and the three-hour excretion of MA and PGA. The CLapp of styrene reflects the 
oxidationn of styrene to SO. Almost the entire internal dose of styrene is biotransformed to SO 
afterr inhalation. Only a small portion of the absorbed fraction is eliminated through lungs or 
kidneyy [31]. Another portion of the dose is stored in the fat compartment, however, for short 
exposuree durations this would not be very large [3]. Thus, it follows that the CLapp ofstyrene 
iss essentially the sum of the oxidation to SO (CL0X), fat clearance (CLf), renal clearance (CLr) 
andd pulmonary clearance (CLp). Because CL0X is larger than CLf, and also much larger than 
CLrr and CLp, the CLapp ofstyrene reflects mainly the CL0X. Because the excretion of MA and 
PGAA is routinely used as a biological monitoring tool, the cumulative 24-h and the 3-h 
excretionn of MA and PGA were included. The cumulative 24-hour excretion of MA and PGA 
couldd be a good parameter, as these two metabolites are formed exclusively through SO and 
accountt for  90% of the absorbed dose [31]. Furthermore, the three-hour excretion was used 
becausee differences in metabolic rate reflect enzymatic polymorphism better than the absolute 
amountt of metabolite formed. 

AA further explanation is that the model compounds used, might not reflect the right 
enzymee activity. Some studies have questioned the use of chlorzoxazone as an in vivo probe 
forr CYP2E1 activity, since it has been shown that CYP1A2 contributed to chlorzoxazone 
hydroxylationn in vitro [32] and that administering chlorzoxazone together with caffeine 
decreasedd the caffeine metabolic ratio in vivo [33]. However, in our study, caffeine was given 
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att least 4 hours after administration of chlorzoxazone, and the caffeine index and the 
chlorzoxazonee index did not correlate. Furthermore, it is still unknown if interindividual 
variationn in chlorzoxazone or caffeine metabolism in vivo is associated with CYP2E1 or 
CYP1A22 variant alleles The results obtained with our model compounds are in agreement 
withh values previously published. Girre et al. [14] found a 6-hydroxychlorzoxazone/ 
chlorzoxazonee plasma ratio of 0.38 in non-alcoholic subjects 2 h post ingestion. Values 
reportedd for the CYP1A2 index in non-smoking male subjects are 5.4 and 6 and clearance 
valuess of antipyrine in healthy control subjects 46 ml/min [15,34,35]. 

AA final explanation is that metabolism of styrene might be limited by the blood flow to 
thee liver, and that differences in metabolic capacity are not expressed at concentrations below 
saturation.. This interpretation is supported by the high CLapp of styrene, calculated to be 1.4 
1/min.. This value is similar to liver blood flow and suggests that styrene metabolism is limited 
byy blood flow rather than intrinsic enzyme capacity. The coefficient of variation in liver blood 
floww at rest was reported to be 22% [36], which approximates the 30% variability found in the 
CLappp of styrene in the present study. The high intra-class correlation coefficient observed for 
thee Clapp, and the moderate coefficients observed for the AUC and Cmax of styrene indicate 
thatt these parameters are, at least in part, subject dependent. This dependency might be 
geneticallyy controlled. However, it is not likely that liver blood flow is under genetic control. 
Therefore,, the apparent subject dependency of Clapp is probably due to other personal 
characteristicss like physical fitness, which may affect cardiac output and liver blood flow. 
Differencess in intrinsic enzyme capacity could become important at concentrations which 
saturatee the enzyme systems, because then metabolism becomes limited by Vmax only 
(capacity-limitedd metabolism). To approach saturation of the enzyme systems the volunteers 
weree exposed to 360 mg/m3 and 50 W exercise, but the data on styrene in blood indicated that 
saturationn was not yet reached. 

Considerablee interindividual variation in urinary MA and PGA was observed. An even 
widerr range of variation has been observed in occupational field studies [4,5]. This is believed 
too indicate differences in risk of styrene toxicity, and has mostly been ascribed to differences 
inn the biotransformation of styrene to styrene oxide. However, results from the present study 
indicatee that it is questionable whether the variation in MA and PGA excretion results from 
differencess in oxidative metabolism of styrene. Therefore, high (low) urinary excretion does 
nott automatically implicate a higher (lower) risk of toxicity. Furthermore, the low intra-class 
correlationn coefficient for MA and PGA excretion indicates substantial intra-individual 
variation,, which can be due to, amongst others, day-to-day variability in kinetics. Therefore, 
sincee MA and PGA are commonly used for biological monitoring of styrene exposure [6], one 
shouldd be cautious in the use of these acids as an estimate of the body burden of styrene on an 
individuall  basis. 

Inn conclusion, the interindividual variation in styrene metabolism and the correlation 
withh individual metabolic capacity was studied in 20 male volunteers. Although considerable 
interindividuall  variation in the CLapp of styrene and the excretion of styrene metabolites was 
found,, no correlation with the CYP450 enzymes studied was observed. Other explanations 
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cannott be excluded, but this lack of correlation might be due to flow-limited metabolism of 
styrene. . 
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