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Chapterr  4 

Metabolismm of styrene-7,8-oxide in human liver  in vitro: 
Intel-individua ll  variation and stereochemistry 

Abstract t 
Styrenee is an industrial solvent which is mainly oxidised by cytochrome P450 to an 
electrophilic,, chiral epoxide metabolite: styrene-7,8-oxide (SO). SO has cytotoxic and 
genotoxicc properties; the (R)-enantiomer is more mutagenic to Salmonella typhimurium TA 
1000 in the Ames test than the (S)-enantiomer. Detoxication proceeds via microsomal epoxide 
hydrolasee (mEH). Interindividual differences in mEH activity as well as differences in mEH 
enantioselectivityy are important factors for toxic effects of SO. To study the extent of the 
interindividuall  variation, microsomal preparations of 20 human livers were incubated with 
(R)-- and (S)-SO separately (1-2000 uM) and Michaelis-Menten kinetics were determined. In 
addition,, samples were genotyped for two genetic polymorphisms of the mEH gene. Vmax, Km 

andd Vmax/Km values of both enantiomers differed 3- to 5-fold between the livers. No 
associationn of the enzyme constants with the genetic polymorphisms of the epoxide hydrolase 
genee was found. Hydrolysis of the styrene oxide enantiomers proceeded in an enantioselective 
manner,, with the (S)-enantiomer having an approximately six times higher Km and five times 
higherr Vmax than the (R)-enantiomer. In vivo both SO enantiomers are formed; therefore, time 
coursee incubations witii racemic SO were carried out in vitro to investigate possible 
interactionss between the enantiomers. When racemic SO was used as a substrate, the (R)-
enantiomerr acted as an inhibitor on the hydrolysis of the (S)-enantiomer 
Thesee results indicate that mEH-mediated hydrolysis of SO is subject to appreciable 
interindividuall  variation and that hydrolysis of the more toxic enantiomer is favoured. 

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

ApplAppl Pharmacol, 2000, 169:52-58. 
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Introductio n n 
Styrenee is one of the most important monomers world-wide; its polymers and copolymers are 
beingg used in a wide range of applications. The major uses of styrene are in plastics, synthetic 
rubbers,, latex paints and coatings. Styrene is oxidised by cytochrome P450 2E1 to styrene-7,8-
oxidee (SO) [1]. SO is an electrophilic epoxide that can form adducts with proteins and DNA, 
whichh may result in increased cytotoxic and mutagenic risk. In vitro, SO has been shown to be 
clastogenicc by inducing micronuclei and anaphase chromosome bridges, chromosome 
aberrationss and sister chromatid exchanges in cultured human lymphocytes [2], In rats and 
micee SO has been shown to produce forestomach tumours after oral administration [3,4]. 
Basedd on these animal data the International Agency for Research on Cancer (IARC) has 
classifiedd SO as probably carcinogenic to humans (group 2A) and carcinogenic to 
experimentall  animals [5]. The reactivity of SO with protein-SH and the stimulation of lipid 
peroxidationn has been associated with its cytotoxic properties. A number of studies have 
describedd glutathione depletion in liver and brain after SO exposure [6,7] and SO has been 
shownn to be cytotoxic to primary cultures of motor and sensory neurons [8] and 
neuroadrenergicc Pc 12 cells [9]. 

Ann important aspect of SO is the difference in toxicity of the two enantiomers. The 
(R)-enantiomerr of SO has been found to be four times as mutagenic to Salmonella 

typhimuriumtyphimurium TA 100 in the Ames test than the (S)-enantiomer [10,11]. In mice, the (R)-
enantiomerr is also more toxic to lung and liver than the (S)-enantiomer [12]. Thus, toxicity 
resultingg from styrene exposure does not only depend upon the amount of (racemic) SO in the 
targett tissue but also on the enantiomeric composition of SO. 

Detoxicationn of SO may proceed via two pathways. One is hydrolysis by microsomal 
epoxidee hydrolase (mEH) resulting in the formation of styrene glycol. The other is 
conjugationn of SO with glutathione mediated by glutathione-S-transferase. In humans, 
detoxicationn of SO by glutathione-S-transferase plays a minor role; less than 1% of 
administeredd styrene is conjugated with glutathione [13]. Thus, mEH appears to be the key 
enzymee in the detoxication of SO in man. It has been shown that the catalytic mechanism of 
mEHH is a two-step mechanism involving an initial attack of an active-site carboxylate on the 
oxiranee followed by hydrolysis of the ester intermediate in the second step [14]. The rate-
limitingg step in the reaction mechanism of mEH is the hydrolysis of the intermediate [15]. 
Strikingg differences in mEH activity in humans have been reported and two polymorphisms 
weree identified within the coding region of the gene: a mutation in exon 3 that changes Tyr-
1133 to His-113, which in an in vitro expression study reduced the amount of mEH protein, 
andd consequently mEH activity, by 50%. The other mutation in exon 4 changed His-139 to 
Arg-139,, which lead to an increase in mEH protein content, and consequently mEH activity, 
byy 25%. The prevalence of these polymorphisms in Caucasians is 36% for the mutant allele of 
exonn 3 and 23% for the mutant allele of exon 4 [16]. 

Sincee SO is a geno- and cytotoxic metabolite, differing rates of mEH-catalysed 
detoxicationn between individuals may be related to the risk of SO toxicity. Moreover, since 
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thee toxic potential of the (R)-enantiomer of SO is higher than that of the (S)-enantiomer, 
individuall  metabolic preference for one of the stereochemical forms may be a disposition 
factorr for the toxic effects of SO following exposure to styrene. The aim of the present study 
iss to assess the degree of interindividual variation in the activity and stereochemistry of mEH-
mediatedd hydrolysis of SO in human liver microsomes and to examine the possible 
relationshipp between these interindividual differences in mEH activity and the genetic 
polymorphismss of the mEH gene. 

Methods s 
Chemicals Chemicals 

(R)-(-)-styrene-7,8-oxide,, (S)-(+)-styrene-7,8-oxide, (R)-(-)-styrene glycol, (S)-(+)-styrene 
glycoll  (98%) and pentafluoropropionic anhydride (98%) were obtained from Fluka (Buchs, 
Switzerland).. (lS,2S)-(-)-l-phenylpropylene oxide was obtained from Aldrich (WI, USA). 
DL-dithiothreitoll  (DTT), phenylmethylsulfonyl fluoride (PMSF, >99%) and 
pentafiuorbenzoyll  chloride were purchased from Sigma (St. Louis, MO, USA). Pyridine 
(silylationn grade) was obtained from Pierce (Rockford, IL, USA), and methanol-dried from 
J.T.. Baker (Deventer, The Netherlands). Rsal and EcoRY restriction enzymes, Taq DNA 
polymerasee and dNTPs were purchased from Boehringer-Mannheim (Mannheim, Germany). 
Primerss were obtained from Isogen Bioscience (Maarssen, The Netherlands). Phenylpropylene 
glycoll  (PPG) was synthesised by acid-catalysed hydrolysis of phenylpropylene oxide (PPO). 
Forr that purpose, 100 ul of PPO was treated with 1 ml of 0.5 M sulphuric acid in n-hexane. 
Thee reaction mixture was mixed for 60 minutes at room temperature and then neutralised with 
NaOH.. The formed PPG was extracted with 2 x 5 ml ethyl acetate. All other chemicals were 
att least reagent grade and were obtained from Merck-Schuchardt (Darmstadt, Germany). 

MicrosomalMicrosomal preparations 

Humann liver samples were obtained from the International Institute for the Advancement of 
Medicinee (IIAM , Scranton, USA). All liver samples were from healthy Caucasian males 
withoutt any indication of liver disease, varying in age from 20 - 60 years (n = 5 per decade), 
ass this is a representative sample for the occupationally exposed population. Half of the 
sampless were from smokers, 6 out of 20 liver samples were from persons abstaining from 
alcoholl  and the other 14 were moderate alcohol consumers. 

Microsomess were prepared by homogenising approximately 10 g of liver tissue in 100 
mMM Tris-HCl, pH 7.4 buffer containing 1.15% KC1, lmM DTT, 2.5 mM EDTA and ImM 
PMSFF on ice using a Potter-Elvehjem homogeniser. The homogenate was centrifuged for 10 
minn at 600 g at 4 °C and the resulting pellet was homogenised and centrifuged again. 
Supernatantss of both centrifugation steps were combined and centrifuged at 12,000 g for 20 
minn at 4 °C. The resulting supernatant was again centrifuged, at 37,000 g for 3 hours at 4 °C. 
Thee pellet, containing the microsomes, was resuspended in 100 mM Tris-HCl, pH 7.4, storage 
bufferr containing 20% glycerol, 1 mM DTT and 2.5 mM EDTA. Microsomes were stored at 
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-800 °C until use. Protein content was measured according to the method of Pierce with bovin 
serumm albumin as standard (Pierce, Rockford, IL, USA). 

ActivityActivity and enantioselectivity ofmEH 

Inn order to determine the activity and enantioselectivity of mEH, (R)-SO and (S)-SO 
hydrolysiss were separately studied. Various concentrations of (R)- (1 - 1000 uM) and (S)-
styrenee oxide (1 - 2000 uM) in acetone (1% v/v) were incubated with 0.1 mg microsomal 
proteinn in 50 mM Tris-HCl (pH 8.7). The final volume of the reaction mixture was 1 ml. 
Incubationss were carried out for 10 min at 37 °C. The reactions were stopped by adding 5 ml 
ethyll  acetate; 25 ul of phenylpropylene glycol (PPG, 0.1 mg/ml) was added as internal 
standard.. The rubes were vortexed for 1 min to extract styrene glycol (SG) and an aliquot of 2 
mll  was evaporated under nitrogen. To each sample 0.5 ml 0.4% pyridine in toluene and 20 ul 
10%% pentafluorbenzoyl chloride (PFBC1) in toluene was added. Derivatization was carried out 
att 70 °C for 30 min. After cooling to room temperature, samples were dried under nitrogen. 
Thee residues were dissolved in 0.5 ml 90% methanol and extracted with 1 ml hexane. Heat-
denaturedd microsomes (10 min, 100 °C) were used as controls in order to determine 
spontaneouss hydrolysation. The amount of spontaneously formed SG was subtracted from 
enzymaticallyy formed SG. Formed styrene glycol was determined as total glycol (R+S), on a 
non-chirall  column. 

TimeTime course of mEH hydrolysis ofracemic SO 

Thee time course of the enzymatic hydrolysis ofracemic SO was studied to determine whether 
thee enantiomers influenced each others metabolism. The decrease of SO enantiomers and the 
formationn of SG enantiomers were both measured, at two different concentrations: one 
concentrationn in the linear range (25 uM) and one saturating concentration (500 uM). 
Racemicc SO, 25 and 500 uM in acetone, was incubated with 0.1 mg microsomal protein from 
twoo different livers in 50 mM Tris-HCl (pH 8.7). For 25 uM SO the time course was 2.5, 5, 
10,, 12.5, 15, 20, 25, 30, 45 and 60 min and for 500 uM SO the time course was 10, 20, 30, 45, 
60,, 90 and 120 min. Reactions were stopped by adding 400 ul hexane (with 150 ug/ml PPO as 
internall  standard) to extract the SO. The concentration of remaining SO in the hexane extracts 
wass directly measured on GC-FID. The remaining water phase was subsequently extracted 
withh 5 ml ethyl acetate to extract the SG; 25 ul of PPG 0.1 mg/ml was added as internal 
standard.. 1 ml of the ethyl acetate fraction was evaporated under nitrogen. To each vial 0.5 ml 
0.5%oo pyridine in dichloromethane (CH2C12) and 10 ul of pentafluoropropionic anhydride 
(PFPA)) was added. Derivatization was carried out at 60 °C for 60 min. After cooling to room 
temperature,, samples were dried under nitrogen and the residues dissolved in 0.5 ml hexane. 

EnantiospecificityEnantiospecificity of mEH 

Too examine the enantiospecifity of the enzymatic hydrolysis of styrene oxide to styrene 

glycol,, incubations were again carried out with the (R)- and (S)-SO enantiomers separately. A 
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singlee concentration of 10 uM was used, since this concentration was in the linear range for 
bothh enantiomers. After 10 min of incubation, the reaction was stopped by adding 5 ml ethyl 
acetate;; 25 ul of PPG was added as internal standard. Tubes were vortexed to extract the SG 
andd the ethyl acetate phase was evaporated under nitrogen. To each vial 0.5 ml 0.5% pyridine 
inn CH2CL2 and 10 ul of PFPA was added. Derivatization was carried out at 60 °C for 60 min. 
Afterr cooling to room temperature, samples were dried under nitrogen and the residues 
dissolvedd in 1 ml hexane. The formed styrene glycol was determined by analysing (R)- and 
(S)-SGG separately on a chiral column. 

GCGC analysis 

Unlesss otherwise indicated, analysis of the samples was performed on a Hewlett Packard 5890 
GCC equipped with a 63Ni ECD, with injector temperature 250 °C and detector temperature 300 
°CC and a nitrogen make-up gas flow rate of 30 ml/min. 

Thee PFBC1 esters (1 ul) were measured on a AT 35 column (10 m, 0.32 mm ID, 0.5 
umm thickness; Alltech, The Netherlands). Initial column temperature was 170 °C, and 
programmedd to 260 °C at a rate of 20 °C /min. The column head pressure was 100 kPa. The 
PFPAA esters of SG (1 ul) were measured on a CP Chirasil-Dex-CB column (25 m, 0.25 mm 
ID,, 0.25 jam film thickness; Chrompack, The Netherlands). Column temperature was 105 °C 
andd head pressure was 100 kPa . A standard solution of enantiomerically pure (R)- and (S)-SG 
inn equal amounts was prepared in ethyl acetate. For external calibration, five SG standards 
weree prepared by adding different amounts of the standard solution to microsomal 
suspensions.. PPG was added as internal standard. 

SO-hexanee extracts (5 ul) were measured with a flame ionisation detector (FID) and a 
CPP Chirasil-Dex-CB column (10 m, 0.25 mm ID, 0.25 um film thickness; Chrompack, The 
Netherlands).. Column temperature was 60 °C and head pressure was 100 kPa; nitrogen make-
upp gas flow rate was 30 ml/min, the FID hydrogen flow was 30 ml/min and the air flow was 
3000 ml/min. The injector temperature was 150 °C and the detector temperature 250 °C. A 
standardd solution of enantiomerically pure (R)- and (S)-SO in equal amounts was prepared in 
hexane.. For external calibration, five SO standards were prepared by adding different amounts 
off  the standard solution to microsomal suspensions. PPO was added as internal standard. 

PolymorphismsPolymorphisms ofmEH 

DNAA from 0.25 mg of human liver was extracted with a DNA tissue extraction kit (Qiagen 
GmbH,, Hilden, Germany). The polymorphisms of the mEH gene in exon 3 and 4 were 
analysedd using PCR-RFLP, by the method of Smith et al. [17]. 

EnzymeEnzyme kinetics and statistical analysis 

Enzymee constants (Vmax, Km) were determined by analysing the data using non-linear 
regression.. Data were evaluated using Student t-test and analysis of variance with post hoc 
evaluationn of differences by Tukey's HSD test. Distributions of the enzyme constants were 
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assessedd by histograms, normal plots and the Shapiro-Wilk test. All statistical tests were 

performedd in SPSS (SPSS Inc, Chicago, IL, USA). Differences were considered statistically 

significantt at p < 0.05. 

Results s 
Microsomall  incubations containing 0.1 mg protein and 1 - 2000 u.M styrene oxide yielded 
hyperbolicall  plots consistent with Michaelis-Menten kinetics (figure 1). The Vmax, Km and 
Vmax/Kmm values were normally or log-normally distributed as judged from histograms, normal 
plotss and statistical analysis (data not shown). 

200-1 1 

1.0 0 

Styrenee oxide (mM) 

Figuree 1 Michaelis-Menten plot, average of 20 livers. Each liver was incubated with (R)-SO (A), 1 -

WOOWOO fiM, and (S)-SO (M), I - 2000 jiM, separately for 10 min at 37 °C. Errors bars represent 

SD. SD. 

v„ „ 
Thee individual Vmax and Km values are shown in figure 2. Interindividual variation in 

wass 5-fold, for both enantiomers. Interindividual differences in Vmax/Km were 5-fold for 
(S)-SOO and 3.7-fold for (R)-SO, and 4- and 3-fold respectively in K„ 

MO--

E E 
O O 

 100 

(a) ) 

is-so o 
IR-SO O 

inn Inn 

0.30 0 

0.25--

0.20 0 

0.15 5 

0.10--

0.05 5 

0.00 0 
I I 

(b) ) 

is-so o 
IR-SO O 

ii lli IL Hi Hi IL l i 
20 0 

Figuree 2 Enzyme constants for each liver separately, (a) Vmca values per liver for each enantiomer in 

nmolnmol SG.mg protein .min (b) K„,  values per liver for each enantiomer in mM 
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Ass shown in table 1, VmaX/Km and Km values for styrene oxide metabolism were not 
significantlyy different between the four age groups, but a significant decline in Vmax for (S)-
SOO with advancing age was found (p = 0.046) and an almost significant decline for (R)-SO (p 
== 0.065). Vmax, Km and V,nax/Km values were not significantly different between smokers and 
non-smokerss and between alcohol consumers and non-consumers (table 1). 

Tablee 1 Microsomal epoxide hydrolase activity by smoking, alcohol status and age 

Group'' ' 

Al ll  (20) 

Smoking g 

Yess (10) 

Noo (10) 

Alcohol l 
Yess (14) 

Noo (6) 

Age/: : 

20-300 (5) 

31-40(5) ) 

41-50(5) ) 

51-60(5) ) 

VV " 
TT max 

R-SCf R-SCf 

344 5 

311 8 

388 0 

333 7 

366 0 

499 3 

299 4 

300 8 

299 9 

sscr sscr 
1688  69 

1533 3 

1833 5 

1744 5 

153  100 

229A 3 3 

1799 5 

1499  45 

114B 1 1 

Km m 

RS(f RS(f 

0.022  0.007 

0.022  0.006 

0.022  0.008 

0.022  0.006 

0.022 0 

0.022  0.007 

0.022  0.006 

0.022  0.008 

0.022  0.009 

S-S(f S-S(f 

0.144 6 

0.133 8 

0.144 4 

0.144 7 

0.122 3 

0.188 1 

0.133 4 

0.133 4 

0.111 1 

** mux'*» ™ 

R-SCf R-SCf 

1.77 5 

1.66 7 

1.66 4 

1.66 4 

1.77 9 

2.11 7 

1.44 4 

1.66 4 

1.44 5 

S-SCf S-SCf 

1.33 6 

1.33 6 

1.33 4 

1.33 5 

1.22 6 

1.44 5 

1.55 9 

1.22 2 

1.00 3 

""  Vmax is presented as nmol.mg microsomal protein .min 

**  Km is presented as mM 
cc Vmax/Km, expressed as ml.min.'mg' 
dd (n) per group 
ee data are presented as mean  SD 

ff means with a different letter are significantly different by ANOVA with Tukey's HSD test (p < 0.05) 

Fivee out of 20 livers were genotyped as homozygous for the mutated allele of the exon 
33 polymorphism (25%). None of the livers was homozygous for the mutant allele of the exon 
44 polymorphism. Considering each variant separately, no significant effect on Vmax, Km and 
Vmax/Kmm was noted. Combining both polymorphisms, comparing livers with two mutated 
alleless of exon 3 and no mutation on exon 4 with all other combinations, did not alter this 
findingg (table 2). 
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Tablee 2 

Genotype1* * 

Exonn 3: 

wt(4) ) 

wt/mt(l l ) ) 

mt(5) ) 
Exonn 4: 

w t ( l l ) ) 

wt/mtt (9) 

Exonn 3 + + 4: 

wt{16) ) 

mt(4) ) 

Microsomal Microsomal 
i i 

R-scr R-scr 

300 1 

366  19 

366  9 

39  19 

299  7 

344  16 

355  10 

epoxideepoxide hydrolase genotype and styrene oxide hydrolysis 

TT DUX 

ss<y ss<y 

1544 5 

1722 4 

1699 0 

1811  75 

1511  62 

1666 2 

1766 7 

K j j 
R-scr R-scr 

0.022  0.006 

0.022  0.008 

0.022  0.006 

0.022  0.008 

0.022  0.005 

0.022  0.008 

0.022  0.006 

sscr sscr 

0.133 4 

0.133 4 

0.166 1 

0.155 7 

0.122 3 

0.122 3 

1 1 

**  nau'»*Hn 

R-scr R-scr 

1.55 4 

1.66 7 

1.88 4 

1.77 7 

1.66 5 

1.66 6 

1.77 3 

s-scr s-scr 

1.22 6 

1.44 6 

1.22 3 

1.22 4 

1.44 7 

1.33 6 

1.22 3 

""  VmaX is presented as nmol.mg microsomal protein .min 
hh Km is presented as mM 

'' Vmax/Km, expressed as ml.min '.mg ' 

Groupss are assigned on basis of their genotype, (n) per group. Exon 3 and exon 4: wt is wild type, wt/mt 

heterozygotee for the mutated allele and mt homozygote for the mutated allele. Exon 3 + 4 is a combination of 

bothh polymorphisms: mt = homozygote for the exon 3 mutation and wild type for the exon 4 mutation, wt = all 

otherr combinations 

'dataa are presented as mean  SD 

Tablee 3 Enzyme constants for microsomal epoxide hydrolase activity determined in 20 human liver 

samplessamples in vitro with (R)-styrene oxide and (S)-styrene oxide separately 

R-SO O 

S-SO O 

S/R R 

V™, , 

MeanMean  SD 

344  15 

1688 9 

5.00  1.6 

Range Range 

18-89 9 

700 - 333 

3.11 - 10.2 

Km m 

MeanMean  SD 

0.022  0.007 

0.144 6 

6.44  1.6 

Range Range 

0.01-0.04 4 

0.09-0.34 4 

3.4-11.6 6 

Vm»x/Kr r 

MeanMean  SD 

1.77 5 

1.33 6 

0.88 3 

c c 

Range Range 

1.0-3.4 4 

0.6-2.9 9 

0.4-1.6 6 

""  expressed as nmol.mg protein" .min" 
hh expressed as mM 

'' Vmax/Km, expressed as ml.min"1.mg"1 

Ass seen from figure 1, mEH showed a high degree of enantioselectivity towards the 
styrenee oxide enantiomers, resulting in a 6.4 times higher Km and a 5 times higher Vmax for the 
(S)-enantiomerr over the (R)-enantiomer. The Vmaj[/Km was 1.4-fold higher for the (R)-
enantiomerr than for the (S)-enantiomer. In vivo, both enantiomers of SO are formed, therefore 
incubationss with racemic SO were carried out to investigate possible interactions between the 
enantiomers,, with microsomal protein from two livers (5 and 15). A time course of the 
hydrolysiss of racemic SO showed that (R)-SO was preferably hydrolysed when the time 
coursee of the unchanged SO enantiomers was observed (figure 3). This was the case for the 
loww concentration (figure 3A) but also for the saturating concentration (figure 3B). The same 
observationn was made when the time course of the formed diol was followed (figure 3 A and 
B,, dotted line). 
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tt (min) t (min) 

Figuree 3 Time course of the mEH-mediated hydrolysis of styrene oxide of liver 15 (representative for 

bothboth livers). Microsomal protein (0.1 mg/ml) was incubated with 25 JXM (A) and 500 /JM (B) 

racemicracemic SO at 37 °C. The decrease in (R)-SO (M) and (S)-SO (A) (solid line) concentration 

waswas measured as well as the increase in (R)-SG (O) and (S)-SG (A) (dotted line) concentration. 

Thee degree of enantioselectivity varied also between the individual livers; for the Km 

thee ratio of (S) to (R) varied from 3.4 to 11.6 and for the Vmax the ratio varied from 3.1 to 10.2 
betweenn the livers (table 3). The Vmax/Km ratios of (S)- to (R)-styrene oxide varied from 0.4 to 
1.6. . 

Tablee 3 Enzyme constants for microsomal epoxide hydrolase activity determined in 20 human liver 

samplessamples in vitro with (R)-styrene oxide and (S)-styrene oxide separately 

R-SO O 

S-SO O 

S/R R 

VV * 
TT max 

MeanMean  SD Range 

344 5 18-89 

1688 9 70-333 

5.0  1.6 3.1-10.2 

KK b 

MeanMean  SD 

0.022  0.007 

0.144 6 

6.44  1.6 

Range Range 

0.011 -0.04 

0.099 - 0.34 

3.4-11.6 6 

Vmax/K K 

MeanMean  SD 

1.77 5 

1.33 6 

0.88 3 

c c 
m m 

Range Range 

1.0-3.4 4 

0.6-2.9 9 

0.4-- 1.6 

""  expressed as nmol.mg protein"'.min 

**  expressed as mM 
cc V„,ax/Km, expressed as tnl.min" .mg" 

Ass seen from table 4, mEH proved to be highly enantiospecific. When the (S)-
enantiomerr of styrene oxide was used as a substrate, (S)-styrene glycol was predominantly 
formed.. With the (R)-enantiomer, formation of (R)-glycol was also favoured, but there was a 
higherr percentage of isomerisation (10%, table 4). 

Tablee 4 77ie stereospecifity of microsomal epoxide hydrolase determined by 

measuringmeasuring styrene glycol enantiomers after enzymatic hydrolysis of 

(R)-(R)- and (S)-styrene oxide (10 /JM) separately (n = 20) 

R-SO O 

S-SO O 

R-SG" " 

8.66 4 

0.133 3 

S-SG" " 

0.99 1 

7.99 8 

%% inversion 

10% % 

1.6% % 

""  expressed in nmol.mg protein'.min"1, data are presented as mean  SD 
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Discussionn and conclusion 
Oxidationn of the pro-chiral styrene yields the (R)- and (S)-forms of the genotoxic compound 
styrene-7,8-oxide.. These two enantiomers showed different mutagenic effects in the Ames 
test,, probably due to a difference in reactivity of the enantiomers towards the chiral DNA [11]. 
Therefore,, individual variation in mEH-catalyzed detoxication of SO as well as individual 
variationn in metabolic preference of the mEH enzyme for one of the enantiomers may have an 
impactt on toxic effects of SO after styrene exposure. 

Inn the present study a 3-5 fold interindividual variation in the mEH-mediated 
hydrolysiss of SO to SG was observed (table 3). Previous studies have assessed the variation in 
epoxidee hydrolase activity and protein levels in human livers, but variable results have been 
obtained.. Hassett et al. [ 18] showed variations in enzyme activity somewhat higher than those 
inn the present study (7-8 fold). Lorenz et al. [19] and Thomas et al [20] reported a 2-3 fold 
variationn in mEH enzymatic activity. Other studies reported a much greater variation. The 
mEHH activity in 166 liver biopsies in a study from Mertes et al. [21] varied by a factor 63. 
Guengerichh and Turvy [22] reported variations in mEH protein levels by two orders of 
magnitude.. Differences in the ethnic composition of the examined population, quality of the 
livers,, sample size, substrate used, variation in methods for microsome preparation and 
methodologicall  differences in assay procedures can all be factors explaining the difference in 
mEHH variation reported between studies. 

Interindividuall  differences in activity of mEH may be caused by genetic 
polymorphismss in the mEH gene. In the present study, no relationship between the two 
polymorphismss in the coding region of the mEH gene and the Vmax, Km, and Vmax/Km for each 
enantiomerr could be established, not even when livers with a very slow phenotype (two slow 
alleless on exon 3 and no fast allele on exon 4) were considered. In a recent study, Hassett et 
al.al. [18] concluded that the variation in enzyme activity could not be explained on the basis of 
thee two polymorphisms only, and in a later study [23] this group identified polymorphic loci 
inn the regulatory part of the gene which are likely to be a contributing factor to variation in 
mEHH activity. Alcohol use or smoking did also not explain the found interindividual 
variabilityy in mEH activity, since no significant changes in Vmax,, Km, or Vmax/Km were found 
withh smoking or alcohol status, as also reported by Mertes et al. [21]. Age explained part of 
thee variation found in Vmax, especially with (S)-SO. There are a number of studies which have 
investigatedd the relationship between ageing and mEH activity, in rats and mice as well as in 
humans,, with contradictory results. In a study with 27-months-old rats and mice, mEH activity 
wass almost doubled compared to middle-aged (12 months) and young (3 months) rodents 
[24],, while in another study with 30-months-old mice mEH activity declined by 32% 
comparedd to 6-months-old mice [25], In a study with human liver biopsy specimens, no 
correlationn was observed between age and mEH activity [26]. 

Microsomall  epoxide hydrolase showed considerable substrate enantioselectivity 
towardss styrene oxide. To our knowledge, this is the first study to report on enantioselective 
metabolismm of styrene oxide in human liver in vitro. Other investigators have studied 
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enantioselectivee metabolism of styrene oxide in rat [27,28], rabbit [29] and mouse [30] in 
vitro.vitro. They reported ratios of (S)- to (R)-SO for Km and V,^ in the same direction, but 
somewhatt smaller, i.e. 5.3 for Km and 4 for Vmax in the study of Watabe et al. [28] and 2.6 for 
Kmm and 3.2 for Vmax in the study of Bellucci et al. [29]. The oxidation of styrene proceeds with 
moderatee stereoselectivity [27,31], therefore both enantiomers of SO are expected to be 
presentt in vivo. Thus, it was of importance to investigate the hydrolysis of racemic SO, in 
orderr to establish which enantiomer would be preferably hydrolysed in vivo. Two microsomal 
sampless with a large difference in (S) to (R) ratio were selected: one (no. 15) had a (S) to (R) 
Vmax/Kmm ratio of 1.59, and the other (no. 5) had a (S) to (R) Vmax/Km ratio of 0.48. This 
experimentt showed that the more toxic (R)-enantiomer of SO was preferentially hydrolysed in 
bothh microsomal samples, by following both the time course of unchanged styrene oxide and 
thee concomitant formation of the corresponding glycol. This is in agreement with results were 
obtainedd with SO in the rat and rabbit liver [27-29] and also with a number of other substrates 
likee the branched-chain epoxides t-butyloxirane [32,33] and neopentyloxirane [33]. The 
preferredd hydrolysis of (R)-SO was explained by a competitive inhibitory effect of the (R)-
enantiomer,, possessing a higher affinity (due to its lower Km) for the mEH active site, towards 
thee (S)-enantiomer [29,32]. The question arises whether competitive substrate binding could 
explainn the hydrolysis pattern of racemic SO in the present study, since a similar inhibitory 
effectt was also observed at the high concentration. A competitive inhibition however, would 
ceasee to exist at higher concentrations. Furthermore, a low Km might not always indicate high 
substratee affinity, as is the case for mEH where a low Km is almost certain a result of 
extensivee accumulation of the enzyme intermediate, due to its slow hydrolysis [15]. 

Itt is interesting to note that the enzyme constants we measured in the present study for 
(R)-SO,, compare favourably with the Km and Vmax of racemic SO reported in another study 
(Kmm 0.01 mM, Vmax 15 nmol/mg protein/min) [34]. Our data for (S)-SO, on the other hand, are 
100 times higher than that of their racemic SO data. This can be explained in light of the time 
coursee of racemic SO hydrolysis. Mendrala et al. incubated their microsomal samples for 5 
min.. From figure 3 it is evident that after 5 min already 70% of (R)-SO is hydrolysed but only 
5%% of (S)-SO. Hence, their enzyme constants may actually represent the constants for (R)-SO. 

Thee results of the present study reveal high enantiospecificity of mEH. The same high 
enantiospecificityy of mEH was found by other investigators with SO and other oxiranes 
[28,32]]  and indicates that the hydrolysis of SO proceeds by a SN2 mechanism. The 
nucleophilicc attack of the enzymic carboxylate on styrene oxide takes place at the sterically 
lesss hindered, non-chiral, carbon atom, leading to retention of configuration. 

Bothh formation and hydrolysis of SO are important in the risk assessment of styrene. In 
aa previous study [35], we have shown that styrene oxidation is subject to considerable 
interindividuall  variation. In the present study, large interindividual variation was also shown 
forr the mEH-mediated hydrolysis. Hence, it seems that large interindividual variation in 
styrenee metabolism in humans exists. Styrene oxidation is probably the rate-limiting step in in 
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vivovivo styrene metabolism, as the intrinsic clearance of the CYP450 step was lower than that of 
thee mEH step. 

Inn conclusion, we have studied the interindividual variation in activity and 
enantioselectivityy of mEH-mediated hydrolysis of styrene oxide in human livers. We have 
shownn that humans vary appreciably in their mEH activity; this variability, however, is well 
withinn 10-fold. Microsomal epoxide hydrolase was highly enantioselective. In a racemic 
mixturee the more toxic enantiomer, (R)-SO, was preferably hydrolysed due to an inhibitory 
effectt on (S)-SO. 

Acknowledgements s 
Thee authors gratefully acknowledge the discussions with Prof. R.J.A. Wanders on the 
enzymologicall  aspects. 

82 2 



MetabolismMetabolism of styrene-7,8-oxide in human liver in vitro: Interindividual variation and stereochemistry 

References s 
(1)) Guengerich FP and Shimada T. Oxidation of toxic and carcinogenic chemicals by 

humann cytochrome P450 enzymes. Chem Res Toxicol 1991; 4:391-407. 

(2)) Barale R. The genetic toxicology of styrene and styrene oxide. Mut Res 1991; 
257:107-126. . 

(3)) Ponomarkov V, Cabral JRP, Wahrendorf J, and Galendo D. A carcinogenicity study of 
styrene-7,8-oxidee in rats. Cancer Lett 1984; 24:95-101. 

(4)) Lijinsky W. Rat and mouse forestomach tumors induced by chronic oral 
administrationn of styrene oxide. J Natl Cancer Inst 1986; 77:471-476. 

(5)) IARC. Styrene-7,8-oxide. IARC monographs on the evaluation of carcinogenic risk to 
humanss 1994; 60:321-346. 

(6)) Trenga CA, Kunkel DD, Eaton DL, and Costa LG. Effect of styrene oxide on rat brain 
glutathione.. Neurotoxicology 1991; 12:165-178. 

(7)) Katoh T, Higashi K, and Inoue N. Sub-chronic effects of styrene and styrene oxide on 
lipidd peroxidation and the metabolism of glutathione in rat liver and brain. J Toxicol 
SciSci 1989; 14:1-9. 

(8)) Kohn J, Minotti S, and Durham H. Assessment of the neurotoxicity of styrene, styrene 
oxide,, and styrene glycol in primary cultures of motor and sensory neurons. Toxicol 
LettLett 1995; 75:29-37. 

(9)) Dypbukt JM, Costa LG, Manzo L, Orrenius S, and Nicotera P. Cytotoxic and 
genotoxicc effects of styrene-7,8-oxide in neuroadrenergic Pc 12 cells. Carcinogenesis 
1992;; 13:417-424. 

(10)) Pagano DA, Yagen B, Hernandez O, Bend JR, and Zeiger E. Mutagenicity of (R) and 
(S)) styrene 7,8-oxide and the intermediary mercapturic acid metabolites formed from 
styrenee 7,8-oxide. Environ Mutagen 1982; 4:575-584. 

(11)) Seiler JP. Chirality-dependent DNA reactivity as the possible cause of the differential 
mutagenicityy of the two components in an enantiomeric pair of epoxides. Mut Res 

1990;245:165-169. . 

(12)) Gadberry MG, DeNicola DB, and Carlson GP. Pneumotoxicity and hepatotoxicity of 
styrenee and styrene oxide. J Toxicol Environ Health 1996; 48:273-294. 

83 3 



ChapterChapter 4 

(13)) Sumner SJ and Fennell TR. Review of the metabolic fate of styrene. Crit Rev Toxicol 

1994;24:S11-S33. . 

(14)) Lacourciere GM and Armstrong RN. The catalytic mechanism of microsomal epoxide 

hydrolasee involves an ester intermediate. J Am Chem Soc 1993; 115:10466-10467. 

(15)) Armstrong RN. Kinetic and chemical mechanism of epoxide hydrolase. Drug Metab 

RevRev 1999; 31:71-86. 

(16)) Hassett C, Aicher L, Sidhu JS, and Omiecinski CJ. Human microsomal epoxide 

hydrolase:: genetic polymorphism and functional expression in vitro of amino acid 

variants.. Hum Mol Gen 1994; 3:421-428. 

(17)) Smith CAD and Harrison DJ. Association between polymorphism in the gene for 

microsomall  epoxide hydrolase and susceptibility to emphysema. Lancet 1997; 

350:630-633. . 

(18)) Hassett C, Lin J, Carty CL, Laurenzana EM, and Omiecinski CJ. Human hepatic 

microsomall  epoxide hydrolase: Comparative analysis of polymorphic expression. Arch 

BiochemBiochem Biophys 1997; 337:275-283. 

(19)) Lorenz J, Glatt HR, Fleischmann R, Ferlinz R, and Oesch F. Drug metabolism in man 

andd its relationship to that in three rodent species: monooxygenase, epoxide hydrolase 

andd glutathione S-transferase activities in subcellular fractions of lung and liver. 

BiochemBiochem Med 1984; 32:43-56. 

(20)) Thomas PE, Ryan DE, Glaumann von BC, and Levin W. Human liver microsomal 

epoxidee hydrolase. Correlation of immunochemical quantitation with catalytic activity. 

MolMol Pharmacol 1982; 22:190-195. 

(21)) Mertes I, Fleischmann R, Glatt HR, and Oesch F. Interindividual variations in the 

activitiess of cytosolic and microsomal epoxide hydrolase in human liver. 

CarcinogenesisCarcinogenesis 1985; 6:219-223. 

(22)) Guengerich FP and Turvy CG. Comparison of levels of several human microsomal 

cytochromee P-450 enzymes and epoxide hydrolase in normal and disease states using 

immunochemicall  analysis of surgical liver samples. J Pharmacol Exp Ther 1991; 

256:1189-1194. . 

(23)) Raaka S, Hassett C, and Omiecinski CJ. Human microsomal epoxide hydrolase: 5'-

flankingg region genetic polymorphisms. Carcinogenesis 1998; 19:387-393. 

84 4 



MetabolismMetabolism of styrene-7,8-oxide in human liver in vitro: Interindividual variation and stereochemistry 

(24)) Birnbaum LS and Baird MB. Senescent changes in rodent hepatic epoxide 

metabolism.. Chem-Biol Interact 1979; 26:245-256. 

(25)) Kaur S and Gill SS. Age-related changes in the activities of epoxide hydrolases in 

differentt tissues of mice. Drug Metab Dispos 1985; 13:711-715. 

(26)) Woodhouse KW, Mutch E, Williams FM, Rawlins MD, and James OF. The effect of 

agee on pathways of drug metabolism in human liver. Age Ageing 1984; 13:328-334. 

(27)) Watabe T and Yoshikawa K. Stereochemistry in the oxidative metabolism of styrene 

byy hepatic microsomes. Biochem Pharmacol 1981; 30:1695-1698. 

(28)) Watabe T, Ozawa N, and Hiratsuka A. Studies on metabolism and toxicity of styrene -

VI .. regioselectivity in glutathione 5-conjugation and hydrolysis of racemic, R- and S-

phenyloxiraness in rat liver. Biochem Pharmacol 1983; 32:777-785. 

(29)) Bellucci G, Chiappe C, Cordino A, and Marioni F. Substrate enantioselectivity in the 

rabbitt liver microsomal epoxide hydrolase catalyzed hydrolysis of trans and cis 1-

phenylpropenee oxides. A comparison with styrene oxide. Tetrahedron: Asymmetry 

1993;4:1153-1160. . 

(30)) Carlson GP. Metabolism of styrene oxide to styrene glycol by mouse liver and lung. J 

ToxicolToxicol Environ Health 1998; 53:19-27. 

(31)) Foureman GL, Harris C, Guengerich FP, and Bend JR. Stereoselectivity of styrene 

oxidationn in microsomes and in purified cytochrome P-450 enzymes from rat liver. J 

PharmacolPharmacol Exp Ther 1989; 248:492-497. 

(32)) Wistuba D and Schurig V. Enantio- and regioselectivity in the epoxide-hydrolase-

catalyzedd ring opening of simple aliphatic oxiranes: Part I: monoalkylsubstituted 

oxiranes.. Chirality 1992; 4:178-184. 

(33)) Bellucci G. Substrate enantioselection in the microsomal epoxide hydrolase catalyzed 

hydrolysiss of monosubstituted oxiranes. Effect of branching of alkyl chains. J Org 

ChemChem 1989; 54:5978-5983. 

(34)) Mendrala AL, Langvardt PW, Nitschke KD, Quast JF, and Nolan RJ. In vitro kinetics 

off  styrene and styrene oxide metabolism in rat, mouse, and human. Arch Toxicol 1993; 

67:18-27. . 

(35)) Wenker MAM , Kezic S, Monster AC, and Wolff de FA. Metabolism of styrene in 

humann liver in vitro: interindividual variation and enantioselectivity. Xenobiotica 

2001,, in press. 

85 5 




