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Chapterr 6 

Stereochemicall metabolism of styrene in volunteers 

Abstract t 
Thee objective of this study was to investigate the stereochemistry of styrene metabolism in 
volunteerss and its interindividual variability. 

Twentyy healthy male volunteers (age 1 8 - 37 years) were exposed to 360 mg/m3 

styrenee for 1 hour while performing 50W physical exercise. Venous blood was drawn during 
andd for 2 hours after exposure. Urine was collected in time-intervals up to 24 hours after 
exposure.. The following parameters were determined: styrene, free and conjugated styrene 
glycoll  (SG) in blood and conjugated styrene glycol, mandelic acid (MA) and phenylglyoxylic 
acidd (PGA) in urine. 

Averagee pulmonary retention of styrene was 62%. Excretion of the acidic metabolites 
MAA and PGA accounted for 58% of the pulmonary uptake. The average maximal 
concentrationn (Cmax) and area under the curve (AUC) of free (R)-SG in blood were 1.3- and 
1.7-foldd higher than those of (S)-SG respectively; the half-life of (R)-SG was longer (82 vs. 
622 min, p < 0.005). Cmax and AUC of the conjugated SG enantiomers in blood did not differ, 
butt again half-life for (R)-SG was longer (72 vs. 64 min, p < 0.05). Cumulative excretion and 
renall  clearance of conjugated (S)-SG in urine were 3- and 4-fold higher respectively than that 
off  (R)-SG. Cumulative excretion of (S)-MA was 1.6-fold higher than (R)-MA. Interindividual 
differencess in the kinetic parameters of the metabolites were two- to three-fold. 

Thee enantiomeric excess found was different for each metabolite under study, 
implyingg different enantioselectivity and/or enantiospecificity of the enzymes and carrier-
proteinss involved in the biotransformation and excretion. The use of these metabolites as 
biologicall  indicators for prediction of the enantiomeric excess of the toxic metabolite SO is 
thereforee not justified. Interindividual differences in the stereochemical metabolism of styrene 
aree moderate. 

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

acceptedaccepted for publication in Int Arch Occup Environ Health. 
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Introduction n 
Styrenee is a solvent widely used in industry which can cause several adverse effects including 
skinn and pulmonary irritation at acute exposure and central nervous system depression after 
acutee as well as chronic exposure. The most extensive exposure to styrene occurs in plants 
manufacturingg glass reinforced plastics. Entry of styrene into the body occurs mainly via 
inhalationn and styrene metabolism takes place principally in the liver, although extrahepatic 
tissuess may contribute. The first step in the major metabolic pathway is formation of styrene-
7,8-oxidee (SO) by cytochrome P450. SO is thereafter hydrolysed to styrene glycol (SG) by 
microsomall  epoxide hydrolase (mEH); this metabolite is subsequently oxidised to mandelic 
(MA)) and phenylglyoxylic (PGA) acid. Mandelic and phenylglyoxylic acid are the main 
urinaryy metabolites of styrene in man and account for 90% of the absorbed dose of styrene 
[!]

Styrenee is not chiral itself, but the first metabolite, SO, possesses an asymmetric centre 
andd thus exists as (R)- and (S)-enantiomers. SG and MA also posses a chiral C-atom, but 
PGAA is optically inactive. The chronic toxicity of styrene is mainly attributable to the reactive 
metabolitee SO [2], and several studies have shown that a difference in toxicity between the 
enantiomerss of SO exists. The (R)-enantiomer showed to be four times more mutagenic to 
SalmonellaSalmonella typhimurium TA 100 in the Ames test than the (S)-enantiomer [3,4]. The (R)-
enantiomerr was also more toxic to lung and liver in mice in vivo [5]. However, another study 
showedd that the (S)-enantiomer caused more sister chromatid exchanges in vivo in mice than 
thee (R)-enantiomer [6]. Hence, due to the different toxic potential of the SO enantiomers 
determinationn of the racemic metabolites of styrene, which is the present practice, might not 
trulyy reflect the health risk associated with exposure to styrene. A number of studies have 
addressedd the stereometabolism of styrene, but most of them have been performed either in 
vitrovitro [7-10] or in vivo in laboratory animals, e.g. rats and mice [11-15]. The few studies 
performedd in humans only measured enantiomers of MA [16-18]. The question arises, 
however,, whether the enantiomeric composition of MA is representative of that of the 
ultimatee toxic metabolite SO. The metabolism of SO to MA is mediated by a number of 
enzymes,, some of which are known to be stereoselective, i.e. mEH. 

Sincee SO levels in blood are very low in humans, SG in blood has been suggested by 
Loff  et al. [19] as a biomarker to reflect the levels of SO. In analogy, one could speculate 
whetherr the R/S ratio of SG in the blood reflects the enantiomeric ratio of SO. Others have 
suggestedd the use of R/S ratios of MA or conjugated SG in urine as indicators of the 
enantiomericc ratio of SO [16]. 

Thee enantiomeric ratio of styrene metabolites showed considerable interindividual 
variationn [18]. Consequently, persons with a metabolic preference for one of the 
stereochemicall  forms could be at higher risk for the toxic effects of SO after styrene exposure. 
Interindividuall  variability in the stereochemical metabolism and kinetics of styrene has so far 
onlyy been quantified in a limited number of styrene-exposed workers, not in volunteers under 
strictlyy controlled experimental conditions. 
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Thee aim of the present study was to gain more insight in the stereochemical 
metabolismm of styrene in man and its interindividual variability. For that purpose, we exposed 
200 volunteers to styrene by inhalation and monitored the stereochemistry of the blood and 
urinaryy metabolites (SG, MA) of styrene. 

Methods s 
Subjects Subjects 
Thee volunteers were 20 healthy males, 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. All 
weree non-smokers, two were alcohol abstainers and 13 consumed more than 50 g 
ethanol/week.. They were asked to abstain from alcohol during and also 48 hours before the 
study.. Each person was informed of the possible effects of styrene and signed an informed 
consentt prior to the beginning of the study. The study was evaluated and approved by the 
Medicall  Ethical Committee of the Amsterdam Medical Center and has been performed 
accordingg to the Declaration of Helsinki 1964. 

ExposureExposure to styrene 
Thee volunteers were exposed to 360  20 mg/m3 for lh. During the exposure time they 
performedd light physical exercise, 50 W, on a bicycle ergometer. The exposures were 
conductedd in an open exposure chamber of 8 m3 with an air turnover rate of 6 times/h. Styrene 
vapourr was generated by bubbling a constant flow of medical air through the solvent in two 
glasss bottles connected in serie. The solvent vapour was supplied at the fresh air side of the 
ventilationn system. The concentration of solvent in the chamber was continuously monitored 
withh a Miran IB infrared analyser. In order to determine the pulmonary ventilation and 
concentrationn of exhaled styrene, exhaled air was collected in a gas sampling bag for 2 min at 
fourr time periods during exposure. For the calculations the average value was used. 

Venouss blood samples (two 7 ml-EDTA containers) were collected at several fixed 
timee points during exposure and up to 2 hours after the end of exposure for determination of 
styrene,, SO and SG. One tube was kept on ice until analysis, in order to prevent loss of 
styrene.. Blood from the second tube was immediately extracted with hexane (2x3 ml), to 
preventt rapid decomposition of SO in blood [20]. Urine was collected before the exposure and 
inn 5 time-intervals, 0-2, 2-4, 4-8, 8-12 and 12-24 hours, after the end of exposure. 

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 with flame-ionisation detection 
(FID)) and a DB1701 (30 m, 0.53 mm, J&W Scientific) column. To determine the styrene 
concentrationn in blood, 200 ul of blood was transferred to a 4-ml vial and heated for at least 
300 min at 50 °C. Then, 250 ul of headspace was injected and analysed under the same 
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conditionss as styrene in air. m-Xylene was used as internal standard. For the determination of 

freefree SG, 1.5 ml of blood was extracted with 5 ml ethyl acetate. Before extraction, 

phenylpropylenee glycol was added as internal standard. The conjugated SG was determined in 

thee same sample of blood after removal of the ethyl acetate phase and subsequent incubation 

att 37° C overnight with p-glucuronidase and sulfatase from Helix pomatia in 0.1 M acetate 

buffer,, pH 4.7. The released SG was extracted with ethyl acetate. Ethyl acetate extracts, from 

bothh the free SG and conjugated SG samples, were evaporated to dryness and the residue 

derivatisedd with 20 ul of pentafluorpropionic anhydride (PFPA) and 0.5 ml of 1.5% pyridine 

inn dichloromethane. Derivatives were analysed using GC with electron capture detection and 

aa chiral column (CP Chirasil-Dex, 25 m, 0.25 mm ID, Chrompack, The Netherlands). Free 

andd conjugated SG in urine were analysed similar to SG in blood. Free SG content in urine 

wass less than 5% of the total SG content. MA and PGA in urine were determined by gas 

chromatographyy with FID according to Kezic et al. [21]. 

CalculationCalculation of kinetic parameters 

Alveolarr ventilation was calculated from the pulmonary ventilation after correcting for the 

anatomicall  dead volume of the lungs. The respiratory intake rate of styrene was calculated by 

multiplyingg the styrene concentration in air with the alveolar ventilation [22]. The pulmonary 

uptakee was calculated by multiplying the difference between the inhaled and the average 

exhaledd concentration of styrene with the pulmonary ventilation. The kinetic parameters for 

styrenee and SG in blood, i.e. half-live (ti/2) and maximal concentration (Cmax), were obtained 

fromm the blood concentration-time course. The apparent terminal elimination rate constant, k, 

wass calculated using the least-squares analysis on the terminal portion of the semi-log blood 

concentrationn versus time curves. The ti/2 was calculated by dividing ln2 by k. The area under 

thee curve from time zero to 180 min was calculated by a trapezoidal method (AUCo-i8o).The 

extrapolationn to time infinity (AUCo-.) was determined by dividing the blood concentration at 

1800 min by k (AUCi8o-~) and adding the result to the corresponding AUCo-iso-

Thee clearance (CL) of styrene was calculated by dividing the uptake by the AUCo-~ 

Thee renal clearance (CL,-) of SG could only be calculated for the first time period of urine 

sampling.. This was done by dividing the amount of conjugated SG in urine at the first time 

pointt of urine sampling by the AUC of conjugated SG in blood until that time point. 

Cumulativee excretion of conjugated SG in urine, (R)-MA, (S)-MA and PGA was 

calculatedd by summing the amounts of each metabolite excreted in each sampling period. 

StatisticalStatistical analysis 

Normall  distributions of all parameters were checked with the Kolmogorov-Smimov and 

Shapiro-Wilkk test and by graphically displaying the data in histograms and boxplots. Kinetic 

dataa of the (R)- and (S)-enantiomers of all metabolites were compared using Student's t-test 

forr paired samples. 
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Results s 
Kineticc parameters ofstyrene are presented in table l.The pulmonary uptake ofstyrene during 
11 h of exposure at 50 W was 3.0 mmol. Average pulmonary retention was 62%. The 
maximumm concentration of styrene in blood (Cmax,sTY) at the end of exposure was 26.7  5.9 
umol/1.. The elimination of styrene appeared to be biphasic. Half-lives were calculated by the 
methodd of residuals from semi-log plots, resulting in a linear initial phase with slope a and a 
linearr terminal phase with slope p. The average half-life (ti/2, p) was 65  12 min. 

Tablee 1 KineticKinetic parameters from 1 h ofstyrene exposure to 360 mg/n 

duringduring physical exercise with a workload of 50 W (n=20). 

Alveolarr ventilation (1/min) 
Intakee (mmol) 
Uptakee (mmol) 

Cmax.. STY (umol/1) 

T1/2,p(min) ) 

CLL (1/min) 

Meann  SD 
5 5 

4.99 8 
3.00 7 

26.77 9 
655  12 

1.44 4 

Inn figure 1 the blood concentration profiles of free (R)-SG and (S)-SG are shown. The 
kineticc parameters derived from the blood concentration profiles are summarised in table 2. 
Thee Cmax, AUCo-oo and the t\a were significantly higher for the (R)-enantiomer (p < 0.005). 
Interindividuall  differences in R/S ratio were moderate, 2-fold for the half-life and 3-fold for 
thee Cmax and AUC. All volunteers, with exception of one, had a higher Cmax and AUC for the 
(R)-enantiomer. . 

200 0 

Figuree 1 Blood concentration-time profiles of free styrene glycol enantiomers during and after 1 hour of 

exposureexposure to 360 mg/m styrene and 50 Wphysical exercise.  (R)-styrene glycol; a (S)-styrene 

glycol.glycol. Average of 20 volunteers, errors bars indicate SEM. 
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Tablee 2 

CC a 

AUC0-«b b 

T,/2
C C 

KineticKinetic parameters 

exposureexposure to 360 mg/ 

(R)-SG G 
MeanMean  SD 

6 6 

223** 8 

82**  22 

of of 
mmJ J 

thethe free styrenestyrene glycol enantiomers in blood and the R/S ratio 

styrenestyrene during 1 h and 50 

(S)-SG G 

MeanMean  SD 

1.33 7 

1444 8 

611  13 

WphysicalWphysical exercise (n-

MeanMean  SD 

1.33 4 

1.77 5 

1.44 3 

-20) -20) 

R/S S 

Range Range 

0.8-2.2 2 

0.9-3.0 0 

1.0-2.0 0 

after after 

11 Maximal concentration of free styrene glycol in blood, in iimol/1 
bb Area under the curve, in umol.min/1 
cc Half-life, in min 
**  significantly different from (S)-enantiomer, determined with paired Student's t-test, p < 0.005 

Tablee 3 KineticKinetic parameters of the conjugated styrene glycol enantiomers in blood and the R/S ratio 

afterafter exposure to 360 mg/m' styrene during I h and 50 Wphysical exercise (n=20). 

cc a 

*-Tnax x AUC„_„ b b 

T„ 2
C C 

(R)-SG G 

MeanMean  SD 

0.44 2 

511 5 

72**  29 

(S)-SG G 
MeanMean  SD 

0.44  0.2 
500 4 

644 6 

MeanMean  SD 

1.00 2 

1.00 2 

1.22 2 

R/S S 
range range 

0.6-- 1.3 

0.6-- 1.5 

0.6-- 1.6 
aa Maximal concentration of conjugated styrene glycol in blood, in umol/1 
bb Area under the curve, in umol.min/1 
cc Half-life, in min 
'significantlyy different from (S)-enantiomer, determined with paired Student's t-test, p < 0.05 

Inn figure 2 the blood concentration profiles of the enantiomers of conjugated SG are 
shown.. Calculated as AUCo-«, conjugated SG amounted to 21.6% of the total blood SG. Cmax 
andd AUCo-«o did not differ between the enantiomers. The difference in the half-lives of the 
enantiomerss was small but statistically significant, with conjugated (S)-SG having the shorter 
half-lifee (p < 0.05, table 3). 

Figuree 2 

200 0 

tt (min) 

BloodBlood concentration-time profiles of conjugated styrene glycol enantiomers during and after 1 

hourhour of exposure to 360 mg/m3 styrene and 50 W physical exercise.  (R)-styrene glycol; a (S)-

styrenestyrene glycol. Average of 20 volunteers, errors bars indicate SEM. 
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However,, in urine, cumulative excretion of conjugated (S)-SG was much higher than 
(R)-SGG (figure 3). The mean CLr was 3.8-fold higher for the (S)-enantiomer than the (R)-
enantiomerr (table 4). 

a-- 15-i 
o o 

i i 
AA \ 

(S) ) 

-i-i  (R) 

t (h) ) 

Figuree 3 Cumulative urinary excretion of conjugated styrene glycol enantiomers after 1 hour of 

exposureexposure to 360 mg/m styrene and 50 Wphysical exercise.  (R)-styrene glycol; a (S)-styrene 

glycol.glycol. Average of 9 volunteers, errors bars indicate SEM. 

Tablee 4 KineticKinetic parameters of conjugated styrene glycol enantiomers in urine and the S/R ratio after 

360360 mg/m styrene exposure (n=9) 

Cum.. excr." 

CLrb b 

(S)-SG G 

MeanMean  SD 

0 0 

196** 1 

(R)-SG G 

MeanMean  SD 

3.55  1.1 
522 6 

S/R R 

MeanMean  SD 

3.33 6 

3.88 6 

range range 

2.5-4.3 3 

2.6-4.6 6 
aa cumulative excretion, in umol 
bb renal clearance, in ml/min 

**  significantly different from (S)-enantiomer, determined with paired Student's t-test, p < 0.005 

Urinee excretion profiles of the MA enantiomers and PGA are presented in figure 4 and 
kineticc parameters are shown in table 5. No MA or PGA was found in urine samples taken 
beforee the onset of exposure. Cumulative excretion of (S)-MA was significantly higher than 
off  (R)-MA (p < 0.005). However, half-lives were not significantly different (3.7 vs. 3.9 h). 
Thee half-life of PGA was considerably longer than that of MA, 9.6  3.2 h. For three 
volunteerss half-life of PGA could not be calculated, due to extreme outliers. Total excretion 
off  the acidic metabolites amounted to 58% of total uptake of which 39% was MA and 19% 
PGA.. Interindividual differences in the R/S ratio of the cumulative excretion and the half-life 
weree 2-fold. 
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Tablee 5 

Cum.. excr.a 

T|/2 2 

KineticKinetic parameters of 

urineurine and the S/R ratio 

(S)-MA A 
MeanMean  SD 

6 6 

3.77 8 

mandelicmandelic acid 

afterafter 360 mg/m 

(R)-MA A 
MeanMean  SD 

4533  196 

3.99 8 

(MA)(MA) enantiomers and phenylglyoxylic acid (PGA) in 

styrenestyrene exposure (n=20) 

S/R R 
MeanMean  SD range 

1.66 3 1.2-2.3 

1.00 1 0.6-1.2 

PGA A 
MeanMean  SD 

5866  247 
9.66 2 

aa cumulative excretion, in umol 
bb in hours, n=20 for MA and n=17 for PGA 
**  significantly different from (S)-enantiomer, determined with paired Student's t-test, p < 0.005 

1000-1 1 

S S 

750--

500 0 

250 0 

(S)-MA A 

PGA A 

(R)-MA A 

t(h) ) 

Figuree 4 Cumulative urinary excretion of mandelic acid (MA) enantiomers and phenylglyoxylic acid 

(PGA)(PGA) after 1 hour of exposure to 360 mg/m3 styrene and 50 W physical exercise.  (R)-

mandelicmandelic acid; a (S)-mandelic acid; A phenylglyoxylic acid. A verage of 20 volunteers, errors 

harshars indicate SEM. 

Discussion n 
Too our knowledge, this is the first extensive study in volunteers on the stereochemical fate of 
styrenee metabolites in blood and urine. The overall kinetics of styrene and its metabolites are 
inn good agreement with previous studies [23-25]. We were not able to measure SO, because 
thee hexane used for extraction of the blood samples was contaminated with small amounts of 
SO. . 

SGG in blood was measured as free and conjugated fraction. The AUCo-~ of conjugated 
SGG in blood amounted to 22% of total SG, which is in close agreement with data of Löf et al. 
[23].. To our knowledge, this is the first study to report on the stereochemical course of SG, 
whichh is the first and main metabolite of SO. The shorter half-life of free (S)-SG in blood 
indicatess that the further metabolism of this enantiomer to MA and/or conjugated SG is faster 
thann that of (R)-SG. The higher Cmax and AUC found for the (R)-enantiomer could therefore 
bee explained by this faster metabolism of (S)-SG. However, several other explanations for the 
higherr Cmax and AUC of (R)-SG maybe possible, i.e. (1) a higher rate of formation of (R)-SG 
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byy mEH compared to (S)-SG, (2) product enantioselectivity of cytochrome P450 favouring 
(R)-SO,, or (3) non-enantiospecific metabolism of SO to SG, i.e. (S)-SO is metabolised to (R)-
SG.. In vitro studies showed that cytochrome P450 has a small preference for the formation of 
(S)-SOO [7,8,26], thereby making explanation 2 less likely. In addition, they showed that mEH-
mediatedd hydrolysis of (S)-SO proceeds enantiospecific [27,28], making explanation 3 not 
plausible.. Although in the above mentioned studies hydrolysis of SO was shown to proceed 
enantioselective,, favouring hydrolysis of (R)-SO, it is not very likely that differences in rate 
aree reflected in the AUC. Therefore, enantioselectivity in mEH-mediated hydrolysis can not 
bee an explanation for the observed higher AUC of (R)-SG. It is possible, however, that 
differencess in rate of hydrolysis influence Cmax. Nevertheless, the R/S ratio of Cmax and AUC 
off  free SG in blood seem to be mainly a reflection of the elimination of the free SG 
enantiomerss and not that of the formation of the SO enantiomers. 

Inn contrast to free SG, hardly any difference between the (R)- and (S)-enantiomers of 
conjugatedd SG in blood was observed. However, in urine, cumulative excretion of (S)-SG was 
3.33 times higher than that of (R)-SG. Korn et al. [16] also reported a higher concentration of 
thee (S)-enantiomer compared to the (R)-enantiomer in urine collected at the end of workshift 
off  persons occupationally exposed to styrene. On the basis of this difference in ratio they 
concludedd that the epoxide hydrolase system favours the (S)-enantiomer, consequently 
leadingg to a longer persistence of the (R)-enantiomer of SO in the organism. However, this 
wouldd only be true if all other pathways, e.g. conjugation of SG and renal handling of the two 
enantiomers,, showed no enantioselectivity. Our data show that renal clearance of the two 
enantiomerss differs almost 4-fold, strongly indicating different renal handling of these two 
enantiomers.. The differences in the CLr between the enantiomers might be explained on basis 
off  their excretion mechanism. A CLr between 125 and 625 ml/min, as found for the (S)-
enantiomer,, indicates tubular secretion in addition to glomerular filtration (and reabsorption). 
AA CLr below 125 ml/min, as found for the (R)-enantiomer, indicates only glomerular filtration 
andd reabsorption and no tubular secretion. Glomerular filtration and reabsorption are passive 
processes,, while tubular secretion is an active process involving carrier binding, which can be 
ann enantioselective determinant [29]. Therefore, in our opinion, the enantiomeric ratio of SG 
inn urine collected at the end of workshift cannot be used as an indicator of the 
enantioselectivityy of mEH. 

Thee cumulative excretion of MA in urine was 1.6-fold higher for the (S)-enantiomer 
thann for the (R)-enantiomer. Similar values have been found in other studies, in humans [30] 
ass well as in rats [12] and mice [11]. It has been suggested in those studies that this higher 
excretionn of (S)-MA could be due to product enantioselectivity of the oxidation of styrene to 
SO.. However, it must be kept in mind that MA can only reflect CYP450 product 
enantioselectivityy if several assumptions hold true: the metabolism of SG to MA proceeds in 
ann enantiospecific way, renal clearance for both MA enantiomers is equal, and there is no 
stereochemicall  preference in the metabolism of MA to PGA. Littl e is known about the 
stereochemistryy of these metabolic steps, certainly in humans. SG is assumed to be 
enantiospecificallyy metabolised to MA [31], but this assumption can be questioned on the 
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basiss of studies in rats and mice [11,12]. Renal clearance of the MA enantiomers has not been 

investigatedd so far, but several organic acids are known to be excreted by tubular secretion 

[29]]  and on the basis of our renal clearance data for conjugated SG, differences in tubular 

excretionn between the MA enantiomers might be expected. To avoid differences in 

enantiomericc ratio which are due to enantioselective formation or enantioselective renal 

clearancee of MA , the ratio of MA enantiomers could be determined in cumulative urine (24-

hourss or longer). However, caution should still be taken in interpreting these ratios, since in 

ratss an enantioselective oxidation of (S)-MA to PGA has been observed [32], which could 

seriouslyy compromise findings. Interindividual differences in the enantiomeric ratios of the 

metabolicc parameters were never more than 3-fold. For the urine data (SG and MA) these 

differencess never exceeded a factor two and the (S)-enantiomer was always higher. This 

meanss that the processes determining these ratios in blood and urine, i.e. metabolism and 

renall  elimination, are relatively constant among the volunteers. Accordingly, the additional 

riskk due to differences in stereometabolism might be relatively small in humans. 

Inn conclusion, we have studied the stereochemical pathway of styrene metabolism in 

orderr to gain insight into the stereochemical determinants of styrene metabolism and to find a 

biomarkerr which would reflect the enantiomeric composition of SO in blood. As shown in 

thiss study, none of the determined parameters, in blood or urine, seems to be a good indicator 

off  the enantiomeric ratio of SO. The enantiomeric ratios of the determined metabolites are 

dependentt on a number of variables such as enantioselectivity of cytochrome P450, 

enantiospecifityy of enzymes involved in the conversion of SG to MA, stereochemistry of 

phasee II conjugating enzymes, stereochemistry of oxidation of MA to PGA and renal 

excretionn of the urinary metabolites. Much more information would be needed on the 

stereochemistryy of the kinetic steps in humans, by performing either in vitro or in vivo studies, 

beforee a reliable biomarker for enantiomeric composition of SO can be established. It would 

alsoo be important to improve the analytical methods for routine determination of SO 

enantiomers,, to enable direct measurement of the SO enantiomers. 
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