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Chapterr 8 

PBPKK modelling of styrene: interindividual variation and 
stereochemistry y 

Abstract t 
Variationn in susceptibility among individuals is an important aspect in risk assessment of 
chemicals.. Styrene is a volatile chemical of which large variations in kinetics have been 
reported.. In order to evaluate changes in the toxicokinetics of styrene and its metabolites due 
too the variation in metabolic activity, a PBPK model was used. Since most of the styrene 
metabolitess are enantiomers differing in toxicity, stereochemical kinetics were incorporated 
intoo the model. Metabolic parameters of cytochrome P450 2E1 (CYP2E1) and of microsomal 
epoxidee hydrolase (mEH) enzymes involved in the oxidation and hydroxylation of styrene 
andd styrene oxide (SO), respectively, were taken from in vitro measurements obtained in 
humann liver microsomes. The distribution and metabolism of styrene was described by a 
PBPKK model based on the model developed by Ramsey and Andersen. The distribution and 
metabolismm of the styrene metabolites styrene glycol (SG), conjugated styrene glycol, 
mandelicc acid (MA) and phenylglyoxylic acid (PGA) were described by a series of 
consecutivee classical one-compartment models. The model showed good agreement with the 
experimentall  data. Varying Vmax, within the range measured in in vitro experiments (2351 to 
192244 jimol/h), only had a small impact on the concentrations of styrene in blood and the 
excretionn of MA and PGA. This is mainly due to flow-limited metabolism of styrene. 
Therefore,, the interindividual variation observed in the disposition of styrene after similar 
exposuree will be largely mediated by factors other than differences in metabolic capacity. 

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

Wolff,Wolff, submitted. 
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Introduction n 
Styrenee is a volatile organic compound with a variety of industrial applications. Human 
exposuree is usually in the form of inhalation in occupational settings. Both acute and chronic 
toxicc effects have been observed as results of exposure to styrene. The two major effects of 
acutee exposure to styrene in humans and laboratory animals are irritation (both skin and 
respiratoryy tract) and central nervous system depression [1]. Chronic exposure to styrene has 
beenn linked to cytotoxic, genotoxic, and neurotoxic effects, both in humans and laboratory 
animalss [2-5]. 

Thee first step in the major metabolic pathway of styrene is formation of chiral styrene-
7,8-oxidee (SO) by cytochrome P450 2E1 [6]. SO is then hydrolysed to styrene glycol (SG) by 
microsomall  epoxide hydrolase (mEH); this metabolite is subsequently oxidised to mandelic 
(MA)) and phenylglyoxylic (PGA) acid. SG and MA also possess a chiral C-atom, but PGA is 
opticallyy inactive. The genotoxicity of styrene can mainly be attributed to the reactive 
metabolitee SO [1]. SO is an electrophilic epoxide that can form adducts with proteins and 
DNAA [7]. The (R)-enantiomer of SO has been found to be four times as mutagenic to 
SalmonellaSalmonella typhimurium TA 100 in the Ames test [8] than the (S)-enantiomer. Based on 
animall  data [9,10] the International Agency for Research on Cancer (IARC) has classified SO 
ass probably carcinogenic to humans (group 2A) and carcinogenic to experimental animals, 
andd styrene as possibly carcinogenic to humans (group 2B) [11]. 

Inn studies with human volunteers, large ranges of styrene levels in blood and in the 
excretionn of the urinary metabolites are found at equal exposure concentrations [12,13], In 
fieldfield studies even wider interindividual variation in the excretion of MA and PGA, commonly 
usedd for biological monitoring, has been found [14,15]. The enantiomeric ratio of urinary 
styrenee metabolites showed considerable interindividual variation [14]. These interindividual 
variationss in kinetics are mostly ascribed to differences in the oxidative biotransformation of 
styrene,, and are believed to indicate interindividual differences in internal exposure to the 
targett dose and, therefore, in risk of styrene toxicity. Physiologically based pharmacokinetic 
(PBPK)) models are a valuable tool in studying kinetic behaviour of xenobiotics and in 
simulatingg the target dose. Furthermore, variability in target dose may be estimated by 
introducingg variability in the model parameters. 

Thee specific aims of this study were (1) to assess the impact of interindividual 
variationn in styrene oxidative biotransformation parameters on the kinetics of styrene, and (2) 
too describe styrene stereochemical metabolism. 

Methods s 
Database Database 
Dataa from a volunteer study were used (chapter 7). The volunteers were 20 healthy men, 
rangingg in age from 1 8 - 37 years (average 23.3). The body mass index (weight/height2) 
variedvaried from 18 to 25 kg/m2 (average 21.7). They were exposed to 104  3 and 360  20 
mg/m33 for lh on separate occasions. During exposure they performed light physical exercise 
(500 W) on a bicycle ergometer. Exposure was conducted in an exposure chamber of 8 m3 with 
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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. 

Venouss blood samples (one 7 ml EDTA tube) were collected at several fixed time 
pointss during, and up to 2 hours after, exposure for determination of styrene and conjugated 
andd non-conjugated styrene glycol in blood. Urine was collected before exposure and during 5 
time-intervals,, 0-2, 2-4, 4-8, 8-12 and 12-24 hours, after the end of exposure for determination 
off  mandelic and phenylglyoxylic acid and conjugated styrene glycol. 

PharmacokineticPharmacokinetic model 
Inn our experiments, the concentration of styrene and styrene glycol in blood was measured 
forr 2 hours, while the excretion of the urinary metabolites was measured over 24 hours. Thus, 
thee urinary data showed limited overlap with the blood concentration data. In addition, no in 
vivovivo information was obtained on styrene oxide. Therefore, a simplified model was used to 
describee the fate ofstyrene and its metabolites in blood and urine. 

AA hybrid model description was used, consisting of a PBPK model part for styrene 
andd a classical compartment model part for the metabolites. The PBPK model used, was the 
four-compartmentt model (figure 1) according to Ramsey and Anderson [16]. The four 
compartmentss include (1) the liver, serving as the metabolising organ; (2) fat; (3) a 
compartmentt representing slowly perfused tissues, which consist mainly of muscle tissue; and 
(4)) a compartment representing richly perfused tissues. 

Op p 

Cinh h 

Qc c 

Alveolarr space 

>> < 

Cven n 

Cvl l 

Lungg blood 

Cvf f 

Cvs s 

Cvr r 

f f 
Fatt tissue 

Slowly y 
perfused d 

Richly y 
perfused d 

Liver r 
(metabolising g 

organ) ) 

OP P 

cP P 

Qc c 

Qf f 

Qs s 

Qr r 

Ql l 

Figuree 1 Diagram of the PBPK model used to simulate styrene kinetics in humans. Model parameters 

areare described in table 1. 
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Valuess for the physiological parameters during and after work load were obtained 
fromm literature [17] and are given in table 1. For the metabolites of styrene, a series of 
sequentiall  (consecutive) classical one-compartment models was used. Metabolism was 
assumedd to take place only in the liver. Metabolism of styrene to styrene oxide (table 1), and 
off  styrene oxide to styrene glycol was described by Michaelis-Menten kinetics with the 
biochemicall  constants Vmax and Km. The WmiX and Km of the CYP450 step were obtained from 
ann in vitro study [18], and Vmax was scaled to an in vivo value based on microsomal protein 
yieldd and liver weight [19]. The in vitro obtained Vmax for the mEH step [20], however, had to 
bee divided by four in order to describe the data accurately. 

Tablee 1 Physiological and biochemical parameters used in describing the behaviour of styrene 

Bodyy weight (kg) 
Tissuee volume (L) 

Liver r 
Fat t 

Rapidlyy perfused 

Slowlyy perfused 
Partition-coefficients s 

Liver-blood d 
Fat-blood d 

Slowlyy perfused-blood 
Rapidlyy perfused-blood 

Blood-air r 
Maximumm reaction rate (umol/h) 

Michaeliss constant (u.mol/1) 

Bloodd flow (L/h) 
Liver r 

Fat t 
Rapidlyy perfused 

Slowlyy perfused 

Alveolarr ventilation (L/h) 

Cardiacc output (L/h) 

BW W 

V, , 

vf f 
vr r 
v5 5 

Pi i 

Pf f 
ps s 

pr r 

Pb b 
v v 

vv max 
Kr, Kr, 

Ql l 

Of f 
Q, , 

Q, , 

QP P 

Qc c 

70 0 

2.2 2 
16.2 2 

4.1 1 

41.2 2 

2.7 7 
50.0 0 

1.0 0 

5.7 7 
52.0 0 

6380 0 
11 1 

AtAt rest 

87.0 0 
17.4 4 

177.4 4 
66.1 1 

348 8 
348 8 

LightLight work (50 W) 

96.5 5 

36.2 2 
162.8 8 

307.5 5 
1320 0 

603 3 

Inn order to model the stereokinetics of the metabolites, the ratio between (S)- and (R)-
SO-obtainedd from in vitro data was used [18]. The other parameters were obtained by fitting 
thee model to the volunteer data. 

Inn order to evaluate the impact of interindividual variation in Vmax on the styrene blood 
concentration,, the lowest (2351 (jmol/h) and highest (19224 umol/h) in vitro obtained Vmax 

valuess were used. In addition, the impact on the concentration of styrene glycol in blood at the 
endd of exposure and on the cumulative excretion of MA and PGA in urine, at 3 and 24 hours 
afterr beginning of the exposure, was simulated for a broad range of Vmax values (1000 to 
250000 umol/h). 
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Results s 
Thee model was constructed using the average dataset of the twenty volunteers exposed to 360 
mg/m3.. With this same set of parameter values a quite good agreement between the model 
simulationss and the styrene and styrene glycol data of the 104 mg/m3 exposure was achieved. 
Simulationss and the average data points of the 20 volunteers for styrene and styrene glycol at 
thee two exposure concentrations are shown in figure 2a and 2b. MA and PGA excretion at 360 
mg/m33 is shown in figure 3. Distribution volumes and biochemical parameter values of the 
metabolites,, obtained with the model are given in table 2. 

% % 

(a)) (b) 

tt (min) t (min) 

Figuree 2 (a) Concentration-time course of styrene (A) and styrene glycol (+) in blood (in fimol/l) after 

exposureexposure to 104 mg/m3 styrene. Data points represent the average of 20 volunteers, 

(b)(b) Concentration-time course ofstyrene (A) and styrene glycol (+) in blood (in fimol/l) after 

exposureexposure to 360 mg/m3 styrene. Data points represent the average of 20 volunteers. 

Sincee most of the styrene metabolites are enantiomers, showing a difference in toxicity, 
stereochemistryy was incorporated into the model. The best fit  with the experimental data was 
obtainedd when the first-order rate constants for metabolism of SG to MA and SG to 
conjugatedd SG were 1.3 and 4 times higher for (S) than for (R), respectively. The simulated 
concentration-timee curve and the average data points of unconjugated (R)- and (S)-styrene 
glycoll  in blood are shown in figure 4. The first-order rate constant for the excretion of 
conjugatedd SG in urine was set 3.6 times higher for (S) than for (R). The concentration of 
conjugatedd styrene glycol in blood was relatively high compared to the amount of conjugated 
styrenee glycol found in urine. To keep distribution volume within reasonable values the 
assumptionn had to be made that only 10% of the glycol was excreted in urine. 
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6000 900 

tt (min) tt (min) 

Figuree 3 Cumulative excretion ofmandelic (A) 

andand phenylglyoxylic acid (+) in urine (ii 

fjmol)fjmol) after exposure to 360 mg/m3 

styrene.styrene. Data points represent the 

averageaverage of 20 volunteers. 

Figuree 4 Concentration-time course of(R) (A) 

andand (S) (+) styrene glycol in blood (in 

fimol/l)fimol/l) after exposure to 360 mg/m3 

styrene.styrene. Data points represent the 

averageaverage of 20 volunteers. 

tt (mm) tt (mm) 

Figuree 5 Influence of Vmla on the concentration-time course of styrene in blood (jumol/l) after exposure 

toto 104 mg/m3 (a) and 360 mg/m3 (b) styrene. Lower line Vmm = 19224 /umol/h, upper line Vmax 

==  2351 umol/h and middle line Vmca = 6380 /jmol/h. K,„  is 11 jiMin all simulations. 
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Inn figure 5a and 5b, the impact of the different enzyme activities on the concentration-
timee curve of styrene in blood is shown, at 104 and 360 mg/m3. As can be seen from these 
figures,figures, the curves did not differ to a large extent within the given range, about 1.5-fold for 
thee Cmax of styrene. 

Tablee 2 Biochemical parameters used in describing the metabolites 

Metabolicc parameters3 

VV maxs mEH 

K-m,, mEH 

^-sg.ma a 

^-sg,sgcon n 

r vma,pga a 

Distributionn volume 

Vsg g 

V V 
vv sgcon 
^ ma a 

v v 
v pga a Eliminationn constant 

^-urine,, sgcon 

Murine,, ma 

Murine,, pga 

(R) ) 

567 7 
22 2 

15 5 
0.3 3 

0.175 5 

30 0 

10 0 
40 0 

3.0 0 
0.1 1 

(S) ) 

2767 7 

137 7 
20 0 

1.1 1 
0.175 5 

30 0 

10 0 
40 0 

11 1 
0.1 1 

aa mEH = microsomal epoxide hydrolase, K = first-order rate constant, sg = styrene glycol, 

sgconn = conjugated styrene glycol, ma = mandelic acid, pga = phenylglyoxylic acid 

Figuree 6 shows the influence of varying Vmax on the 24-h excretion of MA and PGA at 
1044 and 360 mg/m3. Increasing Vmax from 6000 to 25000 umol/h hardly changed the 
excretionn of the urinary metabolites. Decreasing V,,^ from 6000 to 1000 umol/h decreased 
thee urinary excretion slightly, especially at the higher styrene concentration (about 20%). 
Similarr results were obtained with the concentration of styrene glycol at the end of exposure 
andd the 3-h excretion of MA and PGA (data not shown). 

8 8 

11 I 

!00OO 5000 9000 J3000 17000 2I0OO 25000 

Vmaxx (pmolfr) 

Figuree 6 Influence of Vmax on the 24-h excretion of mandelic and phenylglyoxylic acid after exposure to 

104104 mg/m (lower line) and 360 mg/m (upper line) styrene. 
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Discussion n 

Inn the presented study the kinetics of styrene and its stereoisomeric metabolites are described 

byy a pharmacokinetic model. The kinetics of unchanged styrene were well described by the 

PBPKK model, but in the modelling of some metabolites a few assumptions had to be made. 

Unfortunately,, in the present model we were not able to model SO kinetics in blood, since 

thesee data were not available. Therefore, we assumed that styrene oxide was instantly 

metabolisedd in the liver to styrene glycol. However, in order to achieve a good fit with 

experimentall  data, the in vitro obtained Vmax of mEH-mediated hydrolysis had to be divided 

byy four, because otherwise the rate of styrene glycol formation modelled was too fast and its 

concentrationn too high. Thus, either the in vitro obtained mEH parameters are not suitable for 

thee simulation of in vivo data or assuming instantaneous metabolism of SO in the liver is an 

oversimplificationn of the 'real' SO metabolism. A more complex description of styrene oxide 

kineticss is given by Csanady et a!. [21], using detailed and only partially validated 

assumptions.. The lack of sufficient data in our experiments with humans do not justify the use 

andd validation of such refined models here, especially since we also wanted to incorporate 

stereochemicall  ratios. 

Anotherr problem we faced, was in simulating conjugated styrene glycol in blood and 

urine.. In order to achieve simulations which were in accordance with the measured data and 

too keep the volume of distribution within realistic values, we had to assume that only 10% of 

conjugatedd styrene glycol in blood was excreted in urine. 

Thee behaviour of the styrene metabolite enantiomers could be reasonably predicted. In 

thee modelling of the SG data in blood, using the in vitro data on C YP450 and mEH metabolic 

constants,, the best fit was obtained when enantioselective metabolism of SG to MA was 

assumed.. To the best of our knowledge nothing is known at present about the stereochemistry 

off  this metabolic step in humans. The ratio of the MA enantiomers in urine simulated with the 

modell  was somewhat lower than that measured in volunteers, 1.3 against 1.6, respectively. 

Onee possible explanation could be enantioselective metabolism of MA to PGA. 

Byy varying the Vmax of the C YP450-mediated styrene oxidation in the model, changes 

inn the concentration of styrene in blood and MA and PGA in urine could be evaluated. Both 

styrenee itself and styrene oxide determine the toxicity of styrene. Therefore, styrene 

concentrationss in blood as well as urinary excretion of metabolites, representing styrene oxide 

formation,, were used as a surrogate for target dose. 

Thee styrene oxidation activity measured experimentally in vitro [ 18] differed 8-fotd, 

rangingg from 2351 to 19224 |amol/h. This spread resulted in a much less marked spread in the 

simulatedd surrogate doses, styrene in blood and urinary excretion of MA and PGA,  1.5-fold. 

Thee minor effect of the differences in biotransformation capacity on styrene disposition in 

vivovivo can probably be attributed to flow-limited hepatic metabolism, as the initial rate of 

styrenee oxidation (580 1/h) is much more rapid relative to the blood flow (96 1/h). This means 

thatt hepatic blood flow is the rate-limiting factor in the metabolism of styrene, independently 

off  the enzyme capacity. This has large implications for the impact of enzyme induction on 

styrenee kinetics: genetic polymorphisms, exposure to other organic solvents, intake of ethanol 
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orr other factors which can increase the activity of CYP2E1 will not affect the amount of 
styrenee metabolised, as can be seen from figures 5 and 6. On the other hand, a substantial 
inhibitionn of the CYP2E1 activity will affect styrene metabolism, because a decrease in 
intrinsicc clearance will change the metabolism from flow-limited to capacity-limited. 

Thee interindividual variation in styrene kinetics observed in the volunteer study was 
larger,, 2.5-fold for styrene in blood and ~5-fold for urinary excretion, than the variation 
simulatedd in the present study with the extreme biotransformation parameters. Therefore, the 
variationn observed in vivo will , in part, be due to other factors than differences in 
biotransformation. . 

Inn conclusion, a model was developed describing the kinetics of styrene and its 
metabolitess by combining a PBPK model with classical one-compartment models. This model 
cann be used to describe the stereochemical metabolism of styrene in blood and tissues. It can 
alsoo be used to estimate population variability in target dose. We have shown that variability 
inn oxidative metabolism does not affect the styrene concentration in blood and the urinary 
metabolitee excretion. Considering hepatic blood flow limitation of bioactivation may be 
importantt for the risk assessment ofstyrene. 

139 9 



ChapterChapter 8 

References s 
(1)) Bond JA. Review of the toxicology of styrene. Crit Rev Toxicol 1989; 19:227-249. 

(2)) Arlien-Soborg P. Styrene. In: Arlien-Soborg P editors. Solvent Neurotoxicity. Boca 
Raton:: CRC Press, 1992: 129-153. 

(3)) Cherry N and Gautrin D. Neurotoxic effects of styrene: further evidence. Br JInd Med 
1990;47:29-37. . 

(4)) Lili s R, Lorimer WV, Diamond S, and Selikoff IJ. Neurotoxicity of styrene in 
productionn and polymerization workers. Environ Res 1978; 15:133-138. 

(5)) Mutti A, Mazzucchi A, Rustichelli P, Graziano F, Arfini G, and Franchini I. 
Exposure-effectt and exposure-response relationships between occupational exposure 
too styrene and neuropsychological functions. Am J Ind Med 1984; 5:275-286. 

(6)) Guengerich FP, Kim DH, and Iwasaki M. Role of human cytochrome P-450 IIE1 in 
thee oxidation of many low molecular weight cancer suspects. Chem Res Toxicol 1991; 
4:168-179. . 

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

(8)) Seiler JP. Chirality-dependent DNA reactivity as the possible cause of the differential 
mutagenicityy of the two components in an enantiomeric pair of epoxides. Mutat Res 
1990;245:165-169. . 

(9)) 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. 

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

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

(12)) Wigaeus E, Löf A, Bjurström R, and Byfalt Nordqvist M. Exposure to styrene. 
Uptake,, distribution, metabolism and elimination in man. Scand J Work Environ 
HealthHealth 1983;9:479-488. 

(13)) Wenker MAM, Kezic S, Monster AC, and Wolff de FA. submitted for publication. 

(14)) Hallier E, Goergens HW, Karels H, and Golka K. A note on individual differences in 
thee urinary excretion of optical enantiomers of styrene metabolites and of styrene-
derivedd mercapturic acids in humans. Arch Toxicol 1995; 69:300-305. 



PBPKPBPK modelling ofstyrene: Interindividual variation and stereochemistry 

(15)) Galassi S, Kogevinas M, Ferro G, and Biocca M. Biological monitoring of styrene in 

thee reinforced plastics industry in Emilia Romagna, Italy. Int Arch Occup Environ 

HealthHealth 1993; 65:89-95. 

(16)) Ramsey JC and Andersen ME. A physiologically based description of the inhalation 

pharmacokineticss of styrene in rats and humans. Toxicol Appl Pharmacol 1984; 

73:159-175. . 

(17)) Leung H-W. Use of physiologically based pharmacokinetic models to establish 

biologicall  exposure indexes. Am Ind Hyg Assoc J1992; 53:369-374. 

(18)) 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. 

(19)) Houston JB. Utilit y of in vitro drug metabolism data in predicting in vivo metabolic 

clearance.. Biochem Pharmacol 2000; 47:1469-1479. 

(20)) Wenker MAM , Kezic S, Monster AC, and Wolff de FA. Metabolism of styrene-7,8-

oxidee in human liver in vitro: Interindividual variation and stereochemistry. Toxicol 

ApplAppl Pharmacol2000; 169:52-58. 

(21)) Csanady GyA, Mendrala AL , Nolan RJ, and Filser JG. A physiologic pharmacokinetic 

modell  for styrene and styrene-7,8-oxide in mouse, rat and man. Arch Toxicol 1994; 

68:143-157. . 

141 1 



ChapterChapter 8 

Appendix x 
Styrenee kinetics (Ramsey & Andersen, 1984) 
'styrenee in blood' 
CAA = (QC * CV+QP* CI)/ (QC+(QP/PB)) 
CVV = (QF*CVF+QL*CVL+QR*CVR+QS*CVS)/QC 

'arteriall  (fjmol/1)' 
'mixedd venous (^mol/1)' 

'styrenee in richly- and slowly-perfused tissues and fat compartment' 
RAXX = QX * (CA-CVX) '(umol/h)' 
CVXX = CX/(PX*VX) 'venous blood (umol/1)' 

'styrenee metabolism in liver compartment' 
'00 is parent compound' 
'' 1 is styrene oxide' 
'22 is styrene glycol' 
'011 is conversion from 0 to 1' 
'' 12 is conversion from 1 to 2' 

RAM011 = VMAX01 * CVL/(KM01+CVL) '(umol/h)' ' 

'styrenee in liver compartment' 
RALL = QL * (CA-CVL)-RAMOl 
CVLL = CL/(PL*VL) 

'(umol/h)' ' 
'venouss blood (umol/1)' 

'R-isomerr kinetics of metabolites' 

RAM1RLL = RAM01*POR-RAM12R '(umol/h)' 
CVM1RLL = CM1RL/(PLM1*VLM1) '(umol/1)' 
RAM12RR = VMAX12R*CVM1RL/(KM12R+CVM1RL) '(umol/h)' 
AM12RR = INTEG(RAM12R,0.) '(umol)' 

'styrenee glycol kinetics' 
RASGRR = RAM 12R-KSGMR* ASGR-KSGCONR* ASGR *(umol/h)' 
CSGRR = ASGR/VDSGR 'Central comp cone (umol/1)' 

'conjugatedd styrene glycol kinetics' 
RASGCONRR = KSGCONR*ASGR - KUSGCONR*ASGCONR '(umol/h)' 
CSGCONRR = ASGCONR/VDSGCONR 'Central comp cone (umol/1)' 

'conjugatedd styrene glycol excretion' 
RUSGCONRR - KUSGCONR*ASGCONR*PUSGCONR 'excr rate SGCON in urine 

(umol/h)' ' 
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USGCONRR = INTEG(RUSGCONR,0.) 'cumul SGCON in urine 
(umol)' ' 

'mandelicc acid kinetics' 
RAMARR = KSGMR*ASGR - KMAPR*AMA R -KUMAR* AMAR '(umol/h)' 
CMARR = AMAR/VDMA R 'Central comp cone (umol/1)' 

'mandelicc acid excretion' 
RUMARR = KUMAR * AMAR * PUMAR 'excr rate MA in urine 

(umol/h)' ' 
UMARR = INTEG(RUMAR,0.) 'cumul MA in urine (umol) 

'S-isomerr kinetics of metabolites' 
Similarr to R-isomer kinetics 

'PGAA excretion' 
RUPGAA = KUPGA*APGA*PUPGA 'excr rate PGA in urine 

(umol/h)' ' 
UPGAA = INTEG(RUPGA,0.) 'cumul PGA in urine (umol)' 
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