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Monitoring occupational exposure to styrene from
hemoglobin adducts and metabolites in blood
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CHRISTAKOPOULOS A, BERGMARK E, ZORCEC V, NORPPA H, MAKI-PAAKKANEN J,
OSTERMAN-GOLKAR S. Monitoring occupational exposure to styrene from hemoglobin adducts and
metabolites in blood. Scand J Work Environ Health 1993;19:255—63. Monitoring occupational ex-
posure to styrene was achieved through quantification of adducts of styrene 7,8-oxide to N-terminal
valine in hemoglobin (Hb) on the basis of the enrichment of adducted globin chains by ion-exchange
chromatography and gas chromatographic-mass spectrometric analysis by the use of the N-alkyl Ed-
man method. Application to blood samples from reinforced plastics workers exposed to styrene and
from referents showed Hb adduct levels correlating with the blood styrene glycol and urinary man-
delic acid concentrations. The blood styrene glycol and styrene 7,8-oxide levels of the exposed work-
ers averaged 2.5 umol - 1" (17 subjects) and 0.09 pmol - 1! (7 subjects), respectively. The blood styrene
glycol and urinary mandelic acid content (mean 9.5 mmol - 1!, 17 subjects) suggested a styrene con-
centration of about 300 mg - m~ (75 ppm) in the workplace air. The Hb adduct levels were low (mean
28 pmol - g™'), indicating rapid detoxification of styrene 7,8-oxide in humans.

Key terms: gas chromatography-mass spectrometry, N-alkyl Edman procedure, styrene glycol in blood,
styrene 7,8-oxide in blood, urinary mandelic acid.

Styrene is used in the production of various plastics, syn-
thetic rubber, and polyester resins. The most extensive
human exposure to styrene occurs in the reinforced plas-
tics industry. The occupational exposure limit is at present
25 ppm in Sweden and 20 ppm in Finland.

The metabolism of styrene has been extensively
studied in experimental animals (1, 2). The fate of
styrene in humans with respect to uptake and dispo-
sition is also well understood (3—5). The first step
in the major metabolic pathway is the formation of
styrene 7,8-oxide (styrene oxide), which is hydrated
to styrene glycol or conjugated with glutathione in
enzyme-catalyzed reactions. The major urinary ex-
cretion products, mandelic acid, phenylglyoxylic acid
and hippuric acid, are related to styrene glycol, in-
dicating the intermediate formation of styrene oxide.
Styrene oxide has been detected in the blood of ani-
mals experimentally exposed to styrene (2). Low
levels of this epoxide have also been indicated in hu-
man volunteers exposed to styrene and in occupa-
tionally exposed workers (3).
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Hemoglobin (Hb) is suitable as a monitor of gen-
otoxic agents because of its ready availability and its
relatively long life span, which permits cumulative
doses to be determined (6). The measurement of Hb
adducts has been used for monitoring environmen-
tal factors such as occupational exposures to ethyl-
ene oxide (7—11), propylene oxide (9, 12), and var-
ious components of tobacco smoke (13, 14). In the
case of ethylene oxide the sensitivity of the analy-
sis of adducts to N-terminal valine in Hb by the N-
alkyl Edman procedure (8, 15, 16) has been shown
to be high enough to monitor exposures down to
levels that may be acceptable with respect to the en-
suing cancer risk (15).

In a previous study (17) using the N-alkyl Edman
procedure to monitor Hb adducts in styrene-exposed
workers, deuterated 2-hydroxyethylvaline was used
as the internal standard. Due to the uncertainty with
respect to the relative yields of the free amino acid
versus the modified N-terminal valine residue in Hb
in the Edman reaction, the results were expressed as
proportional values. The exposures of the workers
ranged from 0.6 to 44 ppm. There was a large, though
not significant, difference in the levels of Hb adducts
of styrene oxide among the exposed workers and ref-
erents, primarily as a consequence of a single heav-
ily exposed individual with an extremely high level
of adducts.

In order to make Hb adducts useful for risk esti-
mation, quantitative data on adduct levels are re-
quired. We have developed a procedure to determine
Hb adducts of styrene oxide quantitatively in work-
ers occupationally exposed to styrene. (*H,)Styrene
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oxide was synthesized and used for the preparation
of an alkylated globin, which served as the internal
standard. Adducted Hb chains were isolated by ion-
exchange chromatography according to Bergmark et
al (18), and adducts of styrene oxide to N-terminal
valine were determined by the N-alkyl Edman meth-
od. The procedure was applied to styrene-exposed
workers and referents. In the same subjects, free sty-
rene oxide and styrene glycol in blood and mandelic
acid in urine were monitored. These metabolites give
a short-term measure of styrene uptake, whereas the
adducts to N-terminal valine in Hb, which accord-
ing to animal experiments are chemically stable (19),
give a measure of the dose (defined as the time in-
tegral of the concentration of the alkylating agent)
accumulated during the four months preceding the
blood sampling.

The results presented in this paper are a part of a
comprehensive project including measurements and
comparisons of various chemical and biological end
points for the biomonitoring of styrene exposure (20,
21).

Materials and methods

Chemicals

The [7-*H]styrene 7,8-oxide (3.88 GBq - mmol™, radi-
ochemical purity 96.5%) was obtained from Amer-
sham, Buckinghamshire, United Kingdom; (*H)sty-
rene (98 atom-% 2H) from Sigma, St Louis, Missouri,
United States; unlabeled styrene 7.8-oxide (97%)
from Aldrich, Milwaukee, Wisconsin, United States;
and styrene glycol from Merck/Schuchardt, Darm-
stadt, Germany. Allylbenzene glycol, synthesized
according to Duverger-van Bogaert et al (22), was a
gift from Dr A Lof (National Institute of Occupation-
al Health, Solna, Sweden). Pentafluorophenyl iso-
thiocyanate (PFPITC) (purum) and pentafluoroben-
zoyl chloride (puriss) were obtained from Fluka AG,
Buchs, Switzerland. Formamide (analytical grade;
Merck, Darmstadt, Germany) was extracted with n-
pentane before use. The other reagents and solvents
were of analytical grade and used without further
purification. The C ,-Sep-Pak cartridges were from
Waters Associates, Milford, Massachusetts, United
States; and the CM-Sepharose CL-6B was from Phar-
macia, Uppsala, Sweden.

Synthesis of (*H)styrene 7,8-oxide. Deuterium-sub-
stituted styrene 7,8-oxide was prepared according to
a modification of the procedure described by Kolo-
grivova et al (23). (*H,)Styrene (0.5 g) was dissolved
in 2.5 ml of ethanol in a 25-ml round-bottomed re-
action vessel. Sodium tungstate, 75 mg, was added,
and the reaction mixture was heated under vigorous
stirring at 60—65°C (oil bath) for 30 min. The pH
of the reaction mixture was then adjusted to 7.5 with
0.1 M sodium hydroxide (NaOH) in ethanol, and
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2 ml of 30% hydrogen peroxide was added through
a dropping funnel during 40 min. The reaction mix-
ture was kept at 65°C under stirring for 12 h. Three
milliliters of water (pH 7.5) was added, and the re-
action mixture was shaken twice with 5 ml of meth-
ylene chloride. The organic fractions were pooled
and dried with anhydrous sodium sulfate and evap-
orated. The residue was purified on a column (80 x
0.6 cm) packed with silica gel 60 and eluted with
toluene:ethyl acetate (8:2). The yield was 130 mg
of material, of which 30 mg was dissolved in 15 ml
of hexane and washed three times with 2 ml of
0.5 M Tris-HCI [tris(hydroxymethyl)aminoethane-
hydrochloride acid] buffer, pH 7.5. The (*H,)styrene
oxide was then extracted from the hexane into 5 ml
of acetonitrile, and this procedure was repeated
twice. The solvent was evaporated. The purity and
identity of the compound was assessed by thin-lay-
er chromatography, high pressure liquid chromatog-
raphy, quantification of the epoxide through reaction
with nicotinamide according to an improved version
of the method described by Nelis & Sinsheimer (24),
and mass spectrometry. The mass spectrometric anal-
ysis was performed by use of a gas chromatograph
(HP 5890), a mass-selective detector (HP5970), and
a microprocessor workstation (HP 59970C).

Preparation of alkylated globins. Internal standard
globin and reference globin were prepared as fol-
lows: (*H,)styrene oxide or unsubstituted styrene
oxide (6 mg) were mixed with *H-labeled styrene
oxide (1.7 uCi) and added to hemolysates from 10-
ml samples of human whole blood. The mixtures
were incubated for 2 h at 37°C and then left at room
temperature overnight. Globin was isolated accord-
ing to Mowrer et al (25). The level of adducts to N-
terminal valine was determined on the basis of radio-
activity extractable after derivatization with PFPITC.
(Compare with the following text; in this case the
extraction with hexane was omitted.) A parallel
globin sample, treated in the same way but without
the addition of PFPITC, was used as a control. The
internal standard globin was also used in a study of
Hb adduct levels in mice and rats exposed to styrene
or styrene oxide (19).

Human samples. Venous blood and urine samples
were collected at the end of a workshift (Thursday
and Friday) from workers exposed to styrene (17 sub-
jects) in a plant manufacturing containers from un-
saturated polyester resins. The exposed workers were
laminators with a mean age of 33 years and 6.7 years
of average exposure to styrene. Eleven of the work-
ers were smokers. Office workers (originally 16 sub-
jects outside the plant and one subject from the plant)
were chosen as referents. A part of each blood sam-
ple was immediately extracted for the analysis of sty-
rene oxide. (See the following text.)



Analysis of hemaglobin adducts

Enrichment of adducted globin chains. The blood
samples were collected in heparinized tubes and were
immediately put into an icebath to prevent in vitro
formation of styrene 7,8-oxide. Globin was isolated
from red blood cells according to Mowrer et al (25).
Alpha and beta globin chains containing hydroxy-
phenethylvaline [here used as a collective name for
diastereomers of B-hydroxyphenethyl- and, possibly,
o-(hydroxymethyl)benzyl-valine] were enriched by
ion-exchange chromatography using samples of 500
mg of globin as described by Bergmark et al (18).
The material eluting immediately before the unmodi-
fied B and o chains was collected, dialyzed against
distilled water, lyophilized (18), and derivatized as
described in the following text for the quantification
of Hb adducts by gas chromatography-mass spec-
trometry (GC-MS).

Derivatization of globin samples. The preparation
and derivatization of the globin samples were per-
formed essentially as described by Tornqvist et al
(16). The conditions for the derivatization were op-
timized on the basis of exploratory experiments us-
ing different concentrations of reagent (PFPITC) and
different incubation times. The following standard
procedure was chosen for the analysis: samples of
about 20—30 mg of material were dissolved in for-
mamide (0.75 ml) and the internal standard globin
(50 pg) was added. Pyridine (6 pl) and PFPITC (6
pl) were added, and the samples were incubated at
45°C for 2 h with occasional stirring. In the origi-
nal method of Tornqgvist et al (16) freshly prepared
1 M NaOH was used to neutralize the globin sam-
ples. The use of pyridine for this purpose was con-
sidered handier. It was shown that neutralization with
pyridine or NaOH gave equivalent results in the anal-
ysis of hydroxyphenethyl adducts. The samples were
extracted three times with 1.5 volumes of diethyl
ether, and the extracts were evaporated to dryness
under nitrogen, redissolved in 2 ml of toluene, and
washed twice with water, 0.1 M disodium carbon-
ate, and again with water. Finally, the toluene was
carefully evaporated, and the samples were dissolved
in 1 ml of methanol:water (60:40) and extracted with
2 x 2 ml of hexane. Hexane was evaporated under
nitrogen, and the samples were dissolved in 50 pl of
toluene for analysis by GC-MS.

Calibration. Standard curves for pentafluorophe-
nylthiohydantoins (PFPTH) of hydroxyphenethylval-
ine (see also reference 19) were prepared through the
addition of various amounts of globin alkylated with
unlabeled styrene oxide (reference globin) to a con-
stant amount (50 pg) of globin alkylated with
(*Hy)styrene oxide (internal standard) to 25 mg of
reference globin as a biological matrix. The mixtures
were worked up according to the method already de-
scribed.
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Gas chromatography-mass spectrometry. PFPTH
derivatives were analyzed by the use of a Finnigan
4500 gas chromatograph-mass spectrometer. The gas
chromatograph was equipped with an on-column in-
jector (OCI-3; SGE Scientific Pty Ldt, Melbourne,
Australia) and a DB-5 fused silica capillary column
(30 m, 0.32 mm inner diameter, 1 um phase thick-
ness; J&W Scientific Inc, California, United States)
coupled to a deactivated precolumn (1 m, 0.3 mm
inner diameter) with a glass-lined stainless-steel un-
ion (SGE). (See reference 15.) The oven of the gas
chromatograph was kept at 100°C for 1 min; the tem-
perature was then programmed 15°C/min to 200°C
and kept at this temperature for 1 min, then pro-
grammed 10°C/min to 300°C and kept at this tem-
perature for 3 min. The mass spectrometer was op-
erated in the negative ion chemical ionization mode,
with an ion source temperature of 100°C, and an ion-
ization energy of 100 eV. The ion source pressure
was 0.45 torr (60 Pa), and the helium carrier gas pres-
sure was 9 psi (60 kPa). The mass spectrometer was
focused at m/z 424 and 432, the base peaks (M-HF)-
for the PFPTH derivatives of the valine-styrene ox-
ide products and their deuterated variants, respective-
ly. Quantification was based on peak areas relative
to the internal standard. To correct for a possible shift
in the ratio of recorded fragments, one of the sam-
ples from the calibration curve was reanalyzed on
each analytical occasion.

Selection of samples. The determination of adducts
to N-terminal valine in Hb involved a time-con-
suming preisolation of adducted globin chains, and
the analysis was therefore limited to samples from
three referents and seven exposed workers. The ex-
posed workers were selected on the basis of data on
urinary mandelic acid concentrations in order to cov-
er the whole range of exposures.

Analysis of mandelic acid

Mandelic acid in urine was measured according to
Engstrom & Rantanen (26).

Analysis of styrene oxide and styrene glycol
Styrene oxide and styrene glycol in blood were an-
alyzed essentially as described by Wigaeus et al (3).
Blood samples of 2 ml from four referents and
seven exposed subjects were extracted for the anal-
ysis of styrene oxide. Allylbenzeneglycol, 5.67 ng,
was used as the internal standard. With the analyti-
cal procedure used (3), contribution from certain con-
jugates of styrene glycol, such as the 2-acetate (27)
— which can be extracted into hexane, and also, al-
though certainly less susceptible than the epoxide,
is hydrolyzable in acid solution — cannot at present
be excluded. Therefore, the reported styrene oxide
concentrations have to be considered as upper esti-
mates of the true concentrations. Only 11 of the 34
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samples were considered suitable for gas chromato-
graphic analysis because of contaminating material
of an unknown nature in the samples.

Free styrene glycol was measured in 0.2-ml blood
samples from all of the exposed workers and eight
of the referents. For these analyses 22.7 ng of the
internal standard, allylbenzeneglycol, was added.

An essentially quantitative recovery of styrene
oxide through extraction with hexane was ensured
through experiments in which the blood was spiked
with radiolabeled styrene 7,8-oxide. Extractions of
blood spiked with styrene glycol showed that no de-
tectable amounts of the glycol (<0.1%) were extract-
ed with hexane (3). Calibration curves were obtained
with mixtures of allylbenzene glycol (22.7 ng) with
styrene glycol (2—100 ng), the samples being proc-
essed as already described.

A Packard model 436 gas chromatograph equipped
with an electron-capture detector and a fused silica
capillary column (Oribond SE-54, 25 m, 0.25 mm
inner diameter, 0.20 pm phase thickness, Nordion In-
struments Oy Ltd, Espoo, Finland) was used for the
gas chromatography. The operating conditions were
as follows: temperature programming 10°C/min from
150°C to 280°C; injector temperature 170°C and de-
tector temperature 320°C; carrier gas nitrogen.

Results

Characterization of (*H,)styrene oxide

The chemical structure of the (2H8)styrene oxide was
confirmed by mass spectrometry. Mass spectra of the
commercially available (unsubstituted) and synthet-
ic (*Hy)styrene oxides are shown in figures la and
Ib. The spectrum of the unsubstituted styrene oxide
(figure l1a) agrees well with that published by Bido-
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li et al (28). The corresponding fragmentation pat-
tern of (*H,)styrene oxide (figure 1b) shows an in-
tense molecular peak at m/z 128. Loss of two mass
units (M—?H) resulted in a peak at m/z 126. Fur-
ther fragmentation and loss of 18, 30 and 46 mass
units resulted in peaks at m/z 110, 98 and 82, which
corresponded to M — C?°H,, M — C’HO and M —
(C*H-C*H,)0, respectively.

Thin-layer chromatography, high-pressure liquid
chromatography, and measurements of alkylating
activity according to Nelis & Sinsheimer (24)
showed that the purity of the synthetic (*H,)styrene
oxide corresponded to that of the commercially avail-
able unsubstituted compound.

Characterization and quantification of PFPTH
derivatives of hydroxyphenethylvaline

Gas chromatographic analysis of the PFPTH deriv-
atives obtained after derivatization of globin alkylat-
ed with styrene oxide showed two peaks. An identi-
cal pattern was seen with the deuterated analogues.
The mass spectra obtained from each of these two
peaks were almost identical. Figure 2 shows the spec-
tra of the first peak. The molecular ions of hydroxy-
phenethylvaline-PFPTH and the corresponding deu-
terium-substituted derivatives are m/z = 444 and
m/z = 452, respectively. The dominating fragments
are m/z = 424 (or 432) and m/z = 318 (or 320). The
former fragments were formed by loss of HF from
the molecular ions, and the latter by additional loss
of C,H,CHO (or CH_C*HO). This type of fragmen-
tation has been observed for adducts with a B-hy-
droxy group, such as 2-hydroxyethyl, 2-hydroxypro-
pyl, and 2-hydroxy-3-butenyl (29, 30), suggesting
that the initial attack of valine-NH, occurred at car-
bon-8 of styrene oxide. However, previous studies
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Figure 1. Mass spectra (electron impact) of commercially available styrene oxide (a) and synthetic deuterium-substituted

styrene oxide (b).
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of styrene oxide [eg, in reactions with glutathione
(31) and guanosine (32)] showed that both carbons
of the oxirane ring are reactive. (See also reference
33.) This possibility was not studied further in the
present investigation.

The fragments 341 and 349 correspond to a loss
of (CH,),CHCH, CO, and F from the molecular jons.
The fragments 424 and 432 were monitored for the
quantification of adduct levels in globin samples.

The concentrations of adducts to N-terminal va-
line in the reference globin and the standard globin
were both determined to be 1.2 nmol - mg™' on the
basis of radioactivity extractable after derivatization
with PFPITC and the specific activity prepared from
the normal and deuterium-substituted styrene oxide,
respectively. The standard curve showed good line-
arity in the range studied (12.5—150 pg of reference
globin, N = 6, correlation coefficient = 0.99845).

Analysis of human samples

The results of the monitoring of Hb adduct levels,
styrene oxide, and styrene glycol in blood and man-
delic acid in the urine of the exposed subjects and
referents are presented in table 1.

Hemaglobin adducts. Figure 3 shows the mass frag-
mentograms of adducts to N-terminal valine in globin
from one individual worker exposed to high air con-
centrations of styrene. The levels of hydroxy-
phenethylvaline in the globin samples are given as
an average for the o and [ chains on the assumption
that the proportions of adducts to the two chains were
the same in the samples and in the internal standard
globin. The Hb adduct levels in the referents were
<13 pmol - g”', and the average Hb adduct level in
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the seven exposed workers was 28 (range 15—52)
pmol - g .

Styrene oxide. The styrene oxide concentration in the
four referents was 0.02 umol - 17! or below. The val-
ues recorded for the seven exposed workers, 0.04—
0.13 pmol - I'', agree with the preliminary data of
Wigaeus et al (3) on styrene oxide levels in styrene-
exposed volunteers.

Styrene glycol. The styrene glycol concentrations
in the reference samples were generally below
0.6 pmol - I"'. (One value of 0.7 pmol - 1" was re-
corded.) The average concentration of the 17 exposed
workers, 2.5 (range 0.6—6.3) pmol - 1!, suggested
styrene exposure levels averaging about 300 mg - m™
in the work environment (3, 4).

Mandelic acid. The concentration of mandelic acid
in urine was measured in the exposed workers and
in the referent from the plant (19). The average
concentration in the exposed subjects, 9.5 mmol - 17,
suggested an average exposure level of about
300 mg - m~ (34). This finding is in agreement with
the exposure estimate based on the styrene glycol
concentrations.

Regression analysis

The correlation between the parameters studied was
analyzed by a linear regression. (See table 2.) The
analysis showed a correlation between styrene gly-
col in blood and mandelic acid in urine. There was
also a strong correlation between the Hb adduct
levels and these exposure parameters.
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Figure 2. Mass spectra (negative ion chemical ionization) of one of the diastereomers of the pentafluorophenylthiohydan-
toins of hydroxyphenethylvaline (a) and the corresponding deuterated analogue (b).
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Table 1. Mandelic acid in urine, styrene oxide and styrene glycol in blood, and adducts to N-terminal valine in hemoglobin
from workers exposed to styrene and from referents. (ND = not determined)

. Years of Mandelic Styrene Styrene Hemoglobin
ﬁﬂg{gg: (y‘zgfs) styrene acid oxide? glycol adducts
exposure {mmol - i-1) {umol - I-1) (pmol - I-7) (pmol - g-)
Referents
1 25 — ND ND <0.6 ND
20 39 — ND ND <0.6 ND
30 35 — ND <0.02 <0.6 ND
4 39¢ — ND ND <0.6 ND
5 24 — ND ND <06 ND
6 29 — ND ND <0.6 ND
7 38 — ND <0.02 <0.6 ND
8o 33¢ — ND ND 0.7 ND
9 26 — <1 0.02 ND =13
10 29 — ND 0.02 ND =10
11 42 — ND ND ND =8
Means 33 — <1 =<0.02 <0.6 =13
Styrene-exposed
workers
12b 28 3 16.6 0.08 4.0 35
13° 32 7 2.7 0.04 1.0 ND
14 23 7 6.9 0.12 1.6 23
15 40 11 29 0.04 1.1 15
16 37 14 9.1 ND 26 ND
17b 38 14 7.3 ND 1.2 ND
18b 33¢ 0.2 9.6 ND 27 23
19 21 3 19.5 ND 6.3 52
20 32 5 <1 ND 0.6 19
21 31 3 8.7 ND 1.6 ND
22 50¢ 12 215 ND 45 ND
23 39¢ 5 9.5 0.12 3.2 ND
24 29 3 14.4 ND 1.9 31
25 28 3 9.1 0.11 4.0 ND
26 26 05 6.3 ND 22 ND
27 38 15 16.5 0.13 3.2 ND
2gb 36 8 <1 ND 0.9 ND
Means 33 6.7 9.5 0.09 25 28

a2 Contributions from hexane-extractable hydrolyzable conjugates of styrene glycol to the determined styrene oxide concentra
tion cannot be excluded.

b Nonsmoker.
¢ Female.

_ 2562 24928,
m/z = 424
2608
TR 7 =¥ T
7 2600 91520,
m/z = 432
1
J
T —— T T
2540 2560 2580 2600 2620 2640 SCAN
18:06 18:14 18:23 18:31 18:40 18:48 TIME

Figure 3. Mass fragmentogram (negative ions) of pentafluorophenyithiohydantoins (PFPTH) of hydroxyphenethylvaline in globin
from a worker exposed at high air concentrations of styrene. Adducted globin chains were enriched on CM-Sepharose
CL-6B before the derivatization. Analyte: m/z 424, scans 2562 and 2608. Internal standard: m/z 432, scans 2554 and 2600.

260



Scand J Work Environ Health 1993, vol 19, no 4

Table 2. Analysis of the interrelationships between the studied parameters by straight line regression (y = kx + /). The level of
hydroxyphenethyivaline in hemogiobin is given in picomoles per gram of globin, mandelic acid in millimoles per liter, and sty-

rene oxide and styrene glycol in micromoles per liter.

y X k ! n r

Styrene oxide? Styrene glycol 0.025 0.021 9 0.788
Styrene glycol Mandelic acid 0.205 0.554 17 0.843
Hemoglobin adducts Styrene glycol 5.92 129 7 0.937
Hemoglobin adducts Mandelic acid 1.59 123 8 0.924
Hemoglobin adducts Styrene oxide 165 9.9 5 0.713

a Contributions from hexane-extractable hydrolyzable conjugates of styrene glycol to the determined styrene oxide concentra-

tion cannot be excluded.

Discussion

A method for analyzing hydroxyethyl and other low-
molecular weight adducts to N-terminal valine in Hb
was developed by Térngvist et al (15, 16, 25). We
employed this method with a few modifications to
allow quantification of the low adduct levels in sty-
rene-exposed workers. An additional step for puri-
fication of the PFPTH derivative, involving extrac-
tion from methanol-water (60:40) to hexane, was in-
troduced. This extraction removed a main fraction of
the impurities (including PFPTH derivatives of more
hydrophilic alkylvalines, such as hydroxyethyl- and
hydroxypropyl-valine-PFPTH) still remaining in the
PFPTH extracts washed according to Tornqvist et al
(15, 16). The enrichment of adducted o and B glob-
in chains on CM-Sepharose CL-6B prior to deriva-
tization resulted in a substantial improvement in the
analytical sensitivity. The gain in sensitivity, if ex-
pressed in terms of the amount of protein in the par-
ent chain compared with the amount of protein in the
enriched fraction, was approximately tenfold. To
compensate for recovery in all of the steps of the an-
alytical procedure, a globin alkylated with (*Hy)sty-
rene oxide was used as an internal standard.

The method was applied for the quantitative de-
termination of Hb adducts in samples from workers
exposed to styrene in the reinforced plastics indus-
try and from matched referents. Free styrene glycol
and styrene oxide (see footnote in table 1) in blood
and mandelic acid in urine were analyzed as meas-
ures of exposure. A correlation was found between
the concentrations of blood metabolites and mandelic
acid. The average values (2.5 pmol - 1" for styrene
glycol and 9.0 mmol - I for mandelic acid) sug-
gested an air concentration of about 300 mg - m™
(about 75 ppm) of styrene in the work environment.
The Hb adduct levels correlated with the concentra-
tion of styrene glycol in blood and mandelic acid in
urine. The average Hb adduct level of hydroxy-
phenethylvaline was 28 pmol - g for the seven ex-
posed subjects.

The origin of the background levels of hemoglobin
adducts is not known, but these levels are probably
produced as methodological artifacts rather than re-
flecting true adduct levels. Styrene has been meas-
ured in adipose tissue of nonoccupationally exposed
persons (35). The average concentration in the tis-

sue was estimated to correspond to an inhaled con-
centration of 0.476 ppm of styrene in the air. This
finding indicates that styrene is present in unknow-
ingly exposed humans, a situation which may give
rise to a background level of styrene oxide adducts
to Hb. However, since 75 ppm gave a Hb adduct
level of 30 pmol - g', the background level of 10
pmol - g”' seems too high and may indeed reflect an
artifact. This possibility will be studied further.

The weekly uptake of styrene at 300 mg - m™ is
estimated to be 1.25 mmol - kg™ of body weight, on
the assumption of an alveolar ventilation rate of
0.21- min™' (kg body weight)™' and an absorption of
90% of the compound from alveolar air. The steady
state adduct level attained after prolonged exposure
corresponds to nine weeks of cumulative uptake [ie,
11.2 mmol (kg body weight)™] and gives a value of
0.03 nmol - g™! for hydroxyphenethylvaline in Hb in
humans. This adduct level is approximately 10 and
30 times lower than would have been obtained in rat
and mouse, respectively, at a corresponding styrene
uptake (19). This finding may demonstrate a relative-
ly rapid detoxification of styrene oxide in humans.

Ethylene oxide is a known animal carcinogen (36).
Studies at this laboratory (Hussain et al, unpublished)
have demonstrated that styrene oxide has a somewhat
(approximately twofold) higher chemical reactivity
and a higher mutagenic effectiveness in Escherichia
coli Sd-4 than ethylene oxide. If compared at equal
adduct levels in deoxyribonucleic acid (DNA), the
two compounds would give a similar mutagenic re-
sponse. Thus a tentative risk estimation for styrene
could be based on tissue doses of styrene oxide and
the cancer-initiating potency of ethylene oxide. Oc-
cupational exposure to ethylene oxide at 1 ppm (the
occupational concentration limit in Sweden for new
establishments) gives a steady state Hb adduct level
of about 2.4 nmol - g”! for hydroxyethylvaline (10).
According to the present study, occupational expo-
sure to styrene at 100 ppm gives a value of approxi-
mately 0.04 nmol - g~'. Thus exposure at 100 ppm of
styrene and 0.02 ppm of ethylene oxide would give
similar adduct levels.

Steady-state concentrations of epoxides during
exposure can also give a measure of dose. Data on
environmental and instantaneous blood concentra-
tions of ethylene oxide in exposed workers show that
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exposure at 1 ppm results in an average concentra-
tion of 0.13 pmol - I for ethylene oxide in blood
(37). According to this study exposure to styrene at
100 ppm gives about 0.09 pmol - I"! for styrene ox-
ide (upper estimate) (footnote in table 1). Exposure
at 100 ppm of styrene or 0.7 ppm of ethylene oxide
would give the same epoxide blood concentrations.
If an even distribution of styrene oxide in blood is
assumed (ie, similar concentrations inside and out-
side the erythrocytes), 100 ppm of styrene or 1.4 ppm
of ethylene oxide would be expected to give similar
adduct levels. The discrepancy between expected and
found adduct levels may be explained by a much
lower concentration of styrene oxide in the erythro-
cytes (where it is available for reaction with Hb) than
in the plasma, where a main fraction of the com-
pound could be noncovalently bound to proteins.
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