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Styrene-7,8-oxide (SO), the main intennediate metabolite of 
styrene, induces hyperkeratosis and tumors in the fore­
stomach of rats and mice upon chronic administration by 
gavage. The aim of this study was to investigate wbether 
DNA binding could be responsible for the carcinogenic effect 
observed. [7_:3ß]SO was administered by oral gavage in com 
oll to male CD rats at two dose Ievels (1.65 or 240 mg/kg). 
After 4 or 24 h, forestomach, glandular stomach and Uver 
were exclsed, DNA was isolated and its radioactivity 
detennined. At the 4 h time polnt, the DNA radioactivity was 
below the Iimit of detection in the torestornach and the liver. 
Expressed in the units of the covalent bindlng Index, CBI = 
(pmol adduct/mol DNA nucleotide)/(mmol cbemical 
administeredlkg body wt), the DNA-binding potency was 
below 2.6 and 2.0 respectively. In the glandular stomach at 
4 b, and in most 24 b samples, DNA was slightly radiolabeled. 
Enzymatic degradation of the DNA and separation by HPLC 
ofthe normal nucleotides sbowed that the DNA rad.ioactivity 
represented biosynthetic incorporation of radlolabel into 
newly synthesized DNA. The Iimit of detection of DNA 
adducts in the glandular stomach was 1.0. In a second 
experlment, [7-3fi]SO was administered by i.p. injectlon to 
male 86C3Fl rnice. Liver DNA was analyzed after 2 h. No 
radloactivity was detectable at a Iimit of detection of CBI 
< 0.6. In agreement with the relatively long half-life of SO 
in animals, the cbemical reactivity of SO appears to be too 
low to result in a detectable production of DNA adducts in 
an in vivo situation. Upon comparison with the DNA-binding 
of other carcinogens, a purely genotoxic mechanism of 
tumorigenJc action of SO is unlikely. The observed 
tumorigenic potency in the forestomach could be the result 
of strong tumor promotion by high-dose cytotoxicity foUowed 
by regenerative hyperplasia. 

Introduction 

Styrene is a widely used plastic monomer. Exposure ofhumans 
occurs at the workplace and, at a much lower Ievel, from poUuted 
air and monomer residues in polystyrene (1). Because of the 
structural similarity with the carcinogen vinyl chloride, the 
carcinogenic potential of styrene was examined. An IARC 
Werking group concluded that styrene is possibly carcinogenic 
to humans (2). This classification was based on inadequate 
evidence for carcinogenicity to humans and on limited evidence 
for carcinogenicity to animals. In the latter, organs with high 
spontaneous tumor incidence appeared tobe affeaed (mouse: lung 
and liver). The overall classification of styrene was also based 

•AbbrevlatJons: SO, styrene-7,8-oxide; HA, hydroxyapatite; CBJ, covalent 
binding index. 
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on the sufficient evidence for the carcinogenicity of 
styrene-7 ,8-oxide (SO*), the major intermediate metabolite 
in vivo: with oral gavage of SO, forestarnach tumors were 
induced in both rats and mice (3-5). 

The genetic toxicology of styre~ and SO has been reviewed 
recently (6). SO was mutagenic in a number of test systems 
without metabolic activation. DNA adduct fonnation in vitro has 
also been investigated extensively by Hemminki and c<rworkers 
(7, and references therein). In vivo, only one publication reports 
on the identification of a guanyl-7 adduct in liver DNA isolated 
from mice after i.p. administration of tritiated SO (8). A 
quantitative analysis of the overall DNA-binding potency of SO 
is not possible, however, on the basis of iliese results. 

SO is a relatively stable epoxide. The half-life of SO in the 
blood is -20 min in the rat (9). This means that the reaction 
with the wea.k nucleophilic centers in DNA must be slow. On 
the other band, binding to nucleophilic groups in proteins is 
expected to be more rapid. Protein binding would also explain 
the cytotoxicity and regenerative hyperplasia that accompany 
tumor induction by SO in the forestomach. Since stimuJation of 
cell division is known to be a strong promoting factor in 
carcinogenesis (10), it is not known to what extent nunor 
induction in the forestarnach was due to DNA binding. 

In this study, the covalent binding of tritiated SO to DNA is 
investigated in vivo and the data are analyzed in tenns of a D NA­
binding potency. On the basis of a comparison with other 
carcinogens, the contribution of DNA binding to the turnorigenic 
potency of SO in the forestomach is evaluated. 

Materials and methods 

CMmicaJs 
[7-3H]Styrene-7 ,8-oxide (mol. wt 120.1 S) was purchased from The 
Radiochemical Ccntre, Amersham, UK. Th: specific activity was tOS mCi/rnmol 
(0.87.5 mCilmg). lt was swred a1 -20°C and used within 2 months afttr delivery. 
The radiochemica1 purity of" compound in the application solution was check.ed 
by HPLC on 8 250 x 8 mm column, filled with Lichrosorb RP18 7 Jl, with 
8 distilled water/acetonitrile gradient (0 min: 30% acctonitrile, 60 min: 100% 
acetonitrile), at 8 flow rate of 3.5 mVmin. A solution of styrerdSO/styrene glycol 
(I :4:4) in acetonitrile W83 injected as standard. The radiochemical purity was 
detennined to be 93.2%. 

SO, DMSO, and calf thymus DNA were obtaincd from Auka AG, Buchs SG, 
Switz.erland. Com oil, purchased in 8 local retail shop, was from Kentaur-Nuxo 
AG, Burgdorf Switzerland. 

Animal.r and lrM!ments 

Male Crl:CoRBR ratsandmale B6C3FI/CrlBR mice from Charles River Wiga, 
Sulzfeld FRG were used. 1lley were aa:limatized in Macrolon cages for atleast 
I week after delivery and were fed ad libirum with tap water and maintenance 
diet NAFAG 890, purchased from Nafag AG, Gossau SG, SW!tzerland. 

Appücation UJ/Uiions 

The ampoule containing the radiolabeled compound was cooled at the bottom 
with liquid nitrogen and cut opeo. [7-3H]SO was dissolvcd in DMSO and, 
depending on the required chentical dose, unlabeled SO was addcd. Thc solution 
was transferred into a g1ass test tube and diJuted with com oil. The ratio 
DMSO/SO/com oil was 1:1:4, 1:250:1S00and I :1:18, for thc experiments with 
rats at high and low dose, and with mice respec:tively. 

The radioactivity in the applicarion solution was determined by scintillation 
counting of an aliquot dilutcd into tofuene. 

The unfasted rats reccived -0.5 ml ofthc application solution by oraJ gavage 
early in the moming. 1be exact dosewas determined by the weight difference 
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of the syringe and is shown in Table I. Control rats received 0.5 m1 com oil. 
Four mice rcceived -70 ,.d of the application solution by i.p. administration, 
resulting in a mean dose of 165 mg1tg (3.2 x 1<? d.p.m.fkg). Two control micc 
received 200 J'l com oil. 

The rats were killed with ether 4 or 24 h after the adrninistration. The mice 
were killed with c:ther 2 h after the administration. Organs of i.ntetcst were excised, 
pooled into groups of three (except for the liver) and kept frozen at -20°C. 

/50/mion of DNA and chromatin prorein 

DNA and chromatin protein were isolated from selected organsvia a chromatin 
fraction according to Sagel.sdorff et al. (II ). The DNA of the 24 hllow dosewas 
repetitively purifled according to Sagdsdorff er al. (II). The DNA from the ~r 
experinYnts was repurified by hydroxyapatite (HA) adsorptioo duoaJI81ogiaphy:dry 
HA (I glmg DNA) was suspended ovemight in fihered MUP (8 M urea, 0.24 
M sodium phosphate buffer, pH 6.8), the slurry was swirled and poured into 
a 25 X 120 mm glass column and the MUP was allowed to run off. The DNA 
solution was loaded on the column and the elution monitored at 260 nm. The 
column was washed with MUP at a llow rate of I -2 mllmin by gravity until 
the absorbance had retumed to background value. The urea was then purged with 
14 mM sodium phosphate, pH 6.8, and the DNA eluted with 0.48 mM sodium 
phosphate, pH 6.8. The collected eluatewas dialyz.ed at 4°~ against 2 x _10 I 
0.2 M sodium chloride for 12 and 24 h. The DNA concentratJon, as determined 
by optical density, was usually high enough for d.Irect scintillation counting. 

Control e~periments were performed using DNA isola.ted from untreated 
arumals. The radioactivity coonts-upon comparison with historical controls­
were used to show that the work-up of the DNA samples was performed without 
extemal contamination with radiolabet. 

ln vitro incubation of calf thym.us DNA with [ 7-3 II] SO 

Calfthymus DNA was purif!Cd according to the method described above in order 
to remove residual protein. A 220 ,.d (ISO J'Ci) portion ofthe application solution 
remaining from the rat 24 h/Jow dose experiment and 500 J'l I% SOS in 14 mM 
sodium phosphate, pH 6.8, were added to 14 mg calf thymus DNA dissolved 
in 10 m18 mM calcium chloride, 20 mM sodiwn succinate, pH 6.0. The mixture 
was incubated for 24 h at 37°C, 20 ml ethanol was added and the solution kept 
at -20°C for 4 days. The precipitated DNA was centrifuged at 1000 g, the 
supematant discarded, and the pellet redissolved in 26 ml calcium succinate buffer. 
The solutionwas dialyzcd overnight against 10 I 0.2 M sodium chloride, extracted 
twice with phenoUchlorofonnlisoamyl alcohol (25:25: I) and twice with ether to 
remove phenol, and was dialyzed again. The DNA was precipitated with ethanol 
and kept at -20°C for 3 weeks, centrifuged at 1000 g, the supematant discarded, 
and the pellet dissolved in 15 ml calc1um succinate buffer. Thc optical density 
and the specific activity were measured. 

The DNA was punfied repetitively (four times) by ethanol precipitation and 
dialysis to constant specific activity. 

HPLC analysis of the nuckotides 
DNA was d1gested according to Sagelsdorff et al. (12). The re&Jiting 
deoxynucleotides were separated by HPLC on an Eurosphere RPJ8 51' column 
(2SO x 4 mm) with a flow of 2 ml/min 30 mM ammonium fonnate buffer, 
pH 3.812% rrethanol for 15 min, followed by a gradient of 2-~% metha_ool 
in 25 min 60-2% methanol m 10 min and 2% methanol for 15 rrun. Thc opttcal 
density of the eluatewas rccorded at 2.54 nm. Two ßllnute fractJons of digested 
in vitro DNA were collected. Basedon optical density and radioactivity panems, 
six fractions of digested in viw DNA were collectcd. Fraction I (0-2 min): 
~ fractioo 2 (2- I 0 min): naturalrwcleobdes; fracton 3 (I 0- 16 min): bet_ween 
natural nucleotides and adducts; fraction 4 (16-26 min): adducts; fractJon 5 
(26-36 min): adducts; fraction 6 (36 -46 min): after adducts. The fractions were 
freeze-clried, dissolved in I ml water and counted. 

Scintillarion counting 

DNA samples were counted in 10 ml lnstagete (Packard) for 3 X 30 .mi~. The 
signjficance Ievel at 2 standard deviations, given by the Poisson d~bullon of 
the radioactive decay plus vial-t.o-vial differences, bad boen detenruned tobe 
2.6 c.p.m. in the tritium channel. The counting efficiency ranged between 28 
and 32%. 

The nuclec(ide fractions from the HPLC analyses were counted in 10 ml Ultima 
Goi!P (Packa.rd) in plastic vials for 45 nun. The s1gnificance Ievel bad ~n 
determined to be 1.0 c.p.m. in an optimized tritium channel. The counllng 
efficiency was 48%. The net radioactJvity was calculated by subtracting the 
radioactiv1ty of an equivalent sample isolated from ammals treated with vehicle 
only, bodt for DNA samples and for fractions of the nucleotkles analyses. 

Calculations 
The concentration of a DNA solution was calculated from the optical density 
of a diluted aliquot at 260 nm usmg an absorbance of 20 for I mg DNA/ml. 
Depending on the amount of DNA available, an aliquot corresponding to 
0 25-1 mg DNA was t.aken, diluted with calcJUm succinate buffer to a 
standardized concentration (usually the concentration of the most diluted sample 
of the ongoing experiment), added to 10 ml lnstagel, and counted. . 

11le concentration of the nucleotide solutions was calculated from the opncal 
density of a diluted aliquot at 260 nm using an absorbance of 35 for a nucleotide 
mixture equivalent to I mg digested DNA/ml. The specific DNA radioactivity 
was expresscd as DNA binding per dose administered, by conversion to the units 
of the covalent binding index, CBI = JLlTIOI SO bound per mol DNA 
nucleotide/mmol SO admirustered per kg body wt (13). 

Table I. Investigation of the covalent binding of [7-3H]SO to DNA isolated from the forestomach of male CD rats after oral administration 

Dose'(mglkg) 
(lcf d.p.m.lkg) 

DNA sp. act 

first purification 
(d.p.m./m.g) 
(CBI units)b 

Repetitive purificationc: 
(d.p.m./mg) 
(CBI units) 

Nucleotide analysis 
Recovery of 
optical density (%) 
Radioactivity 
eluting with 
optical density (%) 
Radioactivity 
eluting without 
optical density (%) 

Covalent DNA binding 
(CBI units) 

Time/dose 

4hllowdose 

1.65 
3.17 

49.9 

<28.8 
<2.8 

4 hlhigh dose 

1.78 232 
3.42 2.11 

57.8 62.9 

<28.8 <22.8 
<2.6 <3.4 

24 Mow dose 24 hlhlgh dose 

255 1.66 1.52 242 
2.33 3.23 2.90 2.21 

94.8 53.5 35.2 170.5 
s5.1 s3.7 

<39.4 51.2 
<5.3 

76 

66 

<34 

<6.5 

•Means of pools of three rats. . . . . 
"cBI unit defined as DNA binding per dose: CBI = {Jmlot chemical boundlmol DNA nucleotide)/(mmol chemical admimsteredlkg body wt). 
cNo DNA left in 24 h/low dose samples. 
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1.98 

15.9 

24.4 

ND 

71 

<29 

<2.5 



Results 

Reaction of [ 7-3 H]SO with DNA in vitro 

The aim ofthis study was to investigate the DNA binding potency 
of SO in vivo. For the analysis of DNA isolated from animal 
organs, therefore, the chromatographic properties of SO-nucleo­
tide adducts had to be known from in vitro reactions. 

Incubation oftritiated SO with DNA in vitro resulted in a DNA 
that contained irreversibly bound radioactivity. On the basis of 
the specific activity of SO used, the Ievel of DNA adducts was 
calculated tobe 10 SO-nucleotide adducts/I<f nucleotides. The 
fraction of SO that had reacted with DNA under these conditions 
was as little as 0.03%, indicating the low electrophilic reactivity 
of this epoxide. 

Enzymarie degradation of the DNA and separation of the 
3'-nucleotides by HPLC revealed that the radioactivity eluted 
distant from the normal nucleotides and nucleosides (Figure 1). 
In agreement with the Iiterature (7), a number of different 
SO-nucleotide adducts must be expected. 

In vivo DNA binding of SO in the rat after oral administration 

In the first set of in vivo experiments, rats were treated by oral 
gavage at two dose levels. The high dose corresponded to a dose 
used in the carcinogenicity bioassays; the low dose was > 100 
times lower and was used to investigate any dose-dependent 
differences in SO metabolism. DNA was analyzed 4 or 24 h post­
dosage. According to the kinetics established, all SO is expected 
tobe absorbed and metabolized within 4 h (9). At this time point, 
DNA binding is therefore expected tobe close to its maximum 
value. The 24 h point was taken to show the rate of removal 
and repair of putative DNA adducts. 

The purification of DNA from non-<:ovalently bound radio­
activity is crucial in this type of experiment when up to half a 
millicurie are administered per animal. Therefore, whenever a 
DNA sample contained measurable radioactivity and enough 
DNA was available, purification was repeated until constant 
specific activity was reached. 

Table I summarizes the data. obtained from the target organ 
for tumor induction, the forestomach. At 4 h after the administra­
tion, the DNA did not contain measurable radioactivity. Using 
our Iimit of detection of 2.6 c.p.m. radioactivity per glass 

cpm 

140 

120-t-

100 r-

80 t-

60-

40t-

20 ~ 

LI ~ \. AAl ,ni[ 111 rL,_ 
10 20 30 40 Timeimin 

Fag. 1. Reverse-phase HPLC proflles of opticaJ density (solid line) and 
tritium radioactivity (bars; c.p.m.) of deoxynlxmucleotides obtained by 
enzymatic hydrolysis of calf thymus DNA after incubation wilh [7-3H]SO. 

Covaleot blndlng or SO to DNA 

scintillation vial, the DNA binding potency, expressed in the units 
of the CBI, was <2.6. At 24 h post-dosage, radioactivity was 
detectable in all DNA samples. It is highly unlikely that this 
radioactivity can be attributed to DNA adduct fonnation, because 
all SO adrninistered should have been metabolized within the first 
4 h. No additional adducts are therefore expected to be fonned 
between 4 and 24 h. The radioactivity detected after 24 h more 
likely represents biosynthetic incorporation of radiolabet into 
newly synthesized DNA. For instance, tritiated water is fonned 
when the tritium Iabel of the 7-position of the tritiated SO is 
released during the oxidation of mandelic acid to benzoic acid 
or phenylglyoxylic acid. A tritium atom can be incorporated into 
DNA when, for instance, the hydroxyl group in the 2'-position 
of the ribonucleotides is rephiced by a hydrogen atom to fonn 
the 2 '-deoxyribonucleotides. 

In order to show positively the biosynthetic incorporation of 
radiolabet into the normal nucleotides, DNA isolated from the 
forestarnach, 24 h after administration of the high dose of SO, 
was degraded to the 3'-nucleotides, which were analyzed by 
HPLC (Figure 2). All detectable radioactivity eluted together with 
the normal nucleotides. No significant radioactivity was seen at 
elution times known for the adducts formed in vitro between SO 
and DNA. The limit of detection shown in the last colurnn of 
Table I was calculated on the assumption that an adduct could 
be divided into two fractions (2 c.p.m.). 

In the glandular stomach (which was not a target organ for 
tumor induction), the situationwas similar to the forestomach. 
Thanks to the higher yield to DNA from this portion of 
the stomach, the Iimit of detection to exclude DNA adduct 
fonnation was even somewhat better than in the forestarnach 
(CBI < 1.5). Again, in all DNA samples that were detectably 
radiolabeled (4 Mow dose and 24 hlhigh dose), the DNA radio­
activity was localized in the fractions containing the normal 
nucleotides (data not shown). The resulting Iimit of detection of 
DNA adduct formation was at CBI < 1.0. 

In the DNA isolated from the livers, the first purification round 
already resulted in a lirnit of detection CBI < 2 in all but the 
24 h/low dose sample. In this sample, repetitive purification 
removed the residual DNA-associated radioactivity and a limit 
of detection of CBI < 0.6 was derived from oounting all available 
DNA sarnple. 

In vivo DNA binding of SO in the mouse after i.p. administration 

While SO is quite stable in neutral aqueous media, the hydrolysis 
is much faster in acid (9). It is therefore conceivable that orally 
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Flg. 2. Reverse-phase HPLC profiles of optical density (solid line} and 
tritium radioactivity (bars; c.p.m.) of deoxyn"bonucleotides obtaincd by 
enzymalle hydrolysis of DNA isolated from the forestomachs of a pooJ of 
three male Cri:CiJRBR nus 24 h aftcr p.o. administnu.ion of 2.2 X ldl 
d.p.m.lkg (242 mglkg) [7-3H]SO. 
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aclministered SO is hydrolyzed to a certain extent in the stomach 
so that the dose reaching the liver is only a fraction of the 
adrninistered dose. The Iimit of detection of DNA binding in the 
liver would then not be as low as indicated because the CBI 
expresses DNA darnage per dose. 

In a second experiment, therefore, SO was administered by 
i.p. injection in order to circumvent the acidic milieu of the 
stomach. Mice were used for this experiment and the period of 
Observation was 2 h so that the data are directly comparable with 
the data published by Nordqvist et al. (8). 

No DNA sample isolated from the liver contained rheasurable 
DNA radioactivity after the first purification round. In CBI units, 
upper Iimit values of 0.6 resulted. This value supports our 
negative data obtained in the rat but is - 40 tim es lower than 
the CBI value for mouse liver DNA estimated from one 
chromatogram shown in the paper of Nordqvist et al. (8). 

Discussion 

SO did not produce detectable DNA adducts in the target organ 
for tumor induction. The Iimit of detection in the low-dose 
experimentwas at 7 adducts/10S nucleotides in the forestomach 
DNA. In vitro, after a 24 h incubation of tritiated SO with calf 
thymus DNA, adducts had been fonned to a minor but 
measurable extent. It is therefore probable that a few adducts 
will have been fonned in vivo also. The question is whether 
these few DNA adducts below the limit of detection can be 
responsible for the tumors induced in the forestarnach after 
chronic oral gavage of SO. 

In the carcinogenicity studies, toxicity and regenerative 
hyperplasia have been observed in the forestomach (5). Stimulated 
cell division is being discussed increasingly as a cause of cancer 
by itself (1 0) und er the assumption that it accelerates the 
accumulation ofmutations from spontaneaus DNA darnage (14). 
An increased tumor incidence is therefore possible in the absence 
of a DNA-damaging chemical. 

The above discussion is valid only if two requirements are met. 
Firstly, adducts fonned in vivo must be chemically stable during 
DNA purification. Some guanyl-7 adducts are k:nown to be 
chemically labile, especially at acid pH. For the respective SO 
adducts in the form of mononucleotides, the half-life has been 
described tobe -4 h (16). In double-stranded DNA, however, 
these adducts were considered 'not particularly labile •, on the 
basis of a half-life of 10 days at pH 4.2 and room temperature 
(7). Furthennore, about one-quarter of the adducts are fonned 
at positions other than the 7 -nitrogen of guanine and are 
chemically stable (7). At the worst, therefore, our Iimit of 
detection has tobe multiplied by a factor of 4, under the extreme 
assumption that all guanyl-7 adducts are lost during DNA 
purification. 

Secondly, the Iimit of detection must be below the CBI of 
comparable genotoxic carcinogens. For instance, 1 ,2-dichloro­
ethane produced forestarnach tumors in rats after administration 
by oral gavage with a carcinogenic potency similar to that of SO 
(17). On the other hand, DNA-binding experiments reported by 
Reitz et al. (18) showed CBI values of7 in the stomach and 18 
in the liver, i.e. DNA-binding potencies higher than our Iimit 
of detection for SO by a factor of > 5 to > 30. This indicates 
that the carcinogenic potency of SO is probably based on 
promoting factors acting in addition to an undetectable DNA­
binding potency. This discussion holds only if the pattem of DNA 
adducts formed by SO and 1 ,2-dichloroethane have similar 
mutational consequences. This question cannot be addressed 
experimentally if the Ievel of adducts is below the limit of 
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detection. The possibility that an undetectable DNA adduct is 
extremely dangerous is small but can never be excluded. 

It is concluded that a purely genotoxic mechanism of 
tumorigenic action of SO is unlikely. The observed tumorigenic 
potency in the forestomach is probably the result of strong tumor 
promotion by regenerative hyperplasia. 

The question now arises whether these data can also be used 
to interpret the carcinogenicity studies with styrene. SO is the 
main intermediate metabolite of styrene. The relative stability 
of SO towards DNA could therefore indicate that the parent 
compound styrene cannot show a high CBI, either. However, 
a minor fraction of the styrene metabolism ( < 1%) involves the 
formation of 4-vinylphenol, probably via an intermediate 
3,4-epoxide (19,20). The DNA-binding potency ofthis epoxide 
is not known. It is further not known whether SO fonned from 
styrene intracellularly can result in a higher concentration near 
DNA than SO entering from outside. Therefore, DNA binding 
studies with styrene will have to be performed to interpret in a 
manner similar to SO the carcinogenicity studies with the parent 
compound styrene. 
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