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Abstract-The mu~g~nicity of the two c~cinogenic ~yiamines 2,4-diamin~anisole (2.4-DAA) and 2- 
aminofluorene (AF) was compared using liver and kidney fractions from two aromatic hydrocarbon (3. 
methylcholanthrene, MC) responsive and two nonresponsive mouse strains. MC pretreatment of mice caused 
an increase in 2,4-DAA mutagenicity with liver fractions from all four strains: however, much higher 
increases were seen in the two responsive than in the two nonresponsive strains. Kidney fractions had very 
low basal 2,4-DAA mu~genic activity. MC treatment led to 14.27,fold increase in 2.4.DAA mutagenicity in 
the responsive C57BL/6/BOM (B6) strain, but not in any of the other strains. AF mutagenicity was 
increased vvjth liver fractions from all four mouse strains, but to the greatest extent in the 86 mice. AF showed 
high basal mutagenic activity with kidney fractions from all four strains, but MC treatment did not cause any 
increase in AF mutagenicity in any of the strains. Thus, rhere was a clear difference in the pattern of metabolic 
activation of the two ~ylamines 2,4-DAA and AF by liver and kidney fractions in mice. both with respect to 
constitutive activities and to the response to aromatic hydrocarbons. 

Evidence has been presented for a single gene difference 
between B61- and D2 inbred mice in the induction of a 
hepatic microsomal monooxygenase activity, AHH, 
and cytochrome(s) P-448$ synthesis by pretreatment 
with the aromatic hydrocarbon MCI]-31. Socalled 
aromatic hydrocarbon responsiveness involves two or 
more regulatory genes (termed Ah-l and Ah-2) which 
activate and control the structural gene(s) for cyto- 
chrome(s) P-448 i2,31. The gene products of these Ah 
loci are in some way regulatory and it has been sug- 
gested that one of the gene products is a cytosolic 
receptor which can specifically bind aromatic hydro- 
carbon inducers 141. The Ah loci in responsive mice 
control the induction of cytochromefs) P-448 and 
numerous associated monooxygenase activities, includ- 
ing AHH [ 31. However, there are many cytochrome P- 
4%mediated monooxygenases not associated with the 
Ah loci. Other structural cytochrome P-450 gene loci 
presumably exist, each of which may respond to a 
single or multiple stimuli, ultimately leading to the 
expression of other basal and inducible monooxygenase 
activities I31. 

* To whom all correspondence should be addressed. 
t The following abbreviations are used: B6 mice, mice of 

the C57BL/6/BOM strain; D2 mice, mice of the DBAIZJI 
BOM strain; BA mice, mice of the B~~/~BOM strain: AK 
mice. mice of the AKRIAIBOM strain; 2.4.DAA, 2,4-diami- 
noanisole: AF. 2-aminofluorene; MC, 3-methylcholanthrene; 
S9 fraction, the 9OOOg supernatant homogenate fraction; 
AHH, aryl hydrocarbon (benzo~alpyrene) hydroxylase; 
DMSO. dimethyl sulfoxide. 

$ in this report cytochrome(s) P-448 denotes the species 
of membrane-bound CO-binding hemoprotein(s) which in- 
creases after aromatic hydrocarbon treatment; cytochrome P- 
450 denotes other microsomal CO-binding hemoproteins. 

The activation of the carcinogen t-acetyfaminoflu- 
orene to a mutagen in the Salmonella test system is 
associated with aromatic hydrocarbon responsiveness 
in mice [ 5 1. Whereas AHH activity is expressed as an 
autosomal dominant trait, 2.acetyl~inofluorene muta- 
genicity in vitro appears to be expressed additively. The 
rate-limiting step of 2-acetylaminofluorene mutagene- 
sis is suggested to be the activation by cytochrome(s) P- 
448 to the ~-hydroxy-derivative i 51. 

We have previously reported on the involvement of 
cytochrome P-448 in the metabolic activation of the 
carcinogenic hair-dye component 2,4-DAA to a muta- 
gen in the Sulrn~~el~a test system { 6 1 and to covalently 
bound intermediates in vitro f 71 and in viva [ 81. It was 
suggested that activation of 2.4.DAA to a mutagen in 
vitro is associated with aromatic hydrocarbon respon- 
siveness and that the mutagenic intermediate(s) might 
be the hydroxyl~ine(s) i 61. We have now studied the 
mutagenic activation of Z&DAA with liver and kidney 
fractions in two aromatic hydrocarbon responsive and 
two nonresponsive mouse strains and compared this 
with the mutagenicity of the carcinogenic arylamine 
AF. 

MATERIALS AND METHODS 

~hemi~aIs. 2,6DAA was obtained from ICN Phar 
maceuticals, USA; MC from Ferak. Federal Republic 
of Germany; benzo [al pyrene from Eastman Kodak, 
USA; /I-naphthoflavone from Aldrich, Federal Repub- 
lic of Germany; AF, NADP, glucose &phosphate and 
DMSO From Koch-Light, England. Other chemicals 
were of the best available commercial grades. 

Animals. Male B6, D2, BA and AK spf mice weigh- 
ing 20-25 g (i.e. 6-9 weeks old) were purchased from 
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Bornholtgird Breeding and Research Centre, Denmark. 
The animals were fed a pelleted laboratory diet and 
water ad lib. and housed in metal cages with birch chip 
bedding. The animal room was operated under a con- 
stant 12 hr light/dark cycle. Treatment of the animals 
consisted of a single intraperitoneal injection of MC (or 
in some cases j3-naphthoflavone) 80 mg/kg in corn oil 
40 hr before killing. The controls received an equiva- 
lent volume of corn oil (0.1 ml per 10 g). For each 
experiment, pooled organs from 10-20 animals per 
treatment group were used. 

Preparation of enzyme fractions. All steps were 
carried out at O-4’ with cold sterile solutions and 
sterile equipment. The animals were killed by decapita- 
tion. The livers and kidneys were immediately removed 
and homogenized with a motor driven glass-Teflon 
homogenizer in 2 vol. ice-cold 1.15 % KC1 containing 
20mM-Tris-buffer, pH 7.4. The homogenates were cen- 
trifuged for 20 min at 9000g. and the supernatants (S9 
fractions) were diluted to appropriate protein concen- 
trations after protein determination according to Lowry 
et al. 191 For studies of AHH activity, microsomes 

were prepared by centrifugation of the S9 fractions at 
105 OOOg for 60 min. The microsomal pellets were 
resuspended in the KCI-Tris-buffer. 

Mutagerzesis assay. Mutagenic activity was detected 
with Salmonella typhimurium TA 15 3 8 according to 
Ames et al. [ lo]. using liver or kidney S9 fractions, a 
NADPH generating cofactor mixture and the test com- 
pounds dissolved in DMSO. The test strain was a 
generous gift of Dr. B. N. Ames, Berkeley. California, 
USA. 

AHH activity. AHH activity was determined accord- 
ing to the method of Nebert and Gelboin 1 111 using 
80 PM benzo (al pyrene and 0.2 mg microsomal pro- 
tein per ml. 

RESULTS 

Liver and kidney microsomal AHH activities. Mi- 
crosomal AHH activities were determined in liver and 
kidneys from the two aromatic hydrocarbon responsive 
strains, B6 and BA, and from the two nonresponsive 
strains. AK and D2 (Table 1). Control levels in liver 
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Fig. 1. 2.4.DAA mutagenicity in virro as a function of mutagen concentration with control (C) and MC 
pretreated (MC) liver S9 fractions from B6, BA. AK and D2 mice. Each plate contained 1 mg of liver S9 
protein and from 5 to 50 pg of 2.4.DAA. Values are means of duplicates, spontaneous revertants have been 

subtracted (range 14-35). 
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microsomes from the four strains were of similar mag- 
nitude. MC treatment led to a 5.2~and 2.7-fold increase 
in B6 and BA mice, respectively, whereas activity in 
AK and D2 mice was not increased. Using kidney 
microsomes, basal levefs were much tower than in liver, 
and only activity in B6 mice was markedly increased 
(9.7.fold) by prior MC treatment. In these experiments 
a decrease in AHH activity with kidney fractions from 
D2 and AK mice was seen after MC treatment. 

Activa&m qf 2,4-BAA and AF to mutagens with 
liver ~9~ac~~o~z~. Using 1 mg S9 protein from control 
animals per plate, 2,4-DAA maximally gave rise to 
100-160 revertants per plate (Fig. 1). MC pretreat- 
ment led to increases in mutagenic activity with prepa- 
rations from all four mouse strains. However, the re- 
sponse was quite different between the hydrocarbon 
responsive and the nonresponsive strains. Plotting the 
ratios of the values from MC treated animals over those 
from control animats, an increase of 12-24 times in B6 
mice was seen (Fig. 3). The reiative increase using S9 
fractions from MC treated BA mice was 5-10 times 
over control values, whereas the ratios using S9 frac- 

Table 1. Effects of MC pretreatment on microsomal AHH 
activity in liver and kidneys from B6, BA, AK and D2 mice 

- 

Mouse Liver Kidney 
strain Control MC Cot&of MC 

B6 586 i- 29 3053 i 189 41_+ 10 399* 17 
EA 660 r_ 38 1765 i 14 20 + 5 34 -t 3 
AK 660 ?‘. 72 619 i 2.5 56 2 4 38 1_ 3 
D2 528 c 29 537 t 14 32t 1 171-O 

tions from AK and D2 mice were only between I.5 and 
2.5. The small but significant increase in 2,4-DAA 
mutagenicity with liver fractions from MC-treated AK 
and D2 mice was found in repeated experiments. A 
similar pattern was seen when experiments were per- 
formed with varying protein concen~ations of fractions 
from the four strains and IO pg 2.4-DAA per plate 
(data not shown). Similar results were also found 
using another aromatic hydrocarbon inducer, 
fi-naphthoflavone. 

2 
CL 
y 4500 - AK __ 02 

!+I 

:, 

I 3500 - 

2 4 6 8 10 2 4 6 6 10 

AF, /JG PER PLATE 

Fig. 2. AF mutagenicity in rilro as a function of mutagen concentration with control (C)and MC pretreated 
(MC) liver S9 fractions from B6, BA, AK and D2 mice. Each plate contained 1 mg of liver S9 protein and 
from 2 to 10 pg of AF. Values are means of duplicates, spontaneous revertants have been subtracted (range 

10-27). 
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In Figure 2 is shown the mutagenic activation of 
varying concentrations of AF using 1 mg S9 protein 
from B6. BA, AK and D2 mouse liver. Basal activities 
were much higher than with 2.4.DAA. 10 pg per plate 
giving between 950 and 2300 revertant colonies. As 
with 2.4.DAA, MC pretreatment caused increases in 
activity with all four preparations. but the relative 
increases were not as pronounced. The largest increase 
was seen with fractions from B6 mice, 4.2-6.1 fold 
(Fig. 3). The increases in the three other strains were of 
similar magnitude, BA mice 1.6-3.4.. AK I .6-2.9. and 
D2 2.2-3.3.fold, respectively. Similar patterns were 
seen in experiments using varying amounts of protein 
and fixed mutagen concentration (data not shown). 

Comparing the effects of MC treatment on liver 
microsomal AHH activity with the effects of mutagenic 
activation of 2.4.DAA and AF by liver S9 fractions 
(Fig. 3), there are obvious differences in responses. 
With both arylamines there was an increase in muta- 
genic activity with MC treated S9 fractions from the 
two nonresponsive strains. However. with 2.4.DAA, 
much larger increases were seen using fractions from 

the two responsive strains than with fractions from the 
two nonresponsive strains. With AF. only B6 mice 
showed larger increases than the AK and D2 mouse 
strains after MC treatment. 

Activation qf 2,4-DAA and AF to mutagens with 
kidney S9.fractions. Using kidney S9 fractions from 
control mice, very low mutagenic activity was seen with 
2,4-DAA (Fig. 4). With fractions from MC pretreated 
mice, a very large increase was found in the B6 strain 
(14-27.fold). whereas kidney preparations from the 
other three strains did not show any increase. This 
correlated very well with the pattern of AHH activity in 
kidney microsomes (Table 1). Mutagenic activation of 
AF with kidney S9 fractions gave quite a different 
picture (Figs. 5-6). Basal activities were very high in all 
four mouse strains. Ten fig AF and I mg S9 protein per 
plate gave rise to 300&6800 revertants per plate. This 
is even higher than the activities seen with liver frac- 
tions. MC treatment did not cause any substantial 
increase in any of the four mouse strains. either when 
assayed at varying protein concentrations (Fig. 5) or 
varying mutagen concentrations (Fig. 6). Clearly. the 
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Fig. 3. Ratio of MC-pretreated to control values of liver microsomal AHH activity, and 2.4.DAA and AF 
mutagenicity with liver S9 fractions from B6, BA, AK and D2 mice. Numbers on abscissa refer to /~g 

mutagen per plate. 



2,4-DAA and AF mutagenicity in mouse liver and kidney 2195 

mutagenic activation of AF by kidney S9 fractions 
from B6 mice does not correlate with that of 2,4-DAA 
or with microsomal AHH activity. 

DISCUSSION 

AF is believed to be N-hydroxylated by microsomal 
monooxygenases to the corresponding hydroxylamine, 
which in turn is chemically converted to the nitrenium 
ion arylating DNA [ 121. A similar scheme has been 
suggested for the activation of 2,4-DAA to a mutagen 
in vitro [ 61. Assuming that the enzymatic conversion is 
the rate limiting step in these reactions, the steady state 
concentration of the hydroxylamines would presum- 
ably be proportional to the rate of mutation reflected in 
the number of revertants in the Salmonella test system. 
Differences in monooxygenase activities, either be- 
cause of differences in constitutive levels or as a result 
of pretreatment with inducers, would therefore be seen 
as differences in mutagenic activity. We have used 
mouse strains which show differences in monooxygen- 

ase activities after treatment with aromatic hydrocar- 
bans [ 21 to see whether mutagenic activation of 2,4- 
DAA and AF follow the same pattern as that of AHH 
activity. 

AHH inducibility in liver microsomes from the re- 
sponsive B6 and BA strains and the nonresponsive AK 
and D2 strains follows the expected pattern [ 1,21, in 
that responsive strains show 4-6 fold increases, 
whereas no increases are seen in nonresponsive strains. 
With kidney microsomes, only B6 mice showed a 
substantial increase after MC pretreatment. Niwa et al. 
[ 131 have shown that AHH activity is also induced in 
extrahepatic tissues such as kidney in the B6 responsive 
strain. However, Seifried et al. 1 141 claim that the 
distinction between responsiveness and nonresponsive- 
ness does not apply to extrahepatic tissues. 

This study demonstrates differences in activation of 
the two arylamines 2,4-DAA and AF both when liver 
and kidney fractions are used as activating systems. 
2,4-DAA is converted to a mutagen with mouse liver 
S9 fractions, and MC treatment causes a much larger 
increase in the two responsive than the two nonrespon- 
sive strains. With kidney fractions, only the strain 
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Fig. 4. 2,4-DAA mutagenicity in vitro as a function of protein concentration with control (C) and MC 
pretreated (MC) kidney S9 fractions from B6, BA, AK and D2 mice. Each plate contained 50 bg 2,4-DAA 
and from 1.5 to 3.0 mg protein. Values are means of duplicates, spontaneous revertants have been subtracted 

(range 1642). 
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which shows marked AHH inducibility by MC, B6, 
gives a correspondingly large increase in 2,4-DAA 
mutagenicity. However, MC also causes small in- 
creases in 2,4-DAA mutagenicity with liver fractions 
from AK and D2 mice. in contrast to the lack of effect 
on AHH activity. Recent evidence indicates that the 
MC-inducible cytochrome(s) P-448 comprise more 
than one cytochrome [ 15,161. Whereas the induction of 
two forms of the cytochrome appears to be closely 
coordinated in the mouse and in the rat i 151, two 
analogous forms seem to be regulated differently in the 
rabbit [ 161. The cytochrome P-448-dependent reaction 
involved in converting 2,4-DAA to a mutagen is pre- 
sumably associated with the Ah loci, but the monooxy- 
genase responsible for 2,4-DAA activation must be 
different from that hydroxylating benzola lpyrene. Evi- 
dence suggests that nonresponsive mice have a defec- 
tive cytosolic receptor for MC [ 181. High concentra- 
tions of the potent inducer 2,3,7,8-tetrachiorodibenzo- 
p-dioxin leads to induction ofAHH activity also in MC 
nonresponsive strains. An explanation for the present 
findings would be that the interaction of MC with the 

defective receptor(sj either does not lead to any in- 
crease in monooxygenase activity (using 
benzolalpyrene as substrate) or a small increase is seen 
with other substrates (such as 2,4-DAA). 

Conversion of AF to a mutagen by mouse liver S9 
fractions is increased in all four strains by MC, with the 
greatest increase in B6 mice. This was clearly different 
from the pattern of AHH induction by MC. Using 
kidney S9 fractions, no marked increases in AF muta- 
genicity could be found after MC treatment, in contrast 
to the effect of MC on 2,4-DAA mufagenicity in 
kidneys from B6 mice. The lack of induction of AF 
mutagenesis in kidneys corresponds well with the lack 
of 2-acetylaminofluorene N-hydroxylase induction by 
MC in rabbit kidney [ 17 1 and the lack of increase in an 
electrophoretic band of 54,000 in rabbit kidney micro- 
somes after MC-treatment 1161. 

In conclusion, a clear distinction can be drawn in the 
metabolic activation of two carcinogenic aryfamines by 
liver and kidney fractions in mice, both with respect to 
constitutive activities and to the response to aromatic 
hydrocarbons. 
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Fig. 5. AF mutagenicity in vitro as a function of protein concentration with control (C) and MC-pretreated 
(MC) kidney S9 fractions from B6, BA, AK and D2 mice. Each plate contained 2 pg AF and from 0.5 to 
2.0 mg protein. Values are means of duplicates, spontaneous revertants have been subtracted (range 16-42). 
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Fig. 6. AF mutagenicity in vitro as a function of mutagen concentration with control (C) and MC pretreated 
(MC) kidney S9 fractions from B6, BA, AK and D2 mice. Each plate contained 1 mg protein and from 2 to 
10 fig AF. Values are means of duplicates, spontaneous revertants have been subtracted (range 1 l-29). 
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