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Abstract-The activation of 2.4-diaminoanisole to a mutagen in the Salmonelltr test system by liver 
fraction!, of rats and mice is increased by treatments of animals with inducers of the cytochrome 
P-450 system and is decreased by irl rir~ and it1 rim inhibitors of cytochrome P-450. Higher revertant 
rates were seen with ‘7.4.diamino~~nlsolc in aromatic hydrocarbon responsive mice than in nonresponsivc 
mice after treatmsnt with /I-naphthoflavonc. Mutagenic activity of 2.4-diaminoanisole is also induced 
in kidney and lung as well as transplacentally in fetal liver after treatment with [Gnaphthoflavone. 
We suggest that metabolic activation of 2,4_diaminoanisole to the hydroxylamine(s) may be the underly- 
ing reaction for the formation of mutagenic intermediates. 

The importance of environmental contaminants in the 
etiology of human cancer has recently been empha- 
sized [l. 21. It has been concluded on the basis of epi- 
demiological studies that a majority of human cancers 
may be caused by chemicals in the environment [3,4]. 
It is therefore a great neeed for detecting and identify- 
ing the environmental contaminants which are cap- 
able of inducing cancer in man and animals. 

Recently. Ames and coworkers have developed a 
sensitive bacterial test system for the detection of 
chemical mutagens ir7 vitro [S, 6. 73. This system has 
been used as a screening test for carcinogens, and 
90 per cent of the chemical carcinogens were shown 
to be mutagens in this assay [S]. even if a causal rela- 
tionship between mutagenesis and carcinogenis 
remains to be proven. Ames er (11. have shown that 
commercial hair dyes, estimated to be used regularly 
by 20 million people in the USA, are potent 
mutagens [9]. The mutagenic components contained 
in the hair dyes were shown to be substituted aryldia- 
mines. which were activated by the liver microsomes 
into strong frameshift mutagens. 

Acetylarylamines, a related group of compounds, 
are known to be activated via cytochrome P-450 
dependent N-oxidation into reactive metabolites cap- 
able of causing acute liver necrosis [ 10. 1 l] and car- 
cinogenesis [I?]. Fclton and coworkers [ 131. using 
the Ames-system for the detection of activated pro- 
mutagens. showed that &-oxidation of 2-acetylamino- 
Ruorene is important in the mutagenic activity of that 
N-acetylarylamine. This paper is concerned with the 
role of cytochrome P-450 metabolism in the in vitro 

mutagenicity of the aryldiamine hair dye component 
2,4-diaminoanisole. 

MATERIA1.S AND METHODS 

Chmn7icu~s. Chemicals were obtained from the fol- 
lowing sources: 2.4-diaminoanisole from ICN Phar- 

maceuticals, USA; 2,4_diaminotoluene, 3.4-diamino- 
benzoic acid, 2.4-dinitroanisole, a-naphthoflavone. 
and /I-naphthoflavone from Aldrich. W. Germany: 
3.4-diaminotoluene, 2.6-diaminotoluene. o-phenylene- 
diaminc. ,?I-phenylenediamine. p-phenylcncdiamine. 
3.5-diaminobenroic acid. and 2.4-diaminophcnol from 
Koch-Light. W. Germany: NADP. glucose 6-phos- 
phate. yeast glucose 6-phosphate dehydrogcnase, and 
I-cysteine from Sigma, USA; diethyl maleatc and 
cobaltous chloride from Merck. W. Germany: metyr- 
apone from Ciba-Geigy. Switzerland: Aroclor 1254 
from Monsanto, USA; piperonyl butoxide from 
Cooper. McDougall & Robertson. England: and 
phenobarbital from the Norwegian Medicinal Depot. 
Other chemicals were reagent grade. 

Treatnlent of’animcrls. Male Wistar rats (200 g), male 
NMRI mice (25 g). and pregnant Wistar rats (250 g) 
wcrc obtained from MollcgTtrd Breeding Labora- 
tories. Denmark. Male C57BLj6J:BOM ‘spf tnicc (B 6. 
25 g) and male DBAi2J;‘BOM;spf mice (D?. 25 g) 
were purchased from Bomholtgird Breeding and 
Research Centre. Denmark. Animals were pretreated 
with phenobarbital (75 mg/kg in 0.9”,, NaCl i.p. 72. 
48 and 24 hr before death), P-naphthoflavone 
(80 mgikg in corn oil i.p. 48 hr before death). Aroclor 
1254 (500mgjkg in corn oil i.p. 5 days before death). 
cobaltous chloride (40 mg/kg in saline S.C. 48 and 
24 hr before death in rats, 60 mg!‘kg i.p. 72. 48 and 
24 hr before death in mice), piperonyl butoxide 
(1360 mg/kg i.p. 30 min before death), controls 
received vehicle alone. Control, phenobarbital. and 
/I-naphthoflavone-pretreated mice were injected with 
diethyl maleate (600 mg/kg i.p. 30 min before death) 
or cysteine (200 mg.‘kg i.p. at 2 hr and 30 min hcforc 
death). 

Prt,pclrtrrio,~ o/ cv7:~‘/rrc’ /rtrc.tio~~s. All steps were car- 
ried out at @4 with cold sterile solutions and sterile 
equipment. Animals were killed by decapitation. the 
organs were removed and minced with an Ultra-Tur- 

729 



IX\ homo~cn~~r (max 2 see) and subsequently homo- 
penrrcd \b~th a motor driven glass-Teflon homogcn- 
&I- in 2 vol. of I. iYt, KU containing 70 mM Tris- 
bufl’cr. pH 7.4. usins 5 strokes. The homogenate was 
~~iitrifLl~~d for 20 nizn at 9oCl0 g, the s~lpcr~~~~t~i~~l (the 
S9-fraction) was diluted to the appropriate protein 
concentration (usually 40 mg’ml) after protein deter- 
mination according to Lowry f’f [I/. [l4]. and us& 
ax c‘n/yme source. Microsomcs were prepared after 
ccn triftrgation of the 9000 (1 supcrnntant at 105.000 g/ 
for 60 min. the t~~i~ros~~I~~~~1 pcllct was washed in thcl 
Tt-is-KC‘1 bull’cr and ccntrifugcd once more tit 
I O.i.i)O(l g for 60 min. The washxi microsomal pcllct 
XI> I-e~uspended in the Tris-KCI butyer. 

.2lf,rtr(lc,,lc’,si.\ ilY\CI,l’. Mutagenesis was carried out 
essentially as described bq Ames tsf trl. [6]. To 2 ml 
of molten top qpr at 45 were added 0. I ml d a 
17 hr dtw-c of the bacterial tester strain TA 15% 
(a gcncrous gift from Dr. Bruce N. Ames. Bcrkclc~. 
[ISA: 6 x IO’ bacteriq.ml). 0.1 ml dimethyl sulfoside 
containing chemicals to be tested. and 0.5 ml of the 
S)-mixture. containing 0.1 ml of SY-fraction (7 mg 

protein per plate unlcsa otherwise stated). X /moles 
of M&I,. 33 ilrnolea of KCI. 5 ltmoles of glucose 
~-pi~t~spll~~t~. 4 jtrnolcs of NADP. and IO jnnoles ol 
sodium phosphate ‘m&r. pH 7.4. per milliliter. In ex- 
periments where microsomes wcrc used as enzyme 
source the glucose h-phosphate concentration was in- 

s. ~HOX<il:IKSSOiY 

creased to 20 /~moles/ml and each milliliter of reaction 
mixture also contained 2 units of glucose h-phosph:ttc 
dehydrogcnase. The colonies on each plate (histidine 
rcvcrtants) were counted after a ?-day incubation at 
37 Valises from plates without Kilut~~~~li (rcprcs0it- 
ing spontaneous revertants. averaging 25 colonies per 
plate) were ;hvays subtracted. For bacterial touicit! 
tests. mutagen and bacteria (after 21 I :300.00() dilu- 
tion) wcrc plated on full agar plates containins 
8 g:liter of Difco nutrient broth (IS). 

KESC’LTS 

Chlfr~l~tl~~i~utiorl of 2,4-tlitrrllinoimi,sole rtltrrtryelll~.\is 

in vitro. The relationship between varying concen- 
trations of 2.4-diaminoanisole. concentration of livcl 
homogenate. and the histidine revertant rate in con- 
trol and Aro~~or-pretreated rats and mice is shown 
in Fig. 1 A D. Whereas mice showed the highest rate 
of revertants compared to rats with control liver. rats 
had the highest rates compared to mice with induced 
liver. No inhibition of the absolute bacterial counts 
was seen in the concentration range used. 

Efif(Y i$ ~~~‘?~~~Zfl~~~~Zf H.ith indficcrs tzmf itlhihitoi\ 
of ~~~~~~,~~~~}~~I~~ P-450. Pretreatmerits of animals with 
chemicals that arc known to alter the concentration 
or activity of microsomal cytochrome P-450 enyymcs 
were tested for their efiect on the mutation rate with 

I-ig. I. A D. Dcpcndencc of histidine revertant rate on concentration of 2.4-diaminoanisole it1 I I~,VJ 
in control (A) and .~I-oclor-prctr~at~d (B) rats and in control (C’) :tnd Aroclor-pretrcnted (D) mice 
Two S9 protein concentrations (milligrams per plate) for each trcatmrnt group are shown. Values 

arc means of duplicate estim;ttions with po&d livers from 2 rats and 5 mice. 
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Table 1. Effect of pretreatments on 2.4-diaminoanisole 
mutagenicity in vitro in rats and mice 

Rats Mice 
Revertants Revertants 

Pretreatments per plate per plate 

Control 252 f 41 473 f 27 
Phenobarbital 485 * 73 630 f 51 
Beta-Naphthoflavone 2077 k 114 920 f 96 
Cobaltous chloride 97 * 5 481 f 85 
Piperonyl butoxide 361 + 51 623 f 95 

Each plate contained 10 fig 2,4_diaminoanisole and 2 mg 
protein. Values are means k SD. of 4 estimations with 
pooled livers from 2 rats and 5 mice. 

2,4-diaminoanisole (Table 1). Pretreatment with 
phenobarbital or /I-naphthoflavone gave increased 
mutation rates in both rats and mice. P-naphthofla- 
vone was the more elective inducer of 2,4-di- 
aminoanisole mutagenicity in both rats and mice. 
Cobaltous chloride. a compound thought to inhibit 
cytochrome P-450 synthesis [ 161, reduced the 
mutation rates in rats, whereas the mice were resistant 
to this treatment. Piperonyl butoxide, an inhibitor of 
many cytochrome P-450 mediated reactions [17], 
however, increased 2,4_diaminoanisole mutagenicity 
in both rats and mice. An explanation for this could 
be that piperonyl butoxide only inhibits a non- 
mutagenic metabolic pathway thereby increasing the 
substrate concentration available for the mutagenic 
pathway. 

Addition of cytochrome P-450 inhibitors in vitro. 
The cytochrome P-450 inhibitors a-naphthoflavone 
and metyrapone have been used to differentiate 
between the various forms of the cytochrome [18]. 
x-Naphthoflavone was shown in mice to inhibit the 
3-methylcholanthrene-inducible aryl hydrocarbon hy- 
droxylase activity more than the phenobarbital-induc- 
ible hydroxylase activity, whereas metyrapone inhi- 
bited the phenobarbital-inducible hydroxylase activity 
more than the 3-methylcholanthrene-inducible hy- 
droxylase activity [18]. A similar pattern to the one 
seen on hydroxylase inhibition was seen when the two 
inhibitors were tested on 3-methylcholanthrene muta- 
genicity in vitro with S9-liver fractions from DBA/2N 
mice [19]. Figures 2 A-F show the effects of a-naph- 
thoflavone and metyrapone on 2,4-diaminoanisole 
mutagenicity in control, phenobarbital-, and /I-naph- 
thoflavone-pretreated rats and mice. a-Naphthofla- 
vone was most inhibitory in the polycyclic hydrocar- 
bon-induced animals. least inhibitory in control mice 
and phenobarbital-pretreated rats. Metyrapone was 
hardly inhibitory in any of the mouse preparations. 
whereas it showed the greatest inhibition in pheno- 
barbital-pretreated rats. 

Genetic differences in 2,4-diaminoanisole mutageni- 
city. The mutagenicity of 2-acetylaminofluorene has 
been shown [13] to be increased by liver postmito- 
chondrial fractions from 3-methylcholanthrene- 
treated B6 inbred mice, but not from 3-methylcho- 
lanthrene-treated D2 inbred mice. Furthermore, the 
aromatic hydrocarbon induced metabolic activation 
of 2-acetvlaminofluorene to a mutagen in vitro 

Fig. 2. A-F. Effects of addition of a-naphthoflavone and metyrapone on 2.4-diaminoanisole mutageni- 
city in ritro in control (A), phenobarbital-pretreated (B), and /I-naphthoflavone-pretreated (C) rats and 
in control (D), phenobarbital-pretreated (E), and fl-naphthoflavone-pretreated (F) mice. The designated 
amount of each inhibitor was added directly to the top agar. Each plate contained 10 pg 2,4-diaminoani- 
sole and 2 mg protein. Values are means of duplicate estimations with pooled livers from 2 rats and 

5 mice. 
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Fig. 3. Z.4-Diaminoanisole mutagenicity in riiro in control and 8-naphthoRavone-pretreated nonrespon- 
sive DBA;ZJ (I3 2) and responsive C57BL%J (B 6) mice. Each plate contained IO jig 2.4-diaminoanisolc 
and 1.0. 1.5. or 2.0 mg protein. Open circfes. control mice; filled circles. P-naphthofl;lvone-prctrzated 

mice. Values are means of duplicate estimations with pooled livers from IO mice. 

appeared to be expressed as an additive trait in 
appropriate backcrosses and intercross involving B6 
and D2 micr: [ 131. Figure 3 shows the histidine rever- 
tant rate with 2.4~diaminoanisolc using liver fractions 
frotn untreated and /?-naphthoflavone pretreated non- 
responsive D2 and responsive B6 mice. Although 
~~-lla~htho~a~‘on~ pretreatment did increase the revcr- 
tnnt rate with liver fractions from the llonres~t~nsi~~e 
mice. a higher increase was seen with liver fractions 
from the responsive mice in this experiment. 

7,4-Di(llflinOUFliSOIt’ mutugmi~it~ wirh ~.~r~~~~lt,~J~~rj(, 

rissres mtf ,jkrd iiwr. Aroclor 1254. which very effec- 
tively induced ~.4-di~~Ininoanisol~ rnut~~~eni~ activity 
with liver preparations. was also tested for its possible 
effect on extrahepatic tissues (Table 2). In rats. both 
kidney and lung 9000 y supernatant fractions had low 
basal activity compared to the liver; however. the ac- 
tivit! could be induced both in kidneys and lungs. 
hut ihc ctfect 11;~s cspccially striking in the kidncb 
~~r~i~~ll.~lti~~n. 

tnd~i~tio~~ of aryi hydrocarbon hydroxyiase activity 
has been shown to occur in fetal rat liver [20. Ill]. 

Recently. induction of benzocd)pyrene mutagenicity 
with fetal rat liver has also been demonstrated [lS]. 
Tablo 3 gives the results of experiments in which fatal 
liter was tested for ~.4-di~lminoanisole rnL]t~~~e~ii~ ac- 

Tablo 3. 2.4-Diaminoanisole mutagenicity irt r+fw with 
liver and extrahepatic tissues in rats 

_.._.-.-_ .~- 

Controls Aroclor-pretreated 
l:nq mc Revcrtants Revertants 
‘;i~ill’Cc‘ per plate per plate 
.--~- -~-~ 

LIW 2% & 20 1291 i_ 204 
Kidney 
Lung _ 

19 i-4 685 * 176 
t-! * 5 is i 5 

-.- 11~ 
Each plate contained 10 itg 2.6diaminoanisole and 2 mg 

protein of each enzyme preparation. Values are means 
i SD. of 3 ~stini~~tiolls with pooled organs from I! rats. 

tivity. Twenty-day-old fetal liver did not show an> 
activity. however. when the pregnant mothers had 
been pretreated 14 hr previously with /Gnaphthotla- 
cone considerable activity was present. 

S~fh~~~il~rl~i~ /oc,iili;cltiorl ($ LIC rirc~liny C~~IZJ~IIC~. 
Vai-iou5 ~uhccllular liver fractions from control and 
li-i~;lpiitiioil~tconc-llretreated rats and mice \~‘crc 
tested for their ability to Ibrm mutagenic produces 
from ~.4-diaminoanisolc (Table 4). Washed micro- 
V~I~K\ \\ crc found to IX :tcti\ e in this s) stt’m. \-vhcre;ts 
\cr! little activity was found in the 1 tFdKXl~~ s~prtx~- 
tarit fraction. ~.ombiriiIi~ microsomes and 105.000 g 
sLlpern~~taiit together increased the rn~~t~~t~~~~~ rate con- 
siderably compared to the rate with microsomes only. 
For some reason, the absolute mutation frequency 
rate with 2,4-diaminoanisole in the /j-naphthoflavone- 
induced animals were considerably lower than usual 
in these experiments. 

-.-.-..- . .._ ~_--.._ -_ 

Control BNF--Pretreated 
t.:nc\ mc Revertants Revcrtant\ 
prqxir:Ltlon per plate per plate 
_l____~_--~--I_ .-- -. 

Fetal liver 0* 335 + II 
Maternal liver IX7 + I8 23x9 + 307 

.-. 

* 20 2.3 colonic~ per plate ~vlthoiit mutagen, 1X 17 col- 
onies per plate with mutagen. Pregnant rats were prc- 
treated with /I-naphthoflavone XOmp:‘kp i.p. on day 19 of 
gestation. they were killed 74 hr later. Each plate contained 
10 itg 2.4-diaminoanisole and 2 mp protein. Value% xc 
means + S.D. of 4 estimations with pooled liver\ l’rom 
2 litters and darn>. 
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Table 4. 2,~Diamilloanisole rnu~geni~jty in ritrn with various subceltular liver fractions in control and ~-naphthofla- 
vane-pretreated rats and mice 

Subcellular 
fraction 

9000 Sup~rnatant 9 
Microsomes 
105,000 y Supematan t 
Microsomes 

+ 
105.OOOy Supernatant 

Rats Mice 

Control BNF Control BNF 
rev.:plate rev./plate rev./plate rev.!plate 

163 (153-172) x39 (75X--9~0) 449 (402-495) 656 (632-701) 
4s (28-73) 237 (164-302) 136 (105-151) 226 (21 l-244) 

5 (o-12) 23 (19-25) 8 (j-12) 3 (o-7) 

360 (339 399) 873 (826-946) 379 (361-397) 359 (31X--391) 

Preparation of liver cell fractions are described in Materials and Methods. Each plate contained 10 Erg 2.4-diaminoani- 
sole and 2 mg protein of each fraction. Values are means of 3 estimations with pooled livers from 2 rats and 9 mice, 
range in parenthesis. 

Table 5. Histidine revertant rate with 2,4-diaminoanisole analogs in control and /?-naphthoflavone-pretreated rats and 
mice 

Rats Mice 

Control BNF Control BNF 
Aryldiamine rev./plate rev./plate rev./plate rev./plate 

2,4-Diaminoanisole 186 2304 410 1299 
2,4-Diaminotoluene 10 16 8 23 
2.4-Diaminophenol 0 77 0 9 
~-D~aminobenzene 6 49 36 58 
p-Diaminobenzene 0 73 26 5s 
o-Diaminobenzene 0 5 4 7 
2,6-Diaminotoluene 0 2s 18 17 
3.4-Diaminotoluene 0 5 0 0 
3.4-Diaminobenzoic acid 0 0 0 0 
3.5-Diaminoben~oi~ acid 0 1 3 0 

Each plate contained 10 rre aryldiamine and 2 me protein. Values are means of duplicate estimations with pooled 
livers from 2 rats and 5 m&c _ 

_ . 

whereas alteration of the anisole moiety to a methyl- 
or hydroxyl-group or a hydrogen markedly reduced 
activity. Even less activity was seen with the ortho- 
aryldiamin~s: and the diaminobenzoic acids were not 
mutagenic at the concentration tested. None of these 
aryldiamines were cytotoxic at this concentration. 
2,4-Dinitroanisole also showed slight mutagenic ac- 
tivity (65 colonies per plate with 10 pg), however, this 
rate was also found when the S9-Mix was omitted. 
The explanation for this could be the activation of 
the dinitro-compound by bacterial reductases. 

Effects of ~~~tr~~~t~~~t~ ~lbicb alter the ff~uilabj~~t~ 
of hrpntic g~~rut~~~~ne. Experiments with control: 
phenobarbital-, and /?-naphthoflavone-pretreated ani- 
mals were performed to see if the availability of hepa- 
tic glutathione would influence the rates of 2,4-di- 
aminoanisole mutagenicity with rat and mouse liver 
SY-fractions. Pretreatments with diethyl maleate. 
which depletes hepatic glutathione, and cysteine, a 
glutathione precursor [22], did not markedly alter the 
revertant rate (data not shown), neither did the direct 
addition of 0.9 ,umole diethyl maleate per plate. 

DISCUSStON 

The use of a bacterial mutagenesis assay as an indi- 
cator for the study of cytochrome P-450 mediated 
metabolic reactions has successfully been demon- 

strated using polycyclic hydrocarbons [ 191 and 2- 
acetylaminofluorene [ 131 as substrates. Although 
such an assay does not allow a kinetic analysis of 
the reactions studied, much can be learned about the 
activation pathways by irr ciuo and irr tlitro manipula- 
tions of the cytochrome P-450 system. 

Our data indicate that activation of the aryldiamine 
2,4-diaminoanisole to a mutagenic intermediate(s), 
occurs via cytochrome P-450 metabolism. Pretreat- 
ments that alter the concentration and activity of 
cytochrome P-450 have simitar effects on 2.4-di- 
~~n~inoanisoie mutagenicity. The difficulties encoun- 
tered with cobaltous chloride-pretreatment in mice 
have also been seen with other cytochrome P-450 par- 
ameters in another mouse strain [23]. Addition of 
cytochrome P-450 inhibitors itz citro also inhibits 
2,4-diaminoanisole mutagenicity, the pattern of inhi- 
bition in rats being very similar to the effects seen 
with these inhibitors on aryl hydrocarbon hydroxyl- 
ase [18] and 3-methylcholanthrene mutagenicity [ 19) 
in mice. The pattern of relative activity and inducibil- 
ity of 2,4-diaminoanisole mutagenicity in extrahepatic 
tissues are similar to the pattern of many other cyto- 
chrome P-450 mediated factions. The differences in 
2,4-diamino~nisole mutagenicity with liver fractions 
from ~-naphthoflavone-treated D2 and B6 mice sug- 
gest that the induction of cytochrome P-450 mediated 
2.4-diaminoanisole activation by polycyclic aromatic 



7.24 E. Di’li1’4t; and s. s. ~HOKGI‘IKW tN 


