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SUMMARY

SCHUT, HERMAN A. J., WIRTH, PETER J. & THORGEIRSSON, SN0RRI S. (1978)

Mutagenic activation of N-hydroxy-2-acetylaminofluorene in the Salmonella test

system: the role of deacetylation by liver and kidney fractions from mouse and rat.
Mol. Pharmacol., 14, 682-692.

The Ames bacterial mutagenesis system was used to evaluate the role of the deacetylase
and sulfotransferase in the mutagenic activation of N-hydroxy-2-acetylaminofluorene.
The mutagenicity of N-hydroxy-2-acetylaminofluorene mediated by liver or kidney mi-

crosomes was independent of treatment of mice or rats with microsomal enzyme inducers
and, at equivalent protein concentrations, was the same whether mouse liver or mouse
kidney microsomes were used. N-Hydroxy-2-acetylaminofluorene mutagenesis with
mouse and rat liver or kidney microsomes was completely inhibited by 0.1 mM paraoxon
and partially inhibited by addition of 3’-phosphoadenosine 5’-phosphosulfate when rat
liver 9000 x g supernatant was used. Although the rates of deacetylation of 2-acetylami-
nofluorene and N-hydroxy-2-acetylaminofluorene in vitro were lower in kidney micro-
somes than in liver microsomes of either the mouse or the rat, both reactions were also

completely inhibited by 0.1 m’vi paraoxon. The addition of ascorbic acid (10 mM)
approximately doubled the mutagenicity of N-hydroxy-2-acetylaminofluorene in the

presence of mouse kidney microsomes but had no effect on the mutagenicity of N-

hydroxy-2-aminofluorene in the absence ofmicrosomal protein. Butylated hydroxytoluene
( 10 mM) had very little or no effect, in either the absence or presence of 10 mrvi ascorbic

acid, on the mutagenicity of N-hydroxy-2-acetylaminofluorene with liver or kidney
microsomes. Our data indicate that deacetylation is the most important step in the
mutagenic activation of N-hydroxy-2-acetylaminofluorene by mouse and rat liver and

kidney fractions and that the arylnitrenium ion, rather than the nitroxyl free radical, is
the electrophiic species interacting with the bacterial DNA, resulting in the frameshift
mutation.

INTRODUCTION ylation via a cytochrome P-450-dependent

The first step in the metabolic activation monooyxgenase (2). Further metabolism of
of AAF’ to a carcinogen involves N-hydrox- .

fluorene; N-OH-AAF, N-hydroxy-2-acetylammofluo-

This work was presented in part at the meeting of rene; MC, 3-methylcholanthrene; BHT, butylated hy-

the Federation ofAmerican Societies for Experimental droxytoluene (2,6-di-tert-butyl-p-cresol); PB, sodium

Biology, Chicago, April 1977 (1). phenobarbital; PAPS, 3’-phosphoadenosine 5’-phos-

� The abbreviations used are: AAF, 2-acetylamino- phosulfate.
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the N-OH-AAF thus formed is believed to
yield the ultimate carcinogen(s) derived
from AAF. Possible enzymes involved in
the latter activation step include the sulfo-
transferase, deacetylase, transacetylase,
and UDP-glucuronyltransferase (3-9).
While the sulfate ester of N-OH-AAF ap-
pears to be the electrophuic species that is
the ultimate hepatic carcinogen in the rat
(3, 4), evidence obtained in our laboratory
with the Salmonella mutagenesis test in-
dicates that sulfation of N-OH-AAF by ac-
tivation of rat liver sulfotransferase de-
creases N-OH-AAF mutagenicity (10). In
contrast, the addition of mouse liver micro-
somes (11) or rat liver 9000 x g supernatant
(12) dramatically increases N-OH-AAF
mutagenicity but does not affect or de-
creases the mutagenicity of N-hydroxy-2-
aminofluorene and 2-nitrosofluorene (12).
The latter two compounds, formed after N-

OH-AAF deacetylation, are 200-300 times
more mutagenic than N-OH-AAF (12).
These results suggest that a microsomal
enzyme, possibly the deacetylase, is more
important than the soluble sulfotransferase
in the mutagenic activation of N-OH-AAF.
Preliminary data indicate that in mouse

liver this enzyme is not inducible by prior
treatment with MC (11).

In the guinea pig, the highest microsomal
deacetylation of N-OH-AAF is found in the
liver, followed by the kidney (13), and
mouse kidney microsomes appear to pos-
sess a greater potential to activate AAF
into a mutagen than mouse liver micro-
somes (14). In this report we attempt to
relate liver and kidney microsomal deace-
tylases, and their possible induction, to the
mutagenic activation of N-OH-AAF in vi-

tro, using the C57BL/6N and DBA/2N
inbred strains of mice that have been used
in our laboratory to study genetic differ-
ences in AAF mutagenesis and metabolism
in vitro (11, 15-17). Since the N-OH-AAF
sulfotransferase of mouse liver is very low
(4), we used subcellular fractions from rat
liver to study the role of the sulfotransfer-
ase in the mutagenic activation of N-OH-
AAF. The nature of the electrophiic spe-
cies responsible for the mutagenic activa-
tion of N-OH-AAF was examined using the
antioxidants ascorbic acid and BHT.

MATERIALS AND METHODS

. Materials. MC, AAF, and 2-nitrofluorene
were obtained from Eastman Organic
Chemicals; paraoxon (diethylp-nitrophenyl
phosphate), 2-aminofluorene, and ammo-
mum pentacyanoamine ferroate disodium
salt pentahydrate, from Aldrich Chemical

Company; NADPH, p-dimethylaminoben-
zaldehyde, L-ascorbic acid, and BHT, from
Sigma Chemical Company; Arochlor, from
Analab, Inc.; and PB, from Merck & Corn-
pany. N-OH-AAF and Salmonella tester
strain TA 1538 were generous gifts from Dr.
Elizabeth K. Weisburger, National Cancer
Institute, and Dr. Bruce N. Ames, Univer-
sity of California (Berkeley), respectively.

Prior to use N-OH-AAF was purified by
thin-layer chromatography (silica gel; chlo-
roform-methanol, 95:5) and crystallization
(acetone-hexane). N-Hydroxy-2-aminoflu-
orene was synthesized from 2-nitrofluorene
as described by Lotlikar et al. (18) and
stored under nitrogen at -20#{176}.

Animals. C57BL/6N and DBA/2N
inbred strains of mice (4-6 weeks old) and
male Sprague-Dawley rats (80-120 g) were
provided by the National Institutes of

Health Animal Supply and maintained as
before (15). Animals were treated with a
single intraperitoneal dose of MC (80
mg/kg) or Arochlor (500 mg/kg) dissolved
in corn oil and killed 48 hr later. PB, dis-
solved in 9.5 mM phosphate-buffered 0.85%
NaCl, pH 7.2, was administered intraperi-
toneally for 3 days in successive daily doses
of 40, 80, and 80 mg/kg, and the animals
were killed 24 hr after the final dose.

Preparation of liver and kidney frac-
tions. Animals were killed by cervical dis-
location. All subsequent steps were carried

out at 0-4#{176}.Livers and kidneys were re-
moved, washed in phosphate-buffered
0.85% NaCl (pH 7.2), minced, and, after
several additional washes with phosphate-
buffered NaCl, homogenized in 3-4 volumes

of the same solution, using a Potter-El-
vehjem homogenizer with a Teflon pestle.
After centrifugation for 20 mm at 9000 x g,
the supernatant (5-9 fraction) was stored

at -80#{176}or further centrifuged at 105,000
x g for 60 mm to obtain the microsomal
pellet. Microsomes were resuspended in

phosphate-buffered NaCl and assayed im-
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mediately or resuspended in a small volume
of 0.25 M potassium phosphate buffer, pH
7.25, containing 30% (v/v) glycerol and
stored at -80#{176}.Microsomes stored in this
manner retained the same mutagemc acti-
vation potential for at least 4 months. Pro-
teins were determined colorimetrically (19).

Mutagenesis. The method was that de-
scribed by Ames et al. (20), with slight
modifications. Briefly, molten (45#{176})top
agar was mixed with 0.4 M sodium phos-
phate buffer (pH 7.4), 70 mM MgC12, 130
mM KC1, 0.5 mM biotin, and 0.5 nm’i histi-

dine to final concentrations of 100, 8, 33,

0.045, and 0.045 mM, respectively. To 2.3 ml
of this mixture were added 0.1 ml of the
bacterial tester strain TA 1538 (2-3 x i0�

bacteria/mi), 0.1 ml of dimethyl sulfoxide
containing the test compound (AAF, N-hy-
droxy-2-aminofluorene, or N-OH-AAF),
and 0.1 ml of 5-9 or microsomal protein.
When AAF was tested, 0.05 nil of NADPH
solution (20 mg/mi of phosphate-buffered
NaCl) was added. Prior to addition, the 5-
9 or microsomal protein solutions were di-
luted with phosphate-buffered NaCl to the
desired protein concentration and filtered
using a 0.45jtm Swinnex ifiter unit (Milli-
pore). The protein concentration of the ifi-
trate was determined to estimate losses due
to this procedure. After incubation for 48
hr at 37#{176}, the number of colonies per plate
(histidine revertants) was determined using
a Count-all (model 600) colony counter
(Fisher). The toxicity of AAF and N-OH-
AAF to the bacteria was tested as before
(11). With 10 pg/plate, less than 10% killing
was observed.

Preparation of PAPS. The sulfate-acti-
vating system was purified from rat liver as
described by Robbins and Lipmann (21),
PAPS was synthesized according to Irving

et al. (22), assayed usingp-nitrophenol (21)
as the substrate for sulfation, and stored in
0.1 M Tris-HC1, pH 7.4, at -20#{176}.

Deacetylation of AAF and N-OH-AAF.
Rates of deacetylation were measured as
described by Jarvinen et al. (23). Briefly,
for the assay of AAF deacetylase the final

reaction mixture (2 ml) contained 1 ml of 1
M Tris-HC1 buffer (pH 7.0), 0.5 ml of 1 mivi
AAF (in methanol-water, 1:1), and micro-
somal protein to a final concentration of 0.6

mg/nil. After incubation for 20 mm at 37#{176},
the reaction was terminated by adding 2 ml
of a mixture (1:1) of 1% (w/v) ethanolic p-
dimethylaminobenzaldehyde and 1 M so-

dium acetate buffer, pH 1.4. After 30 miii
at room temperature and centrifugation at

3000 x g for 5 miii, absorbances at 460 nm
were determined. For the assay of N-OH-
AAF deacetylase, the tubes, containing 1
ml of 0.05 M phosphate buffer (pH 6.5), 0.05
ml of 0.4% (w/v) aqueous ammonium pen-
tacyanoamine ferroate, and 0.5 ml of micro-
somal protein solution (final concentration,

0.2 mg/mI), were first incubated for 2 miii
at 37#{176},after which 0.1 ml of 20 niM N-OH-
AAF in ethanol was added. The reaction
was stopped after 10 or 20 mm by the
addition of 2 ml of ethanol, and after 30
mm at room temperature absorbances at
575 nm were measured. Under these con-
ditions deacetylation rates were linear for
both assays and were determined by refer-
ence to standard curves prepared with 2-
aminofluorene or N-hydroxy-2-aminoflu-
orene under conditions identical with those
of the AAF deacetylase and N-OH-AAF
deacetylase assays, respectively, but with-
out microsomal protein. Concentrations of
13.8 �M 2-aminofluorene and 47.8 �zM N-

hydroxy-2-aminofluorene in the incubation
mixture yielded absorbances of 0.275 and

0.152, respectively, with a 1-cm optical
path.

RESULTS

AAF mutagenicity with mouse liver and

kidney microsomes. AAF mutagenicity (5
!_Lg of AAF per plate) with liver microsomes
(1 mg of protein per plate) from C57BL/6N
mice was increased more than 5-fold (from
213 to 1160 revertants/plate) after MC
treatment, while that with liver microsomes

from DBA/2N mice was increased less than
2-fold (from 251 to 495 revertants/plate)
after MC treatment of the animals. This
genetic difference in AAF mutagenicity be-
tween the two mouse strains has been ob-
served before in our laboratory (11, 16). By
contrast, when kidney microsomal protein
(1 mg/plate) was used, AAF mutagenicity
(5 ,�g of AAF per plate) was much less
(45-60 revertants/plate), there was no
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strain difference, and prior treatment with
MC had no effect.

N-OH-AAF mutagenicity with liver and
kidney microsomes. Except in the case of
N-OH-AAF (10 �tg/plate) mutagenesis in
the presence of kidney microsomes (1
mg/plate) from DBA-2N mice (Table 1),
treatment of either mouse strain with MC
had no effect (p > 0.05, t-test) on the num-
ber of revertants obtained and there was no
difference between the two strains. At com-
parable protein concentrations the muta-
gemcity with mouse liver microsomes wasi
approximately the same as with mouse kid-
ney microsomes (Table 1). Treatment of
rats with microsomal enzyme inducers sig-

nificantly affected (p < 0.01, one-way anal-
ysis of variance) N-OH-AAF mutagenicity

(Table 1). Both MC and Arochlor treat-
ment decreased (p < 0.05, Q-statistic) the

number of revertants obtained in the pres-
ence ofliver microsomes, and PB treatment
increased (p < 0.05) the mutagenicity with
kidney microsomes (Table 1).

Effect ofparaoxon on N-OH-AAF mu-
tagenicity. Paraoxon, when added at a con-
centration of 0.1 mM, completely inhibited
N-OH-AAF mutagenicity mediated by liver
or kidney microsomes from MC-treated
C57BL/6N mice or from PB-treated rats,
with the kidney enzyme being more sensi-
tive than the liver enzyme (Fig. 1). When

TABLE 1

N-OH-AAF mutagenicity mediated by liver and kidney microsomes

The mutagenesis assay was carried out as described under MATERIALS AND METHODS. Values are mean

revertants (±standard deviations) per plate observed in two to four experiments and have been corrected for

the revertants obtained in the absence of mmcrosomal protein: 28-37 (1 �g of N-OH-AAF per plate), 61-73 (5

�tg of N-OH-AAF per plate), and 89-103 (10 �g of N-OH-AAF per plate).

Strain Treat- N-OH-AAF Liver Kidney
ment

0.5 mg#{176} 1.0 mg#{176} 0.5 mg’ 1.0 mg#{176}

pg/plate revertants/piate revertants/plate

DBA/2N mouse None 5 4355 ± 565 5810 ± 877 2905 ± 566 4605 ± 283

10 5155 ± 502 5595 ± 919 3500 ± 99 4930 ± 368

MC 5 6190 ± 35” 7100 ± 205” 2400 ± 170 4000 ± 42

10 7100±2942” 7880±926b 3150±202 6410±240�

C57BL/6N
mouse None 5 3140 ± 658 3760 ± 290 3080 ± 509 3495 ± 14

10 3425 ± 64 3910 ± 346 3475 ± 467 3860 ± 516

MC 5 3230 ± 346 3375 ± 403 2880 ± 85 3170 ± 424

10 3050±573 4015±265 3190±474 3570±580

Sprague-Dawley

rat None 1 182±59 332±53 46±14
5 1237 ± 184 2401 ± 143 186 ± 28

10 2080±184 2863±155

MC 1 39�18d 32±8” 71±9
5 1#{174}�26d 198�23d 257±31

10 380±36” 597±&i’�

PB 1 207 ± 76 653 ± 223 76 ± 19

5 995±51 1702±138 362±56”

10 2251 ± 269 2781 ± 117

Arochior 1 29 ± 15” 35 ± 8d � � 22

5 104±68” 178±32” 271±49
10 5os±79” &i2±49’�

a Milhi�� of protein per plate.

b Instead of 0.5 and 1.0, the protein concentrations were 0.8 and 1.6 mg/plate, respectively, for this set of

values.
C Different (p < 0.05) from control (untreated) value (independent t-test).

d Different (p < 0.05) from corresponding control (untreated) value (Q-statistic).
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FIG. 1. Effect ofparaoxon on N-OH-AAF mutagenicity mediated by liver and kidney microsomes from

MC-treated C57BL/6N mice (A) and PB-treated rats (B)

A concentration of 5 �g of N-OH-AAF per plate was used. Values represent mean percentage revertants of

control (uninhibited) ± standard deviations of four experiments in the case of mouse liver mmcrosomes (#{149})and
the means of two experiments in the case of microsomes of mouse kidney (A), rat liver (#{149}),and rat kidney

(A). Paraoxon was added dissolved in 0.1 ml of dimethyl sulfoxide.

tested at concentrations similar to those
shown in Fig. 1, paraoxon had similar irthib-
itory effects on N-OH-AAF mutagenicity
or AAF mutagenicity mediated by liver or
kidney microsomes or 5-9 fraction from
untreated C57BL/6N and DBA/2N mice,
MC-treated DBA/2N mice, and untreated,
MC-treated, or Arochior-treated rats. Par-
aoxon itself, when tested at 1 nM-0.1 mrs’i,
was not mutagenic in either the absence or
presence of microsornes. The toxicity of
paraoxon to the bacteria was tested by de-
termining the number of colonies formed in
histidine-enriched (0.9 mM) agar after the
bacteria had been exposed to 0.1 �tM-0.1
mM paraoxon for 5 mm at 37#{176}and diluted
to approximately 2000 bacteria/mi before
plating. At these concentrations paraoxon
did not result in decreases in the number of
colonies formed.

Effect of PAPS on N-OH-AAF mutage-
nicity. The addition of PAPS, at molar
concentrations ranging from 25 to 75 times
that of the substrate, inhibited N-OH-AAF

mutagenicity by approximately 20% when
rat kidney 5-9 was used, and by approxi-
mately 50% in the presence of rat liver 5-9

(Fig. 2). At these concentrations PAPS was
not toxic to the bacteria.

Effect of paraoxon on deacetylation of
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from untreated rats

A concentration of 10 �tg of N-OH-AAF per plate

was used. Values are averages of two determinations

on S-9 fractions prepared from pooled organs. The

abscissa is the molar ratio of PAPS and N-OH-AAF

concentration on each plate. PAPS was added dis-

solved in 0.1 ml of 0.1 M Tris-HC1, pH 7.4.

AAF and N-OH-AAF. With liver micro-
somes, rates of N-OH-AAF deacetylation
were 30-40 times higher than rates of AAF
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deacetylation (Table 2). Activities in the

liver were 1.5-8 times higher than in the
kidney, and for both substrates the mouse
strains had higher activity than the rat,

regardless of treatment. MC treatment sig-

nificantly (p < 0.05) decreased kidney mi-
crosomal N-OH-AAF deacetylation in the
DBA/2N mouse and decreased (p < 0.05)
kidney microsomal AAF deacetylation in
the C57BL/6N mouse (Table 2). The ef-

fects of the various treatments on deacet-
ylation in the Sprague-Dawley rat were an-
alyzed by one-way analysis of variance.
Treatment had a significant effect (p <

0.01) on liver AAF and N-OH-AAF deace-
tylation but not (p > 0.05) on kidney N-

OH-AAF deacetylation. Comparisons
among means were made by the Q-statistic.
PB and Arochlor treatment significantly
increased (p < 0.05) liver microsomal AAF
deacetylation over control values, while all
three treatments increased (p < 0.05) liver
microsomal N-OH-AAF deacetylation (Ta-
ble2).

Paraoxon inhibited the deacetylation of
both AAF and N-OH-AAF completely at
0.1 mM, and, in the case of kidney micro-
somes, at 0.1 jzM (Fig. 3). Paraoxon had
similar effects on deacetylation rates of

liver or kidney microsomes from untreated

DBA/2N or C57BL/6N mice or rats, or
mice and rats treated with the various in-
ducers listed in Table 2.

Effects of ascorbic acid and BHT on

mutagenicity of N-OH-AAF and N-hy-
droxy-2-aminofluorene. The effects of var-

ious concentrations of ascorbic acid and
BHT on N-OH-AAF and N-hydroxy-2-
aminofluorene mutagenesis were analyzed

by one-way analysis of variance, and corn-
parisons between individual means were
made using the Q-statistic (Table 3). Ad-
dition of ascorbic acid (1-10 mr�i) had no
effect (p > 0.05) on N-hydroxy-2-aminoflu-
orene mutagenesis in the absence of micro-
somal protein. At both substrate concentra-
tions, treatment had a significant effect (p
< 0.01) on N-OH-AAF mutagenesis with
liver or kidney microsomes. With liver mi-
crosomes N-OH-AAF mutagenicity in the
presence of 1-10 mM ascorbic acid or
0.01-10 mM BHT was not different (p >

0.05) from the control value, while 1-10 m�
BHT had a small stimulatory effect (p <

0.05) when added together with 10 rnrvi as-
corbic acid (Table 3). With kidney micro-
somes the addition of 1-10 m� ascorbic
acid approximately doubled (p < 0.05) N-

TABLE 2

Liver and kidney AAF and N-OH-AAF deacetylation activities ofmice and rats treated with microsomal
enzyme inducers

Rates were determined by reference to standard curves prepared with 2-aminofluorene (AAF deacetylation)

or N-hydroxy-2-aminofluorene (N-OH-AAF deacetylation) as described in MATERIALS AND METHODS. Values

represent means ± standard deviations of four determinations on microsomes prepared from pooled organs.

Incubation time was 20 min in all cases except for the N-OH-AAF deacetylation by mouse liver microsomes,

which was carried out for 10 min.

Strain Treatment AAF deacetylation N-OH-AAF deacetylation

Liver Kidney Liver Kidney

nmoles product/mm/mg microsomal protein

DBA/2N mouse None
MC

0.51 ± 0.02 0.26 ± 0.03 24.3 ± 1.3 4.6 ± 0.7

0.54 ± 0.05 0.34 ± 0.04 24.4 ± 1.3 3.0 ± 0.7’

C57BL/6N mouse None

MC

0.61 ± 0.01 0.41 ± 0.03 29.4 ± 0.8 4.3 ± 1.3

0.55 ± 0.04 0.24 ± 0.02’ 27.5 ± 1.6 3.6 ± 0.4

Sprague-Dawley rat None

MC

PB
Arochlor

0.07 ± 0.02 ND” 2.8 ± 0.2 1.6 ± 0.8

0.08 ± 0.01 ND 3.8 ± 0.3 2.4 ± 0.2

0.12 ± 0.01� ND 4.6 ± 0.3” 1.7 ± 0.3

0.10 ± 0.OP ND 4.2 ± 0.1 1.7 ± 0.2

a Different (p < 0.05) from control value (independent t-test).

11 Level not dectable (ND) under the conditions of the assay.
C Different (p < 0.05) from control value (Q-statistic).
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FIG. 3. Effect ofparaoxon on microsomal AAF deacetylase (A) and N-OH-AAF deacetylase (B) of liver
(A) and kidney (#{149})from untreated DBA/2N mice

Values (percentage of control, Table 2) represent means ± standard deviations of four determinations on

microsomes prepared from pooled organs. Paraoxon was added dissolved in 0. 1 ml of absolute ethanol.

TABLE 3

Effects ofascorbic acid and BHT on mutagenicity ofN-OH-AAF and N-hydroxy-2-aminofluorene

See MATERIALS AND METHODS for details of the mutagenesis assay and preparation of liver and kidney

microsomes from MC-treated C57BL/6N mice. Ascorbic acid was added dissolved in the phosphate buffer

normally added to the mutagenesis mixture. BHT, dissolved in dimethyl sulfoxide, was added to microsomes

(0.1 ml of dimethyl sulfoxide per milliliter of microsomal suspension) 10 mm prior to mixing with the other
components of the mutagenesis mixture. Values are mean revertants per plate (±standard deviations) observed

in two experiments.

Addition Concen-
tration

mM

Liver microsomes” Kidney microsomes” No microsomal protein

0.5�tg’ 1.0�tgc

revertants/plate

0.5�ug� 1.0�ug�

revertants/plate

0.2�ug” #{216}5agd

revertants/plate

None 829 ± 15 1475 ± 90 225 ± 27 445 ± 40 2761 ± 169 3640 ± 38

Ascorbic acid 1.0

10.0

1086 ± 3 1915 ± 69

909 ± 66 1922 ± 2

416 ± 2Y 606 ± 50

578 ± 32� 810 ± 9fi�

2330 ± 383 4152 ± 194

2471 ± 127 4049 ± 849

BHT 0.01

1.0

10.0

633 ± 53 1246 ± 188
602 ± 24 1077 ± 180

666 ± 45 1421 ± 239

158 ± 16 377 ± 50

216 ± 24 289 ± 42

244 ± 16 257 ± 45

Ascorbic acid 10.0

+BHT 0.01

1.0

10.0

720 ± 48 1910 ± 8

1312±91e 2214±284

1479 ± 135� 2181 ± 94

362 ± 24 917 ± 45

578±24 897±26

578 ± 16 964 ± 201

a The concentration of microsomal protein was 0.4 mg/plate.

b The concentration of microsomal protein was 0.2 mg/plate.

C Micrograms of N-OH-AAF per plate.

d Micrograms of N-hydroxy-2-aminofluorene per plate.

e Different (p < 0.05) from control values (Q-statistic).

OH-AAF mutagenicity, while 0.01-10 m�i
BHT, alone or in combination with 10 mi�
ascorbic acid, had no effect (p > 0.05, Table
3).

DISCUSSION

It has been shown (11) that the muta-
genic activation of N-OH-AAF by mouse
liver fractions is independent of cyto-
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chrome P-450, indicating that enzymes
other than monooxygenases are involved.
The most likely activating enzyme for N-

OH-AAF is the microsomal deacetylase,
since the rate ofrevertants is approximately
doubled when the microsomal fraction is
used instead of the 5-9 fraction (11). This
report substantiates the latter supposition,
in that the enzyme, in both the mouse and
the rat, responsible for the activation of N-

OH-AAF into a mutagen in vitro can be

completely inhibited by 0.1 mM paraoxon
(Fig. 1), a known inhibitor of liver micro-
somal N-OH-AAF deacetylase (13). Simi-
larly, the deacetylation of AAF and N-OH-
AAF in vitro is completely inhibited by 0.1
mM paraoxon (Fig. 3). Inhibition by par-

� aoxon of carboxyesterase/amidase (EC
3.1.1) of pig or ox liver in vitro has been
shown before (24). Other recent evidence
(25) indicates that N-hydroxy-2-aminoflu-
orene is the mutagemc intermediate in N-

� OH-AAF mutagenesis mediated by rat liver

supennatant. Moreover, N-hydroxy-2-ami-
nofluorene has been shown to be 380 times
more mutagenic than N-OH-AAF (26).

The testing of a variety of chemical car-
cinogens in the Salmonella-microsomal
test system has shown that more than 85%
of carcinogens are also mutagens (27, 28).
Consequently it is to be expected that the
enzymes involved in the mutagemc activa-
tion of chemical carcinogens also mediate
the activation of these compounds to ulti-
mate carcinogens in vivo. The involvement
of deacetylation in carcinogenesis in vivo
by AAF or N-OH-AAF is not well defined
at present. Although the activity of rat liver
N-OH-AAF sulfotransferase correlates well
with susceptibility to hepatic carcinogene-
sis by N-OH-AAF (4) and this carcinogen-
esis can be enhanced by administration of
sodium sulfate (6), other evidence indicates
that enzymes other than the sulfotransfer-

� ase may contribute to the initiation of liver
� tumors as well as tumors occurring in ex-
� trahepatic tissues. For instance, analysis of

hepatic DNA adducts following administra-
tion of AAF and N-OH-AAF to rats mdi-
cates that the acetyl group is lost from AAF
and N-OH-AAF before or during arylation
of DNA (29-31). Such a mechanism was
also suggested from work in vitro (32, 33).

Moreover, N-OH-AAF induces tumors in
tissues lacking N-OH-AAF sulfotransferase
(4, 22).

While our data do not totally exclude the
possibility that the sulfotransferase is in-
volved in part in the mutagemc activation
of N-OH-AAF, this soluble enzyme is cer-
tainly less important for this process than
the microsomal deacetylase, since the ad-
dition of PAPS decreased N-OH-AAF mu-
tagenicity mediated by rat liver S-9 fraction
(Fig. 2). Furthermore, N-OH-AAF sulfo-
transferase activity of mouse liver is very
low (4), and N-OH-AAF mutagenicity is
approximately doubled when mouse liver
microsomal fraction is used instead of the

S-9 fraction (11). The inhibition of N-OH-
AAF mutagenicity by PAPS (Fig. 2) con-
firms our earlier observation with the use

of a PAPS-generating system (10). It has
been shown (34) that a number of esters,
including the sulfate of N-OH-AAF, are
mutagenic in the Bacillus subtilis system
of Freese and Strack (35). In this system
the reaction of the previously formed esters

with the transforming DNA takes place in
the absence of metabolism and permeabil-
ity barriers such as exist in the Salmonella
test system (26). It therefore seems likely
that the decrease in N-OH-AAF mutage-

nicity, observed when PAPS-activated sul-
fotransferase (10) (Fig. 2) is included in the
Salmonella test system, is not due to lack

of mutagenicity of the sulfated N-OH-AAF
per se, but rather to the extreme instability
of this ester in aqueous solution, which
prevents it from reaching the bacterial
DNA. Consistent with this explanation is
the finding that the sulfate ester of N-OH-
AAF is not carcinogenic when injected sub-
cutaneously (4).

Other evidence (5, 7) indicates that N-

OH-AAF activation to form DNA adducts
in the presence of rat liver cytosol is me-
diated by an N-O-acetyltransferase. This
soluble enzyme is virtually absent from
mouse liver (5) and therefore probably does
not play a role in N-OH-AAF mutagenesis
mediated by mouse liver microsomes. Its
activity in mouse kidney is unknown, but
rat kidney contains 3-5 times less than rat

liver (7). In the mutagenesis test N-acetoxy-
AAF is weakly active in the absence of
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mammalian enzymes (26) but is approxi-

mately as mutagenic as N-OH-AAF in the
presence of rat liver postmicrosomal super-
natant (25). Also, the addition of N-OH-
AAF N-O-acetyltransferase purified from
rat liver increases N-OH-AAF mutagenicity
(36).

The large difference in rates of hepatic
N-OH-AAF deacetylation between the
mouse and the rat (Table 2) is paralleled by
similar large differences between N-OH-
AAF mutagenesis with mouse liver micro-
somes and that with microsomes from MC-

or Arochior-treated rats (Table 1). How-
ever, N-OH-AAF mutagenesis with liver
microsomes from untreated and PB-treated
rats approaches that with mouse liver mi-
crosomes (Table 1), and the large species
difference in N-OH-AAF mutagenesis me-

diated by kidney microsomes (Table 1) is
accompanied by only a small species differ-
ence in kidney microsomal N-OH-AAF de-

acetylase (Table 2). Also, while N-OH-AAF
mutagenicity mediated by mouse liver and

kidney microsomes is approximately the
same (Table 1), the N-OH-AAF deacetylase
activities are 6-7 times lower in the kidney
than in the liver of the mouse (Table 2).
Similar but less pronounced lack of agree-
ment occurs in rat liver and kidney (Tables

1 and 2). It is possible that the relative
amounts of mutagenic and nonmutagenic
molecular species formed after N-OH-AAF
deacetylation differ between liver and kid-
ney and between mouse and rat (18). Such

differences would not be reflected in rates

of deacetylation, since ammonium penta-
cyanoamine ferroate rapidly forms a stable
complex with the N-hydroxy-2-aminoflu-

orene liberated and thereby prevents it
from further metabolism (13). Moreover,
this complexing reagent possibly activates
the N-OH-AAF deacetylase, a process de-
pendent on its concentration in the reaction
mixture, animal species, organ, and possibly
animal treatment (13). Treatment of rats
with MC or Arochlor, both inducers of he-
patic cytochrome P-448, drastically de-
creased N-OH-AAF mutagenicity with rat
liver microsomes (Table 1). This effect is
not due to a decrease in availability of N-

OH-AAF by partial reduction to AAF, as
has been observed in other systems (18),

since addition of excess NADPH did not

restore N-OH-AAF mutagenicity to values
obtained with microsomes from untreated
rats (data not shown). Whether the de-

crease in N-OH-AAF mutagenesis with
liver microsomes from MC-treated rats is
related to the protective effect of MC

against hepatic AAF carcinogenesis in this
species in vivo (37) is an intriguing, though
entirely speculative, possibility. Neverthe-
less, even though deacetylation rates (Ta-
ble 2) cannot be correlated quantitatively
with mutation frequency (Table 1), both

processes are inhibited in both liver and
kidney microsomes of each species (Figs. 1
and 3) by similar concentrations of par-

aoxon. Species differences in hepatic N-

OH-AAF deacetylase, such as those be-
tween rat and mouse (Table 2), have also
been observed between rat and guinea pig
(13, 23); in the guinea pig the kidney, after
the liver, has the highest N-OH-AAF de-

acetylation activity (13). While our data on
the importance of mouse kidney in the met-

abolic activation of AAF to a mutagen seem
at variance with those of Brusick et al. (14),
a direct comparison is difficult since the

mouse strain, protein concentration, and
bacterial tester strain used were different
in the present study.

Although MC treatment of the respon-
sive C57BL/6N mice results in increased
kidney microsomal P-450, but not in a blue
shift of the Soret maximum, which is char-
acteristic of liver microsomal P-450 after
such treatment (38), no increase in kidney
microsome-mediated AAF mutagenicity is
observed (see RESULTS). This finding is
consistent with observations in the rabbit.
While MC treatment results in increased
hepatic microsomal P1-450 (or P-448) and
AAF N-hydroxylase in this species, the lat-
ter enzyme is not induced in kidney micro-
somes (39) and there is no increase in the
electrophoretic band of 54,000 mol wt char-
acteristic of rabbit liver microsomes after
MC treatment (40).

Liver and kidney microsomal carboxyes-
terases/amidases are not inducible by in-
ducers of other microsomal enzymes (24).
Arochior is a possible exception, since levels
of nonspecific rat liver esterases are dou-
bled after treatment with this inducer (41).
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The observed effects, in most cases of minor
importance, of various inducers on AAF or

N-OH-AAF deacetylation (Table 2), which
are possibly related to the particular sub-

strate or animal strain used, are not re-
flected in effects on N-OH-AAF mutage-
nicity (Table 1).

We conclude that in liver and kidney
fractions from mouse and rat the most im-
portant enzymatic step in the metabolic
activation of N-OH-AAF to a mutagen in
the Salmonella test system is the deace-
tylation reaction. The exact nature of the
electrophiic species involved in the inter-
action with nucleic acids is not known. On
the basis of studies in vitro, Kadlubar et al.

(42) suggested that urinary bladder tumor
induction by N-hydroxyarylamines may be
mediated by the formation, under acidic
conditions, of the highly reactive electro-
philic arylnitrenium ion after hydrolysis of

the N-glucuronide. Using various peroxi-
dases, H2O2, and N-OH-AAF, Bartsch and
Hecker (43) proposed the nitroxyl free rad-
ical route of N-OH-AAF activation, two
nitroxyl radicals dismutating to form 2-ni-
trosofluorene and N-acetoxy-AAF. Such a

mechanism was also proposed by Floyd and
co-workers (44-46), even though cyanide, a
known inhibitor of peroxidase, does not in-
hibit the horseradish peroxidase-H2O2-cat-

alyzed oxidation ofN-OH-AAF (44). In this
system ascorbate inhibits N-OH-AAF oxi-
dation and is oxidized preferentially (45),
presumably by reducing the nitroxyl free

radical back to N-OH-AAF.
In the Salmonella mutagenesis system,

ascorbic acid increases N-OH-AAF muta-
genicity in the presence of kidney micro-
somes while the antioxidant BHT has very
little or no effect, either by itself or in the
presence of 10 mM ascorbic acid (Table 3).
Thus it seems that the N-hydroxy-2-ami-
nofluorene-derived nitrenium ion, rather
than the nitroxyl free radical, is the more
important electrophiic species involved in

N-OH-AAF mutagenesis and that the stim-
ulatory effect of ascorbic acid on N-OH-
AAF mutagenicity mediated by kidney mi-

crosomes is the result of increased reduc-
tion of any nitroxyl free radical back to N-

OH-AAF, in turn resulting in increased for-
mation ofnitrenium ion after deacetylation.

It is possible that the formation of the

nitroxyl free radical from N-OH-AAF is

favored to a greater extent in kidney than
in liver microsomes, leading to the greater
effect of ascorbic acid on mutation fre-

quency in kidney microsomes (Table 3).
Further studies on the relative importance
of the nitroxyl free radical and the nitren-

ium ion in the mutagenic activation of N-
OH-AAF are in progress.
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