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SUMMARY

The carcinogenicity of vV-2-fluorenylacetamide (2-FAA) for
the female Sprague-Dawley and female Fischer rats was
compared. The arylamide administered i.p. induced a large
number of mammary tumors in the female Sprague-Dawley rat
but was not carcinogenic for the female Fischer rat. The lack
of carcinogenicity of the arylamide coincided with a low
capacity of the female Fischer rat for 7V-hydroxylation of
2-FAA to yV-hy d roxy -2-fl uorenylacetamide.
yV-Hydroxy-2-fluorenylacetamide administered i.p. to the
female Fischer rat yielded primarily malignant hepatic lesions.
This observation provided further evidence that JV-hydroxy-
lation of 2-FAA is a requirement for the carcinogenicity of
this compound. The susceptibility to hepatocarcinogenesis by
jV-hydroxy-2-fluorenylacetamide correlated with the extent of
sulfonation of the hydroxamic acid by hepatic arylsulfotrans-
ferase in vitro and in vivo. The activity of this enzyme in the
female Sprague-Dawley rat, which was refractory to
hepatocarcinogenesis, was very low, whereas the
arylsulfotransferase of the female Fischer rat appeared to be
highly active. The evidence supports the view that
hepatocarcinogenesis by 2-FAA depends on a sequential
two-step mechanism of activation involving 7V-hydroxylation
of the arylamide to an arylhydroxamic acid and sulfonation of
the hydroxamic acid. Resistance to hepatocarcinogenesis in
different strains of the same species appears to be due to the
limited capacity to perform one of the activation steps.

INTRODUCTION

Hepatocarcinogenesis by 2-FAA2 appears to require a 2-step
mechanism of activation. In the 1st step, 2-FAA is
N-hydroxylated to the hydroxamic acid, N-hydroxy-2-FAA. In
the 2nd step, N-hydroxy-2-FAA is sulfonated by hepatic
arylsulfotransferase to N-sulfoxy-2-FAA, which is considered
to be an "ultimate" carcinogen (25, 26). Resistance to

hepatocarcinogenesis by 2-FAA would be expected if an
animal fails to perform 1 or both of these activation reactions.
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It has recently been shown that the activity of the
arylsulfotransferase in the liver of the female CD rat, a
descendant of the Sprague-Dawley rat, is very low (4). Since
the female Sprague-Dawley rat does TV-hydroxylate 2-FAA, as
shown below, the resistance of the female Sprague-Dawley rat
to hepatocarcinogenesis by 2-FAA is presumably referable to
the low level of formation of N-sulfoxy-2-FAA.

There are reports in the literature that female rats of other
strains are prone to hepatocarcinogenesis. Thus, Dunning et
al. (5) observed that female Fischer rats developed benign as
well as malignant liver tumors after the p.o. intake of 2-FAA.
This observation suggested that the female Fischer rat
metabolizes the carcinogen in a different fashion than the
female Sprague-Dawley rat. The female Fischer rat would
appear to be capable of performing the complete activation
sequence. Accordingly, we compared the metabolism of
2-FAA by the female rats of the 2 strains with the intent of
testing the concept of the 2-step activation mechanism. Since
the susceptibility of the female Fischer rat toward
hepatocarcinogenesis by 2-FAA rests on the single report
cited, the carcinogenicity of 2-FAA for the 2 strains was
reinvestigated. These carcinogenicity tests and the associated
metabolic studies form the basis of this report.

MATERIALS AND METHODS

Preparation of Unlabeled Compounds. 2-FAA [m.p.
196-198Â° (30)], 2-FA [m.p. 127-129Â° (18)], and
N-hydroxy-2-FAA [m.p. 150-151Â° (24)] were prepared by

the published procedures. 3-Methylthio-2-FAA was obtained
from the reaction of N-acetoxy-2-FAA with DL-methionine
(21). The crude thioether was recrystallized from
ethanol: water until the melting point was the same as that of
pure 3-methylthio-2-FAA (168-169Â°) (7). The infrared

absorption spectrum of the compound was identical with that
of authentic 3-methylthio-2-FAA (7).

Preparation of Labeled Compounds. 2-FAA-9-14C (Lot
31-299, 2.97 mCi/mmole) and N-hydroxy-2-FAA-9-14C (Lot

485-120, 10 mCi/mmole) were obtained from New England
Nuclear, Boston, Mass. For use in the experiments described in
Table 4, the N-hydroxy-2-FAA-9-14C was diluted with the
appropriate amount of unlabeled N-hydroxy-2-FAA.
N-Hydroxy-2-FAA-l'-14C (specific radioactivity, 0.38

mCi/mmole) was prepared as described previously (2). The
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radiopurity of the labeled compounds was demonstrated by
paper chromatography and thin-layer chromatography (2).

Animals. Female Sprague-Dawleyrats were obtained from
the Holtzman Company, Madison, Wis. Female Fischer 344
rats were purchased from A. R. Schmidt and Company,
Madison, Wis., and from the Charles River Breeding
Laboratories, Inc., North Wilmington, Mass. The animals were
caged individually in an air-conditioned room (26Â°)and were

maintained on a 20% casein diet (15). Food and water were
allowed ad libitum.

Carcinogenicity Tests. Rats of the 2 strains weighing
initially 75 to 90 g received the compounds under test by i.p.
injection. The compounds dispersed in 0.9% NaCl
solution:acacia (11) (1 mg compound/0.1 ml vehicle) were
injected 3 times weekly for 1 month. The rats were weighed
on the day of injection and once weekly after the
administration of the compounds had been completed. All
animals were autopsied immediately after death or at the
termination of the carcinogenicity tests (12 months). The
tumors as well as the lungs, liver, spleen, kidneys, stomach,
and intestine were sectioned, and the sections (5 to 6 jum
thick) were stained routinely with hematoxylin-eosin.

Determination of the Biliary and Urinary Excretion of
N-Hydroxy-2-FAA-9-MCby the Female Fischer Rat after i.p.
Administration of 2-FAA-9-14C or of N-Hydroxy-2-FAA-
9-14C. The bile ducts of rats weighing on the average150 g

were cannulated, and the rats were kept postoperatively on the
regimen previously described (10). Each rat received 2-FAA-
9-14C (1.3 to 1.6 mg; specific radioactivity, 2.97 mCi/mmole)
or N-hydroxy-2-FAA-9-14C (0.9 to 1.1 mg; specific radio

activity, 7.8 mCi/mmole) in propylene glycol (0.3 to 0.5 ml)
by single i.p. injections, and the bile was collected as
previously described (10). The 0-glucuronides in the bile were
then hydrolyzed with bacterial 0-glucuronidase (10). The
specific activity of the (3-glucuronidaseassayed with phenol-
phthalein glucuronide as the substrate was 58,000 Fishman
units/g of protein. For the estimation of the urinary excretion
of N-hydroxy^-FAA^-14C, the urine was collected for 3 days

after the i.p. injection of the labeled compounds. During the
collection, the rats were set up in stainless steel metabolism
cages and maintained on Purina chow and water ad libitum.
The urinary 0-glucuronides and 0-sulfates were hydrolyzed
with 0-glucuronidase and Taka-Diastase, respectively ( 10). The
specific activity of the arylsulfatase in Taka-Diastase assayed
with p-nitrophenyl sulfate as the substrate (8) was 1 unit/g
Taka-Diastase/hr (8 X IO"3 /nmolep-nitrophenol released from

T.%//moles p-nitrophenyl sulfate by 1 mg Taka-Diastase/hr at
37Â°). Following enzymatic hydrolysis of the urinary and
biliary conjugates, carrier N-hydroxy-2-FAA ('vO.lO g in
methanol) was added to the hydrolysates. The mixtures were
acidified with 8 N HC1 to pH 3 to 4 and extracted with 3
portions of ethyl acetate. The ethyl acetate was washed with
5% NaHCO3, which removes biliary pigments, and then with
water. The ethyl acetate was evaporated at reduced pressure,
and the residue was dissolved in benzene. The
N-hydroxy-2-FAA-9-14C was isolated from the benzene by
extraction with 0.25 N NaOH followed by acidification of the
extract (24). The labeled hydroxamic acid was purified by
precipitation as the cupric chelate (6). This step separates the

hydroxamic acid from contaminating phenols that do not
form cupric chelates and remain in solution. The chelate was
decomposed with H2S to N-hydroxy-2-FAA-9-14C (6). The
specific radioactivity of the N-hydroxy-2-FAA-9-14C remained

constant in most instances after the formation and
decomposition of the chelate. Occasionally, constant specific
radioactivity was not attained after the separation and
decomposition of the chelate. Consequently, the additional
steps outlined below were included routinely in the
purification procedure. When the complete purification
procedure was followed, constant specific radioactivity was
attained without exception. The labeled hydroxamic acid was
dissolved in 63% acetic acid (10 ml), and the solution was
refluxed for 0.5 hr in the presence of zinc dust (0.20 g). The
cooled reaction mixture was basified, and the 2-FAA-9-14C

was extracted from the reaction mixture with ether. The
2-FAA-9-14C in the ether was chromatographed twice on

Silica Gel GF2S4 with benzene:ethyl acetate (3:7) and
petroleum ether: chloroform: methanol (50:45:5) (2),
respectively. The specific radioactivity of the
chromatographed 2-FAA-9-14C was used for the calculation of
the amounts of N-hydroxy-2-FAA-9-'4C in the bile or urine.

Determination of the Hepatic ArylsulfotransferaseActivity
of the Sprague-Dawley and Fischer Rat. The enzymatic
sulfonation of N-hydroxy-2-FAA-l'-14C by the cytoplasmic

arylsulfotransferase from the livers of adult Sprague-Dawley
and Fischer rats was measured by the arylamidation of tRNA
(16, 17). The soluble enzyme was separated from compounds
of low molecular weight by gel filtration, and the tRNA
adduci was purified through the cetyltrimethylammonium salt
as previously described (17, 35).

Isolation of o-CH3-S-2-FAA-9-'4C and of 2-FA-9-14Cfrom
the Hepatic Cytoplasmic Proteins of Sprague-Dawley and
FischerRats after i.p. Injection of N-Hydroxy-2-FAA-9-'4 C.
In these experiments, N-hydroxy-2-FAA-9-14C (1.0 mg/100 g

body weight) in propylene glycol (0.2 ml) was injected i.p.
into 5 groups of male and female Fischer and Sprague-Dawley
rats and into 1 group of ovariectomized Sprague-Dawley rats.
Each group consisted of 3 animals. The average weight of the
animals in each group is listed in the legend to Chart 2. The
pooled livers from each group were homogenized in 0.25 M
sucrose and 0.003 M CaCl2 (3). The cytoplasmic proteins were
isolated by differential centrifugation and purified by gel
filtration and ion exchange chromatography on
DEAE-cellulose (1). The purified proteins were then partially
hydrolyzed with 3 N NaOH (21), and the amounts of
o-CH3-S-2-FAA-9-14C and of 2-FA-9-14C released from the

proteins were estimated by inverse isotope dilution (2).
o-CH3-S-2-FA/A designates the mixture of isomers,
3-methylthio- and 1-methylthio-2-FAA, which are liberated by
alkaline hydrolysis from protein adducts formed by the
interaction of N-sulfoxy- or N-acetoxy-2-FAA with
methionine in proteins (27). Although the hydrolysate
contains a mixture of the 2 isomers, on a quantitative basis
3-methylthio-2-FAA appears to be the predominant
compound (4). Since the isomers are not separable
chromatographically (4, 27), inverse isotope dilution with
3-methylthio-2-FAA measures the sum of these isomers in the
protein hydrolysate. Labeled o-CH3-S-2-FAA and 2-FA were
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separated and purified to constant specific radioactivity by
repeated thin-layer chromatography as previously described
(2).

Analytical Procedures. The radioactivity of all samples was
determined by liquid scintillation spectrometry with the use of
a toluene-based scintillator (1) or of Scintisol-Complete (5 to
10 ml), purchased from Isolab, Inc., Elkhart, Ind. All samples
were counted in duplicate with an error not exceeding 5%, and
the counts were corrected for quenching. The counting
efficiencies were 70 to 80%. Radioactive compounds on
thin-layer chromatograms were located by scanning the
chromatograms with a radioscanner (Model LB-271, Berthold
Laboratories, Wildbad, West Germany). The protein content of
samples in the experiments described in Table 4 and Chart 1
were determined by the modified Polin method with
crystalline bovine serum albumin as a standard (22).

RESULTS AND DISCUSSION

The carcinogenicities of 2-FAA for the female Sprague
Dawley rat and the female Fischer rat are compared in
Table 1. 2-FAA administered i.p. to the female
Sprague-Dawley rat at the dose level used routinely in this
laboratory (2.3 mg/100 g body weight, 3 times weekly for 1
month) (11) gave a high incidence (92%) of mammary
adenocarcinomas. These data are in agreement with earlier
observations regarding the tumor incidence and site of action
of 2-FAA (24). In contrast, a similafedose of 2-FAA produced
no tumors in the female Fischer rat. It has been suggested that
arylamides that are not jV-hydroxylated by a given species are
also not carcinogenic for that species (11, 23). One might
therefore infer from the present data that the female Fischer
rat does not TV-hydroxylate 2-FAA. In order to substantiate

Table 1
The susceptibility of the Sprague-Dawley and Fischer rats to hepatocarcinogenesis by 2-FAA and N-hydroxy-2-FAA

The animals received the compounds by i.p. injections 3 times weekly for 4 weeks.

No. of rats with tumors

Compound
administeredControl

(vehicle)Control
(vehicle)Control
(vehicle)2-FAA2-FAAN-hydroxy-2-FAAN-hydroxy-2-FAAN-hydroxy-2-FAAN-hydroxy-2-FAAStrainSDÂ°SDFSDFSDSDFSDSexMaleFemaleFemaleFemaleFemaleFemaleFemaleFemaleMaleTotal

dose
(mmole/rat)0.170.120.100.170.100.33No.

of tumor-bearing
rats/no, of ratsused0/110/110/1211/120/1112/129/107/119/9Ofliver00000006(12)d4(4)Of

mammary
gland00011

(29)6012(41)9(43)1(1)3(3)At

other
sites0002(2)c01

(1)03(4)c7(11)

0 SD, Sprague-Dawley rat; F, Fischer rat.
b Numbers in parentheses are the number of tumors.
0 Two lung mÃ©tastases.
d Ten hepatocellular carcinomas, 2 cholangiomas.
e One probable adenocarcinoma of intestine, 1 ear duct carcinoma, 1 oviduct adenoma, and 1 bladder papilloma.

Table 2
Biliary and urinary excretion of N-hydroxy-2-FAA-9-14C after single i.p. injections of

2-FAA-9-1 *C to the female Fischer rat

2-FAA-9-1 4C
administered"

Period of
collection (hr)

% administered
radioactivity excreted0

%2-FAA-9-14C
excreted as

N-hydroxy-2-
KAA-9-14Cb'e

mg dpm Of bile Of urine In bile In urine In bile In urine

1.31.31.61.43.7XIO73.7
X10'4.4
XIO74.0
X IO74072424261.374.551.649.31.94d1.46d1.020.72

0 The 2-FAA-9-14C was administered in propylene glycol (0.5 ml).
b The values represent the excretion of the radioactivity and of N-hydroxy-2-FAA-9-' 4C by

single animals.
c Determined by inverse isotope dilution as described in the text.
d The percentage of a single i.p. dose of 2-FAA-9-' 4C (1.1 mg, 3.2 X IO7 dpm) excreted in

the bile of a female Sprague-Dawley rat was 25.2%.
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this inference, we examined by tracer methods the biliary
excretion of N-hydroxy-2-FAA-9-14C 40 and 72 hr after a
single i.p. injection of 2-FAA-9-14C to female Fischer rats

(Table 2). The biliary and urinary excretion of radioactive
compounds following the administration of the labeled
arylamide appeared to be nearly complete by that time (Chart
1). Irving et al. (14) have shown that the bile is the principal
pathway for the elimination of N-hydroxy-2-FAA formed
from 2-FAA by the male Sprague-Dawley rat. The finding that
25% of a dose of 2-FAA was excreted in the bile of the female
Sprague-Dawley rat as the N-hydroxy compound (Table 2,
Footnote d) indicated that the bile is also a major route for
the excretion of N-hydroxy-2-FAA by the female
Sprague-Dawley rat. In contrast, only 1 to 2% of a comparable
dose of 2-FAA-9-14C was eliminated as
N-hydroxy-2-FAA-9-14C in the bile of the female Fischer rat,

and only 0.7 to 1.0% of the amide was excreted as the
hydroxamic acid in the urine (Table 2). The possibility
remained that the low levels of N-hydroxy-2-FAA in the bile
and urine of the female Fischer rat were attributable to the
inability of the animal to conjugate N-hydroxy-2-FAA and to
excrete the conjugate(s). This was checked by the i.p.
administration of N-hydroxy-2-FAA-9-14 C into the female

Fischer rat and by the estimation of the hydroxamic acid in
the urine and bile. Approximately 8 and 10% of the
administered compound were recovered from the hydrolysates
of the urine and bile, respectively (Table 3). This value for the
urine was comparable to the fraction of the hydroxamic acid
(M2%) that was isolated by Weisburger et al. (33) from the
hydrolyzed urine of female Fischer rats dosed with
N-hydroxy-2-FAA-9-14C. Our data as well as those of

Weisburger et al. showed that the female Fischer rat conjugates
N-hydroxy-2-FAA and excretes the conjugated hydroxamic
acid in the bile and urine. Moreover, the total fraction of the
administered hydroxamic acid that was eliminated via the bile
and the urine in the present experiments (^18%) was of the
same order of magnitude as that reported recently for the
Sprague-Dawley rat (^22%) (13). It would appear that the
female Fischer rat is able to dispose of an appreciable portion
of N-hydroxy-2-FAA by excretion via the bile and urine. The
available evidence leads us to conclude that the female Fischer
rat, in comparison to the female Sprague-Dawley rat, has only
a limited capacity for the JV-hydroxylation of 2-FAA. This

capacity appears to be insufficient for the formation of
tumor-producing amounts of N-hydroxy-2-FAA from the
relatively restricted quantities of 2-FAA (0.1 to 0.2
mmole/rat) that were used in the carcinogenicity tests
described in Table 1.

Dunning et al. (5) administered a total of 4.0 mmoles
2-FAA per rat over a period of 12 months; i.e., the total
amount of carcinogen ingested by the rat was nearly 40 times
as large as that administered in our standard test. Under these
conditions, it seems possible that the female Fischer rat,
although its capacity for N-hydroxylation is limited, formed
N-hydroxy-2-FAA in amounts that were adequate for
hepatocarcinogenesis. This interpretation of the data presumes
that the female Fischer rat is susceptible to the
hepatocarcinogenic action of N-hydroxy-2-FAA. This
supposition was tested by the i.p. administration of
N-hydroxy-2-FAA to female rats of the Fischer strain. These
tests showed that N-hydroxy-2-FAA administered to the
female Fischer rat by the same schedule that had been
ineffective with 2-FAA gave a high incidence of hepatic
tumors (Table 1). Seventy % of the tumors produced by the
hydroxamic acid in the female Fischer rat were hepatic
neoplasms (Table 1). Sixty-five % of the hepatic neoplasms
(8/12) presented the typical histolÃ³gica! picture of
well-differentiated hepatocellular carcinomas (19, 28, 29, 31)

0 10 20 30 40 50 S>0

Time (hours)
Chart 1. Biliary and urinary excretion of radioactivity after a single

i.p. injection of 2-FAA-9-14C into female Fischer rats. Rats 1 and 2
received 1.3 mg (3.7 X IO7 dpm); Rats 3 and 4 received 1.6 (4.4 X IO7
dpm) and 1.4 mg (4.0 X 107 dpm), respectively.

Table 3
Recovery of N-hydroxy-2-FAA-9- ' *C from the bile and urine after a single i.p. infection of

the labeled hydroxamic acid into the female Fischer rat

N-HO-2-FAA-9-14C
administered0

Period of
collection (hr)

% radioactivity
excreted6

%N-HO-2-FAA-9-'
recovered b'c

mg dpm Of bile Of urine In bile In urine From bile From urine

1.1 8.23X 10'201.1
8.23 X IO7720.9
6.80 X IO730.3

5.543.3
10.37272.0

8.2

" The N-HO-2-FAA-9-14C was administered in propylene glycol (0.3 to 0.5 ml).
b The values represent the excretion of the radioactivity and of N-hydroxy-2-FAA-9-'4Cby

single animals.
c Determined by inverse isotope dilution as described in the text.

JULY 1972 1557

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2389689/cr0320071554.pdf by guest on 19 M

ay 2023



Gutmann, Malejka-Giganti, Barry, and Rydell

Table 4
HistolÃ³gica!changes in the liver after i.p. administration of

N-hydroxy-2-FAA to the female Fischer rat

The total number of rats used in the experiments is indicated in
Table 1.

Classification of liver changes No. of rats affected

Hyperplasia 11
Nodular hyperplasia 9
Hepatocellular carcinoma (diameter < 5 mm) 2 (2)"
Hepatocellular carcinoma (diameter > 5 mm)

Well-differentiated 5 (8)
Poorly differentiated 1(1)
Adenohepatoma 1 (1)

Cirrhosis
Early fibrosis 6
Focal cirrhosis 5

Cystic bile ducts 8
Cholangiofibrosis 9
Cholangioma 2 (2)

" Numbers in parentheses are the number of tumors.

(Table 4; Figs. 1 to 4). As indicated by the data of Table 1, the
female Fischer rat appeared to be at least as susceptible to liver
tumor induction by N-hydroxy-2-FAA as the male
Sprague-Dawley rat that has been the classical model for the
demonstration of the hepatocarcinogenicity of
N-hydroxy-2-FAA and related compounds. In contrast to its
hepatocarcinogenicity for the female Fischer rat,
N-hydroxy-2-FAA yielded no hepatic tumors in the female
Sprague-Dawley rat.

The susceptibility of the female Fischer rat and the
refractoriness of the female Sprague-Dawley rat to
hepatocarcinogenesis by N-hydroxy-2-FAA prompted us to
test the requirement for the 2nd step in the activation of
2-FAA (25-27). Two approaches were taken for the
examination of this problem. First, we compared the activities
of the arylsulfotransferase in the livers of the 2 strains in vitro
(Table 5). Hepatic arylsulfotransferase catalyzes the
sulfonation of N-hydroxy-2-FAA to N-sulfoxy-2-FAA (4, 16,

17). This compound decomposes rapidly to sulfate and a
positively charged amidonium ion (25, 32) that reacts
nonenzymatically with exogenous tRNA (16, 17). Under
appropriate conditions, the tRNA adduct may be quantified
and may serve as a measure of the activity of the
arylsulfotransferaÃ¡e in vitro (16, 17). The present experiments
(Table 5) confirmed earlier observations (4) that the
arylsulfotransferase activity of the female Sprague-Dawley rat
is very much lower than that of the male Sprague-Dawley rat.
Thus, the activity of the arylsulfotransferase of the male
Sprague-Dawley rat was approximately 10-fold greater than
that of the female Sprague-Dawley rat. In contrast, the hepatic
arylsulfotransferase of the male Fischer rat was only twice as
active as that of the female rat of this strain. In a separate
group of experiments, the activities of the hepatic enzyme in
preparations from female Fischer and female Sprague-Dawley
rats were compared side by side. In these experiments, the
enzyme in the liver of the female Fischer rat was 10 times
more active than the enzyme in the liver of the female
Sprague-Dawley rat. All of these results indicated that the liver

of the female Fischer rat contains an arylsulfotransferase that,
although somewhat less active than that of the male Fischer or
Sprague-Dawley rat, exceeds the enzymatic activity of the
female Sprague-Dawley rat by several orders of magnitude.

In the other approach, we estimated the 2nd step of the
activation of 2-FAA by the 2 strains in vivo. In these
experiments, the 14C-labeled hydroxamic acid was injected
i.p., and the fraction of the bound 14C that was cleaved from

hepatic cytoplasmic proteins by alkali aso-CH3-S-2-FAA (21)
was determined. Eight % of the bound 14C from the soluble
proteins of female Fischer rats and 7% of the bound ' 4C from
the soluble proteins of male Fischer or male Sprague-Dawley
rats were associated with o-CH3-S-2-FAA (Chart 2) and were
therefore derived, in large part, from N-sulfoxy-2-FAA. On the
other hand, only 3% of the 14C bound to the cytoplasmic
proteins of the liver of the female Sprague-Dawley rat was
degraded by alkali to o-CH3-S-2-FAA. It would appear that
the level of o-CH3-S-2-FAA that reflects the formation of
N-sulfoxy-2-FAA correlated with the susceptibility of the 2
strains to the hepatocarcinogenic action of N-hydroxy-2-FAA.
In agreement with the data of DeBaun et al. (4), the formation
of methionine adducts in the livers of the female
Sprague-Dawley rats was stimulated by ovariectomy. On the
basis of the extent of formation of the methionine adduct by
the male Fischer rat, one would anticipate that
N-hydroxy-2-FAA is a potent hepatocarcinogen for this
animal. However, N-hydroxy-2-FAA at the dosage used in the

present study was not tolerated by the male Fischer rat. The
extreme toxicity of the hydroxamic acid administered i.p. to

Table 5
Sulfonation of N-hydroxy-2-FAA-J'-"C by the hepatic

arylsulfotransferase of Sprague-Dawley and Fischer
rats as measured by tRNA labeling

The incubation system consisted of Tris-HCl buffer, pH 7.4 (100
MinÃ³les);ATP (5 Mmoles); MgCl2 (8 /amÃ³les);and Na2SO4 (20 /jmoles);
and the total volume was 2.3 ml. N-Hydroxy-2-FAA-l'-14C (0.01
/umole; specific radioactivity, 8.42 X 10s dpm/Mmole) was added in
2-methoxyethanol (0.1 ml). The soluble proteins (4.0 mg/incubation
system) and the tRNA acceptor (5.0 mg/incubation system) were
purified as previously described (35). The incubations were carried out
in air at 37Â°for 1 hr. The radioactivity of solutions of tRNA isolated
from incubation mixtures of soluble proteins, N-hydroxy-2-FAA-l'-
14C, and tRNA without cofactors was < 2 times background
radioactivity (25 cpm) and corresponded to a value of < 0.01
nanoatom 14C bound/mg tRNA/hr. The same values were obtained in

controls lacking the soluble proteins.

Experiment123StrainSD6SDFFFSDSexMaleFemaleMaleFemaleFemaleFemaleNanoatoms

14C
bound/mgtRNA"2.17

Â±0.590.18
Â±0.102.30

Â±0.091.07
Â±0.040.99
Â±0.030.10
Â±0.03

" In Experiments l and 2, the values are the means Â±average
deviations from the means of 3 experiments. In Experiment 3, the
values are the means Â±average deviations from the means of 4
experiments. The purification of the tRNA adducts and the radioassays
were performed on duplicate aliquots of the incubation systems.

b SD, Sprague-Dawley rats; F, Fischer rats.
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IO

8b42IOft6

4

2
n2-FA-9l4C/'4C

boundxlOO-

rh^nr4-,Mnr^Q-CH3-S-2-FAA-9l4C/'4C
bound X100-_L_Â¿%1^

Kfel1

1i
?F ?SD, / F

Chart 2. The fraction of the bound radioactivity of
N-hydroxy-2-FAA-9-14C released by alkaline hydrolysis from the
hepatic cytoplasmic proteins of Fischer (F) and Sprague-Dawley (SD)
rats and identified as o-CH3-S-2-FAA and 2-FA. A single dose of
N-hydroxy-2-FAA-9-' 4C (specific radioactivity, 10 mCi/mmole) in

propylene glycol was injected i.p. at a level of 1.0 mg/100 g body
weight. The amounts of compound in the hydrolysate were determined
by inverse isotope dilution as described in the text. The female and
male Fischer rats were adult animals with an average weight of 154 Â±5
and 239 Â±3 g, respectively. The young, female Sprague-Dawley (9 SDÂ¡)
and adult, female Sprague-Dawley (9 SD2 ) rats had average weights of
156 Â± 10 and 239 Â±5 g, respectively. SD3 denotes adult,
ovariectomized Sprague-Dawley rats with an average weight of 227 Â±3
g. The male Sprague-Dawley (d SD) rats weighed 233 Â±4 g. Each bar
represents the mean of 3 experiments Â±average deviation from the
mean.

the male Fischer rat in amounts similar to those of this study
has been noted previously (34). In summary, the correlations
derived from the present experiments support the view that a
2-step activation sequence is obligatory for
hepatocarcinogenesis by 2-FAA. The results indicate further
that the susceptibility or resistance to hepatocarcinogenesis by
2-FAA exhibited by different strains of the same species is
accounted for by variations in the level of the enzymatic
activities that perform the activation sequence.

In addition to determining the level of o-CH3-S-2-FAA, we
determined the amounts of 2-FA cleaved by alkali from the
hepatic soluble proteins of the 2 strains. The amine is a
degradation product of adducts that result from the
interaction of 2-nitrosofluorene with sulfhydryl groups of
peptides or proteins (20). Since 2-nitrosofluorene is derived
from N-hydroxy-2-FAA via deacetylation to N-hydroxy-2-FA
and from the subsequent oxidation of the hydroxylamine to
the nitroso compound (9, 12, 20), the release of 2-FA from
cellular proteins by alkali is an indirect measure of the
deacetylation of ./V-hydroxy-2-FAA in vivo. A comparison of
the data of Chart 2 and Table 1 indicated an inverse relation
between the amounts of 2-FA cleaved from the soluble
proteins of the 2 strains and their susceptibility to
hepatocarcinogenesis by 2-FAA. This suggests that neither
deacetylation of N-hydroxy-2-FAA to N-hydroxy-2-FA nor
the subsequent oxidation of the hydroxylamine to the nitroso

compound are a part of the activation sequence that underlies
the hepatocarcinogenic action of 2-FAA.

ACKNOWLEDGMENTS

The authors thank Miss Ann McHale for the cannulation of the bile
ducts and Mr. Peter Bell for technical assistance.

REFERENCES

1. Barry, E. J., and Gutmann, H. R. Interaction of Aromatic Amines
with Rat Liver Proteins in Vivo. I. Preferential Labeling of a
Cytoplasmic Protein or Proteins by JV^-Fluorenylacetamide-g-1 4C.
J. Biol. Chem., 241: 4600-4609, 1966.

2. Barry, E. J., Malejka-Giganti, D., and Gutmann, H. R. Interaction
of Aromatic Amines with Rat-Liver Proteins in Vivo. III. On the
Mechanism of Binding of the Carcinogens, JV-2-Fluorenylacetamide
and /V-Hydroxy-2-Fluorenylacetamide, to the Soluble Proteins.
Chem.-Biol. Interactions, /: 139-155, 1969-70.

3. Barry, E. J., Ovechka, C. A., and Gutmann, H. R. Interaction of
Aromatic Amines with Rat Liver Proteins I'MVivo. II. Binding of
A^-Fluorenylacetamide-g-1 4C to Nuclear Proteins. J. Biol. Chem.,
245:51-60,1968.

4. DeBaun, J. R., Miller, E. C., and Miller, J. A.
yV-Hydroxy-2-acetylaminofluorene Sulfotransferase: Its Probable
Role in Carcinogenesis and in Protein-(methion-S-yl) Binding in
Rat Liver. Cancer Res., 30: 577-595, 1970.

5. Dunning, W. F., Curtis, M. R., and Madsen, M. E. The Induction of
Neoplasms in Five Strains of Rats with Acetylaminofluorene.
Cancer Res., 7: 134-140, 1947.

6. Enomoto, M., Lotlikar, P., Miller, J. A., and Miller, E. C. Urinary
Metabolites of 2-Acetylaminofluorene and Related Compounds in
the Rhesus Monkey. Cancer Res., 22: 1336-1342, 1962.

7. Fletcher, T. L., Namkung, M. J., and Pan, H.-L. Derivatives of
Fluorene. XXIII. New Thiofluorenes Related to Metabolism of the
Carcinogen A^-Fluorenylacetamide. J. Med. Chem., 10: 936-941,
1967.

8. Fromageot, C. Sulfatases and Desulfinases. Methods Enzymol., 2:
324-333, 1955.

9. Grantham, P. H., Weisburger, E. K., and Weisburger, J. H.
Dehydroxylation and Deacetylation of yV-Hydroxy-N-2-fluorenyl-
acetamide by Rat Liver and Brain Homogenates.Biochim. Biophys.
Acta, 107: 414-424, 1965.

10. Gutmann, H. R., Galitski, S. B., and Foley, W. A. The Conversion
of Noncarcinogenic Aromatic Amides to Carcinogenic
Arylhydroxamic Acids by Synthetic jV-Hydroxylation. Cancer
Res., 27: 1443-1455, 1967.

11. Gutmann, H. R., Leaf, D. S., Yost, Y., Rydell, R. E., and Chen, C.
C. Structure-Activity Relationships of yV-Acylarylhydroxylamines
in the Rat. Cancer Res., 30: 1485-1498, 1970.

12. Irving, C. C. Enzymatic W-Hydroxylation of the Carcinogen
2-Acetylaminofluorene and the Metabolism of
Ar-Hydroxy-2-acetylaminofluorene-9-' 4C in Vitro. J. Biol. Chem.,
239: 1589-1596, 1964.

13. Irving, C. C. Conjugates of ./V-Hydroxy Compounds. In: W. H.
Fishman (ed.), Metabolic Conjugation and Metabolic Hydrolysis,
Vol. 1, pp. 53-119. New York: Academic Press, Inc., 1970.

14. Irving, C. C., Wiseman, R., Jr., and Hill, J. T. Biliary Excretion of
the O-Glucuronide of yV-Hydroxy-2-acetylaminofluorene by the
Rat and Rabbit. Cancer Res., 27: 2309-2317, 1967.

15. King, C. M., and Gutmann, H. R. The Action of the Carcinogen

JULY 1972 1559

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2389689/cr0320071554.pdf by guest on 19 M

ay 2023



Gutmann, Malejka-Giganti, Barry, and Rydell

JV-(2-Fluorenyl)acetamide on Rat Liver Catalase and ArgÃ¼Ãasein
Vivo. Cancer Res., 24: 770-779, 1964.

16. King, C. M., and Phillips, B. Enzyme-Catalyzed Reactions of the
Carcinogen Ar-Hydroxy-2-fluorenylacetamide with Nucleic Acid.
Science, 159: 1351-1353, 1968.

17. King, C. M., and Phillips, B. yV-Hydroxy-l-fluorenylacetamide:
Reaction of the Carcinogen with Guanosine, Ribonucleic Acid,
Deoxyribonucleic Acid, and Protein following Enzymatic
Deacetylation and Esterification. J. Biol. Chem., 244: 6209-6216,
1969.

18. KÃ¼hn,W. E., 2-Nitrofluorene and 2-Aminofluorene. In: A. H. Blatt
(ed.), Organic Syntheses, Collective Vol. 2, pp. 447-448. New
York: J. Wiley & Sons, 1943.

19. Laqueur, G. L., and Matsumoto, H. Neoplasms in Female Fischer
Rats following Intraperitoneal Injection of Methylazoxymethanol.
J. Nati. Cancer Inst., 37: 217-232, 1966.

20. Lotlikar, P. D., Miller, E. C., Miller, J. A., and Margreth, A. The
Enzymatic Reduction of the W-Hydroxy Derivatives of
Acetylaminofluorene and Related Carcinogens by Tissue
Preparations. Cancer Res., 25: 1743-1753, 1965.

21. Lotlikar, P. D., Scribner, J. D., Miller, J. A., and Miller, E. C.
Reaction of Esters of Aromatic TV-Hydroxy Amines and Amides
with Methionine in Vitro: A Model for in Vivo Binding of Amine
Carcinogens to Proteins. Life Sci., 5: 1263-1269, 1966.

22. Lowry, O. H., Rosebrough, N. J., Farr, A. L., and Randall, R. J.
Protein Measurement with the Folin Phenol Reagent. J. Biol.
Chem., 193: 265-275, 1951.

23. Miller, E. C., Miller, J. A., and Enomoto, M. The Comparative
Carcinogenicities of 2-Acetylaminofluorene and Its TV-Hydroxy
Metabolite in Mice, Hamsters and Guinea Pigs. Cancer Res., 24:
2018-2032, 1964.

24. Miller, E. C., Miller, J. A., and Hartmann, H. A.
jV-Hydroxy-2-acetylaminofluorene: A Metabolite of
2-Acetylaminofluorene with Increased Carcinogenic Activity in the
Rat. Cancer Res., 21: 815-824,1961.

25. Miller, J. A. Carcinogenesis by Chemicals: An Overview-G. H. A.
Clowes Memorial Lecture. Cancer Res., JO: 559-576, 1970.

26. Miller, J. A., and Miller, E. C. Metabolic Activation of Carcinogenic

Aromatic Amines and Amides Via /V-Hydroxylation and
W-Hydroxyesterification and Its Relationship to Ultimate
Carcinogens as Electrophilic Reactants. In: E. D. Bergmann and B.
Pullman (eds.), The Jerusalem Symposia on Quantum Chemistry
and Biochemistry, Vol. 1, pp. 237-261. Physico-Chemical Mecha
nisms of Carcinogenesis, Jerusalem: The Israel Academy of Sciences
and Humanities, 1969.

27. Miller, J. A., and Miller, E. C. The Metabolic Activation of
Carcinogenic Aromatic Amines and Amides. Progr. Exptl. Tumor
Res., 11: 273-301, 1969.

28. Opie, E. L. The Pathogenesis of Tumors of the Liver Produced by
Butter-Yellow. J. Exptl. Med., 80: 231-246, 1944.

29. Orr, J. W. The Histology of the Rat's Liver during the Course of

Carcinogenesis by Butter-Yellow (p-Dimethyl-aminoazobenzene).
J. Pathol. Bacteriol., 50. 393-408, 1940.

30. Ray, F. E., and Geiser, R. C. Synthesis of 2-Acetylamino-9-C' 4
and 2-Acetylaminofluorene-uÃ¬-C14. Cancer Res., 10: 616-619,

1950.
31. Reuber, M. D. Development of Preneoplastic and Neoplastic

Lesions of the Liver in Male Rats Given 0.025 Percent
Af-2-Fluorenyldiacetamide. J. Nati. Cancer Inst., 34: 697-709,
1965.

32. Scribner, J. D., Miller, J. A., and Miller, E. C. Nucleophilic
Substitution on Carcinogenic A^-Acetoxy-A^-arylacetamides. Cancer
Res., 30: 1570-1579,1970.

33. Weisburger, E. K., Grantham, P. H., and Weisburger, J. H.
Differences in the Metabolism of A^-HydroxyrAÃ•-2-fluorenyl-
acetamide in Male and Female Rats. Biochemistry, 3: 808-812,
1964.

34. Weisburger, J. H., Schmehl, E. A., and Pai, S. R. Liver Damage by
the Carcinogen Ar-Hydroxy-Ar-2-fluorenylacetamide, Pentobarbital
Sleeping Time and Liver Morphology. Toxicol. Appi. Pharmacol.,
7: 579-587, 1965.

35. Zieve, F. J., and Gutmann, H. R. Reactivities of the Carcinogens,
yV-Hydroxy-2-fluorenylacetamide and yV-Hydroxy-3-fluorenyl-
acetamide, with Tissue Nucleophiles. Cancer Res., 31: 471-476,
1971.

1560 CANCER RESEARCH VOL. 32

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2389689/cr0320071554.pdf by guest on 19 M

ay 2023



Hepatocarcinogenicity and Activation o/2-FAA

*>Â°~? -v â€¢¿�*

â€¢¿�Sto

- â€¢¿�

^>:

Figs. 1 and 3. Hepatocellular adenocarcinoma (1.4-cm diameter) with hemorrhagic and necrotic foci in the liver of a female Fischer rat after i.p.
administration of N-hydroxy-2-FAA. This carcinoma was poorly differentiated and characterized by large pleomorphic cells with distinct cell
boundaries. There were multiple areas of nodular hyperplasia elsewhere in the liver. A discrete sclerosing cholangioma was also present. Fig. 1, X
6.7 ; Fig. 3, X 180.

Fig. 2 and 4. Cholangioma (7-mm diameter) in the liver of a female Fischer rat after i.p. administration of N-hydroxy-2-FAA. Note the local
invasion of the adjacent parenchyma! tissue. The irregular ducts are lined by low cuboidal or flattened epithelium separated by proliferating fibrous
connective tissue containing chronic inflammatory cells. Occasional areas of neutrophilic infiltration are present within the lumens of the ducts.
Many portal areas throughout this liver showed similar foci of fibroblastic hyperplasia and of hyperplasia of the bile ductules. Fig. 2, X 10; Fig. 4,
X 180.
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