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While 3 parent carcinogens, namely AAF-2,2 dibenz (a,h)
anthracene, and N-acetyl-4-aminobiphenyl3 did not expose a
mitochondrial thiol group, appropriate acidic metabolites of
these carcinogens did expose a mitochondrial thiol group (6, 7,
9). In orderto examinethisconfluencefurther,we have
experimented with AAF-2 and some of its isomers, namely,
AAF-1 , AAF-3, and AAF-4. The 4 related hydroxamic acids,
namely, N-OH-AAF-l, N-OH-AAF-2, N-OH-AAF-3, and
N-OH-AAF4, have also been examined (Chart 1). In this
report, the behaviors of these 2 sets of isomers in the in vitro
mitochondrial systems (derived from rat liver) have been
compared with the carcinogenicity [in the rat (2)] of the
isomeric hydroxamic acids. These compounds are considered
isomeric proximate carcinogens derived from the aryl amides
by either metabolic or synthetic hydroxylation (2).

MATERIALS AND METHODS

General procedures, methods, and purification of the water
have been described previously for the mitochondrial volume
change experiments (9, 10). The pH of the Tris chloride buffer
is indicated on the charts. Incubation was at 27Â°in standard
rectangular glass cuvets with a 1-cm light path. The basic
reaction mixture for the volume change experiments had a
final volume of 3 ml and contained 0.75 mg mitochondrial
protein (prepared from rat liver), 75 mM sucrose, and 75 mM
Tris chloride buffer. The supplier of the rats was The
Holtzman Co., Madison, Wis. A decrease in absorbance at 520
nM was taken as a measure of mitochondrial swelling. A Model
2000automaticspectrophotometermanufacturedbyGilford
Instrument Laboratories, Inc., Oberlin, Ohio, was used. All
cations were added in the form of chloride salts, and anions
were added in the form of Tris salts neutralized to pH 7.4.
Solutions of the 4 aryl amides and the 4 hydroxamic acids

2 The abbreviations used are: AAF-2, N-acetyl-2-aminofluorene;

AAF-1 , N-acetyl-1-aminofluorene; AAF-3, N-acetyl-3-aminofluorene;
AAF-4 , N-acetyl-4 -aminofluorene ; N-OH-AAF-1,
N-hy dro xy -N-acetyl- 1-am inofluorene; N-OH-AAF-2,
N-hydroxy-N-acetyl-2-am inofluorene; N-OH-AAF-3,
N-hydroxy-N-acetyl-3-am inoflu orene; N-OH-AAF-4,
N-hydroxy-N-acetyl-4-aminofluorene; DMSO, dimethyl sulfoxide;
DI-OH-DBAQ, 4',8'-dihydroxy-1,2,5,6-dibenz-9,1O-anthraquinone [in
current Chemical Abstracts, 4,11-dihydroxydibenz(a,h)anthracene-7,-
14-dione] ; N-OH-AAF, N-hydroxy-N-acetylaminofluorene.

3In ChemicalAbstracts, acetanilide-4'-phenyl (4075-79-0).

SUMMARY

Four aromatic-substituted isomeric N-acetylaminofluorenes
and their N-hydroxy derivatives were examined in an in vitro
mitochondrial system which previously had been used to
implicate an experimental confluence between oxidative
phosphorylation and carcinogenesis. The four parent
N-acetylaminofluorenes did not induce an adenosine
triphosphate-energized mitochondrial volume change when
combined with showdomycin. The adenosine
triphosphate-energized mitochondrial volume changes induced
by the hydroxamic acids plus showdomycin fell into two
categories. Isomers 2 and 3 (i.e.,
N-h y d r o x y -N- a c etyl-2-aminofluorene and
N-hydroxy-N-acetyl-3-aminofluorene) induced marked effects;
Isomers 1 and 4 (i.e., N-hydroxy-N-acetyl-1-aminofluorene and
N-hydroxy-N-acetyl-4-aminofluorene) induced modest effects.
Isomer 1 was more effective than Isomer 4. This sequence (2,3
> 1,4 and 1 > 4) is in agreement with the carcinogenicity of
the four hydroxamic acids when tested in the rat.

INTRODUCTION

Studies that utilized an in vitro mitochondrial system (4, 5)
have implicated an experimental confluence between oxidative
phosphorylation and chemical carcinogenesis (6, 7 , 9). These
data suggested a unitary hypothesis of carcinogenesis to the
effect that a metabolite of a carcinogen that interfered with
the flux of energy in the mitochondria could result in the
release of mitochondrial genetic material and that this released
genetic material could behave like an oncogenic virus (9). On
the other hand, Miller and Mifier (1 1, 12) have suggested for
some time that the critical reaction that engenders
carcinogenesis is between a nucleophiic site of the
informational macromolecules (namely, proteins or nucleic
acids) and an electrophiic site of the original carcinogen or
metabolite derived from the original carcinogen. These crucial
electrophilic species have been named the ultimate carcinogen,
while intermediates between the original carcinogen and the
ultimate carcinogen were designated as proximate carcinogens.

1Supported by USPHS Grant CA-10759 (National Cancer Institute).
This study waspreviously reported in an abstract (8).
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reported, neither showdomycin nor N-OH-AAF-2 alone
induced an ATP-energized mitochondrial volume change. A
positive effect was induced by the combination of
showdomycin with appropriate levels of N-OH-AAF-2.
Different modes of addition of N-OH-AAF-2 were also
investigated. In these experiments, either ATP was added as
the final component to a cuvet containing mitochondria, or
N-OH-AAF-2 was added as the final component to a cuvet
containing mitochondria. The results, which included controls
and graded effects, were completely superimposable.

It was observed that there was a significant difference in the
results which depended upon whether DI-OH-DBAQ was
added to the cuvet before the addition of mitochondria and
ATP, or whether DI-OH-DBAQ was added to the cuvet by
means of the adding-mixing device after the addition of ATP
and mitochondria. When DI-OH-DBAQ was placed in the cuvet
prior to the addition of mitochondria, no response was seen.
However, when DI-OH-DBAQ was added to the cuvet which
already contained mitochondria, activity was observed, as
noted previously (7). This activity presumably was due to the
ability of the mitochondria to take up a dispersion of this
insoluble but very active compound. The 4 water-insoluble
parent aryl amides were inactive in the in vitro mitochondrial
system at various levels of concentration, irrespective of the
means of addition.

The data presented in Charts 2 and 3 indicated that the
various isomers of N-OH-AAF have different activities in
exposing the mitochondrial thiol (4, 5) group. These
differences are enhanced when the effect associated with the
showdomycin control is subtracted from that induced by
showdomycin plus the varying amounts of the 4 isomers. The
differences became pronounced as the level of the isomers was
increased 10-fold, starting with 30 jzM, a level that was almost
inadequate for any effect, even with the most active isomers.
The order of activity at the 300 .zMlevel was readily seen to
be independent of the means by which the compounds were
added.

The results presented above were obtained with
mitochondria derived from the liver of male rats. Similar data
were obtained with female rats. The frequency with which the
mitochondria yielded unsatisfactory controls was noticeably
greater when female rats were used.

DISCUSSION

The scope and limitations of the in vitro mitochondrial
system were examined. The ATP.energized mitochondrial
volume system has yielded data of noteworthy reproducibility.
The results were virtually superimposable when the varied
experimental conditions resulted in a response that was either
marginal or pronounced.

No difficulty was experienced with water-soluble
compounds, whereas considerable experimental difficulty was
encountered with water-insoluble compounds. A
water-insoluble compound that formed a stable, aqueous
suspension could be examined by adding the compound either
before or after the mitochondria. Such a compound, when
active, yielded a positive response irrespective of the mode of
addition, as illustrated with N-OH-AAF-2 (Charts 2 and 3). On
the other hand, a water-insoluble compound such as
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Chart 1. Formulas.

were prepared in DMSO (distilled in a vacuum) and were
added to the incubation mixture in a volume of 0.06 ml. All
controls contained the appropriate amount of DMSO. The
adding-mixing device has been described (10). The charts and
legends provide additonal experimental details.

RESULTS

The reproducibility of the ATP-energized mitochondrial
volume change phenomena was extensively studied with the
use of N-OH-AAF-2 and showdomycin. As previously (9)
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Chart 2. Effect of hydroxamic acidsaddedbefore the mitochondria. The cuvetscontained the basicmedium (seeâ€œMaterialsand Methodsâ€•),the
common components, showdomycin (when noted), and the hydroxainic acids or DMSO prior to the addition of mitochondria. AlP (0.05 ml of
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Chart 3. Effect of hydroxamic acids added after the mitochondria. The cuvetscontained the basicmedium (seeâ€œMaterialsand Methodsâ€•),the
common components including ATP, and showdomycin (when noted) prior to the addition of mitochondria. Either the hydroxamic acids in
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DI-OH-DBAQ (7) which did not form a stable aqueous added to a cuvet that already contained mitochondria, the
suspension may simply precipitate out of the reaction medium mitochondria had an opportunity to take up the freshly
when added before the mitochondria and may yield a dispersed compound before it settled out. Under these
misleading negative result. However, when DI-OH-DBAQ was conditions, DI-OH-DBAQ showed marked in vitro activity (7).
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It is thus often necessary to examine water-insoluble
compounds by means of the 2 different procedures for
addition.

In agreement with the previous study (9) with AAF-2 and
AAF-3, the 4 water-insoluble aryl amides (namely, AAF-l,
AAF-2, AAF-3, and AAF-4) were inactive in our in vitro
mitochondrial system irrespective of the mode of addition.

The results unquestionably indicated that the hydroxamic
acids do not have the same in vitro activity; hence they do not
have the same ability to expose a mitochondrial thiol group (4,
5). Isomers 2 and 3 were in one category, while Isomers 1 and
4 were in another, distinctly less active category. Isomer 4 was
less active than Isomer 1. Indeed, Isomer 4 appeared to have
practically no activity.

An examination of the carcinogenic data obtained by
Gutmann Ct a!. (2) and summarized briefly in Table 1 revealed
that the carcinogenic response of responding tissues elicited by
the 4 isomeric hydroxamic acids (derived from the parent aryl
amides by either metabolic or synthetic hydroxylation) was
parallel to their ability to expose a mitochondrial thiol group
in the in vitro system. In the male rat, although Isomer 2 was
primarily a liver carcinogen, Isomer 3 was primarily a
mammary carcinogen, and Isomers 1 and 4 did not elicit any
carcinogenic response, it is clear (based on tumor incidence as
susceptible sites) that Isomers 2 and 3 were much more
carcinogenic and were in an entirely different category than
were Isomers 1 and 4. In the immature female rat, the
carcinogenic response in all instances was restricted almost
exclusively to the mammary gland. If one considers the index
of malignancy (2) as well as the tumor incidence, it is evident
that Isomers 2 and 3 again are much more carcinogenic than
Isomers 1 and 4 and Isomer 1 is more carcinogenic than
Isomer 4.

From an examination of the structures and molecular
models of the 4 isomeric hydroxamic acids, it was evident that
Isomers 2 and 3 have unhindered functional groups while, in
Isomers 1 and 4, the functional groups are hindered. However,
the functional group in position 1 was hindered by the
adjacent 5-membered ring less than the functional group in
position 4 was hindered by the ortho-biphenyl system. Thus,
the order of activity in the in vitro mitochondrial system and
of carcinogenicity is related to the hindrance of the functional
group.

These results have provided support for an experimental
confluence between oxidative phosphorylation and chemical
carcinogenesis, and they direct attention to the proposed
unitary hypothesis for carcinogenesis (9).

An in vivo phenomenon such as chemical carcinogenesis
generally involves, through a priori reasoning, as well as in
most mechanistic models (1 1, 12), a complex sequence of
events such as penetration of the cell, intracellular metabolism,
and transport of the original carcinogen or the appropriate
metabolite to the critical target, as well as an ultimate
propitious interaction with the critical target so that the
carcinogenic process is engendered. It is thus possible that a
metabolite of a carcinogen, when generated intracellularly, will
engender the carcinogenic process, and yet this same
metabolite when tested in vivo for carcinogenicity may yield a
negative result if the metabolite cannot penetrate the cell,

Table 1
Carcinogenicity ofhydroxamic acids in rats

Tumor incidence and index of malignancy wasdefined by Gutmann
etal. in 1970 (2).

a Personal communication from H. Gutmann.

b According to data published by Gutmann et a!. in 1970 (2).

cannot be transported to the critical target, or cannot interact
at the propitious metabolic state in order to engender
carcinogenesis. In such instances, the correlation of in vivo
carcinogenesis with the corresponding in vitro interaction
responsible for in vivo carcinogenesis will not be possible.
When a series of isomeric compounds show the same spectrum
for in vivo carcinogenic activities and in vitro activities, then
the tacit assumption that the same reaction is critical in the 2
series of activities becomes plausible but not unequivocal.
Thus, with the acceptance of the above assumption, the data
presented herein support an experimental confluence between
oxidative phosphorylation and chemical carcinogenesis. The
difficulties discussed above are of general signfficance and are
not restricted exclusively to the correlation examined in this
report.

The enzymic conversion of a hydroxamic acid to an
anhydride-type derivative such as the N-sulfate [which,
because of correlative evidence, is believed to be the ultimate
carcinogen in rat liver (1 , 3, 11, 12, 14)] would necessarily
involve the interaction of each hydroxamic acid with an
electrophiic moiety during the process whereby the anhydride
derivative would be generated. Such a process would probably
be under steric control. It is, therefore, quite clear that there
could be a correlation between the carcinogenicity of the
isomeric hydroxamic acids and the ease with which these acids
are converted in vitro to the N-sulfates of the corresponding
amides. The reactivity of the anhydride derivatives with a
nucleophilic center should also be under steric control.

The attempt by Weisburger et al. (Ref. 14, Table 4) to
demonstrate a crucial role in carcinogenesis for such a reaction
by an in vitro enzymic assay involving the formation of the
N-sulfate of AAF-2 and the subsequent in vitro binding of this
electrophiic intermediate to nuclear DNA was reportedly
unsuccessful. These workers believe they may have observed
binding to the nuclear membrane.

DeBaun et al. (1) correlated the level of the sulfotransferase
of interest (that which yielded N-sulfate-N-acetyl-2-amino
fluorene from N-OH-AAF-2 and 3'-phosphoadenosine-S'-
phosphosulfate) with the in vivo carcinogenic response of rat
liver to N-OH-AAF under a variety of response situations.
Furthermore, DeBaun et al. (I) found the sulfotransferase of
interest in the high-speed supernatant fraction derived from
rat liver homogenate.
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The crucial target of N-sulfate-N-acetyl-2-aminofluorene
remains to be identified (see also Ref. 12). The mitochondrial
membrane or the machinery of oxidative phosphorylation may
thus be considered as a possible target for the electrophilic
species generated in the cytosol. Such interactions would
support our proposed experimental confluence of oxidative
phosphorylation with carcinogenesis and would be compatible
with our unitary hypothesis for carcinogenesis (9). We have
also observed (unpublished data) by means of our in vitro
mitochondrial system that the lipid-soluble model, ultimate
carcinogen N-acetoxy-N-acetyl-2-aminofluorene (13) does
interact with the machinery of oxidative phosphorylation.

Carcinogenicity could thus be correlated with any in vitro
reaction in which the steric requirements of the isomeric
hydroxamic acids or their derivatives were critical. After
several such correlations have been obtained, there would still
be a moot question as to which in vitro reaction is crucial for
carcinogenesis, unless other decisive evidence were provided.
Various approaches to carcinogenesis are therefore necessary
in order to suggest decisive experiments which avoid
correlations that may be equivocal. Positive correlations are
useful, as they provide supportive evidence for possible
mechanisms.
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