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Role of Radical Cations in Aromatic
Hydrocarbon Carcinogenesis

by Ercole Cavalieri* and Eleanor Rogan*

Carcinogenic activation of polycyclic aromatic hydrocarbons (PAH) involves two main pathways: one-
electron oxidation and monooxygenation. One-electron oxidation produces PAH radical cations, which
can react with cellular nucleophiles. Results from biochemical and hiological experiments indicate that
only PAH with ionization potentials below ca. 7.35 ¢V can be metabelically activated by one-electron
oxidation. In addition, the radical cations of carcinogenic PAH must have relatively high charge locali-
zation to react effectively with macromolecules in target cells. Metabolic formation of PAH quinones
proceeds through radical cation intermediates. Binding of benzo[alpyrene (BP) to mouse skin DNA occurs
predominantly at C-6, the position of highest charge localization in the BP radical cation, and binding
of 6-methylBP to DNA in mouse skin yields a major adduct with the 6-methyl group bound to the 2-amino
group of deoxyguanosine. Studies of carcinogenicity by direct application of PAH to rat mammary gland
indicate that only PAH with ionization potentials low enough for activation by one-electron oxidation
produce tumorsg in this target tissue. These constitute some of the results which provide evidence for the

involvement of one-electron oxidation in PAH carcinogenesis.

Introduction

One concept that is basic to studies of chemical car-
cinogenesis is the recognition that covalent binding of
chemicals to cellular macromolecules, DNA, RNA, and
protein, is the first critical step in the multistage process
leading to tumor formation (1,2). Most chemical carein-
ogens, with the exception of a few alkylating or acylat-
ing agents, require some type of metabolic activation
to produce the reactive species capable of covalently
binding to cellular macromolecules. These critical re-
active intermediates belonging to the broad variety of
different structures known as chemical carcinogens
have a common unifying feature, namely their electro-
philic character (1,2).

Metabolic activation of polyeyclic aromatic hydrocar-
bons (PAH), as well as other chemical carcinogens, oc-
curs by two main pathways: one-electron oxidation and
two-electron oxidation, or monooxygenation (3,4). One-
electron oxidation produces radical cations or radicals,
depending on the molecule in which the oxidation oc-
curs. A radical cation is generated by removal of a m-
electron in an aromatic system, whereas one-n-electron
oxidation of a phenol or amine with subsequent loss of
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a proton produces a radical. Two-electron oxidation, or
monooxygenation, yields oxygenated metabolites. Thus
the general pathways of activation and deactivation for
chemical carcinogens can be summarized as presented
in Figure 1.

The procareinogen, a chemical compound requiring
metaboelic activation, can be oxidized by loss of an elec-
tron to produce an ultimate electrophilic intermediate.
This would react with critical cellular macromolecules
to initiate the process of carcinogenesis. Oxygenation
of a procarcinogen can produce directly an ultimate car-
cinogenic metabolite or a proximate carcinogenic me-
tabolite which requires further activation by one-elec-
tron oxidation, monooxygenation, or esterification to
form the ultimate eareinogenic species. The electrophilic
species produced can react with nucleophilic groups of
cellular macromolecules to initiate the cancer process.
Ultimate electrophilic carcinogens can more commonly
bind noneritically to cellular macromolecules or some-
times decompose before reacting. The fate of a procar-
cinogen or proximate carcinogen also includes formation
of inactive metabolites.

Thus the activating process of procarcinogens, in-
cluding PAH, ean occur through two main pathways,
one-electron oxidation and two-electron oxidation.
Study of the critical electrophiles obtained in the two
pathways of activation provides information about the
enzymes that catalyze these reactions.
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FIGURE 1. Ome-electron oxidation and monooxygenation in the met-
abolic activation of procarcinogens.

Enzymology of One-Electron and
Two-Electron Oxidation

Most research on the enzymatic activation of chemical
carcinogens has focused on monooxygenation by cyto-
chrome P-450 with molecular oxygen and NADPH
(2,5,6). This enzyme can also catalyze formation of ox-
ygenated metabolites with hydroperoxide cofactors (6).
Recently, activation catalyzed by cellular peroxidases,
including the enzyme complex prostaglandin H synthase
(PHS) (7), and cytochrome P-450 with NADPH (8-13)
and hydroperoxide cofactors (24—19) has been investi-
gated and observed to provide one-electron oxidation
of a variety of xenobioties, including carcinogens, Cy-
tochrome P-450 acting as a monooxygenase with
NADPH and oxygen does notl in general catalyze one-
electron oxidation efficiently. However, in this system,
dihydropyridine (10) and cyclopropylamine (&,9) induce
suicidal inactivation of cytochrome P-450 via an initial
one-electron oxidation of the substrate. Similarly, sul-
fides and sulfoxides are oxygenated to sulfoxides and
sulfones, respectively, via initial formation of a sulfi-
nium radical intermediate (11,12). Cytochrome P-450
with NADPH also catalyzes one-electron oxidation of
norcocaine, which plays a significant role in the hepa-
totoxicity of cocaine (18). The one-electron oxidation
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pathway of eytochrome P-450 is more efficiently cata-
lyzed in the presence of hydroperoxide cofactors. This
is best illustrated by the preponderant formation of
benzo[a]pyrene (BP) quinones in the metabolism of BP
(18,19). In fact we have recently demonstrated that for-
mation of metabolites proceeds by an initial one-electron
oxidation of the substrate.

Mammalian peroxidases have been observed to acti-
vate a variety of chemicals by one-electron oxidation.
Mouse uterine peroxidase activates diethylstilbestrol
(20}, and rat bone marrow peroxidase activates phenol
(21). PHS has been implicated in the activation of N-
hydroxy-2-acetylaminofluorene in mammary cells (22),
benzidine and 5-nitrofuran (23-26), diethylstilbestrol
(27-29), tetramethylhydrazine (30), 2-aminofluorene
(31), and p-aminophenol (32).

For PAH, the two main types of ultimate carcinogenic
intermediates, radical cations (3,4) and bay-region vi-
cinal diol-epoxides (5,33,34), are formed by one-electron
oxidation and two-electron oxidation, respectively. In
this paper we will review the chemiecal, biochemical, and
biological evidence indicating that radical cations play
ah important role in PAH carcinogenesis.

Chemical Properties of PAH Radical
Cations

Radical cations are reactive intermediates obtained
by removal of an electron from PAH. A few of the most
common representative PAH are presented in Figure
2. It is well known that PAH radical cations can be
produced in chemical systems with Fe?* (35-38) and
iodine (35,87,89-42). Iron-containing enzymes with the
metal in the higher oxidative forms (Fe®** to Fe®*) are
possible oxidants in biological systems. To understand
the role of PAH radical cations in the mechanism of
tumor initiation, we have investigated some chemical
properties of these intermediates.

Trapping of Radical Cations by
Nucleophiles

Radical cations have been generated in two one-elec-
tron oxidant systems: the first contains iodine as oxidant
and pyridine as nucleophile and solvent (42,43}, while
the second is Mn{QAc); in acetic acid (44).

PAH + [, =2PAH+ + 1" + T (1)
PAH + Mn{(OAc); = PAH* + Mn(QAc), + ~OAc (2)

In equation (1) the radical cation is trapped by pyr-
idine to form the pyridinium iodide derivative, whereas
in the second system the acetoxy derivative of the PAH
is obtained. Reaction yields of nucleophilic substitution
in the icdine-pyridine system for several PAH are pre-
sented in Table 1, and the ionization potentials (IP) are
also reported. The compounds 5-methylchrysene and
dibenz[a,h]anthracene are not oxidized because of their






