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Oxidative Activation of Benzidine and Its
Derivatives by Peroxidases

by P. David Josephy*

Benzidine {(4,4’-diaminobiphenyl) is a known human carcinogen; exposure to this substance resulted in
an epidemic of bladder cancer among workers in the dye industry in Europe and North America. The
chemical or enzymatic oxidation of benzidine proceeds via a radical cation detectable by electron spin
Y nee, Peroxidase-catalyzed oxidation of benzidine generates reactive electrophiles which readily form
adducts with phenol and thiol compounds. The structures of these novel metabolites are described. Per-
oxidases, including prostaglandin synthase, catalyze benzidine binding to protein and nucleic acid; the
nature of the resulting adducts is unknown. The relevance of these processes to benzidine carcinogenesis
in vivo is the subject of research and debate. A central question remains: is benzidine activated in extra-
hepatic target tissues such ag bladder epithelium, or transported to these tissues following hepatic oxidative

metabolism?

Introduction

The current interest in free-radical biology has been
attributed to three major discoveries: superoxide dis-
mutase, the involvement of lipid hydroperoxides in the
arachidonate cascade, and the involvement of radical
reactions in the metabolism of many environmental tox-
icants (). Appropriately, most of the contributions to
this volume touch on one or more of these themes, and
several deal with the oxidation of xenobiotics catalyzed
by the peroxidase activity of prostaglandin H synthase
(PHS). This enzyme is responsible for the formation of
prostaglandin H, from arachidonic acid in tissues which
synthesize prostaglandins, and may be a major source
of lipid hydroperoxides in mammalian systems. The in-
itial report of eooxidation of polycyelic aromatic hydro-
carbons by PHS (2) has stimulated a great deal of
research in the past ten years, and a wide variety of
xenobiotics has been shown to serve as substrates for
PHS-dependent metabolism (3).

Aromatic amines comprise one of the most-studied
classes of chemical carcinogens. Indeed, the pioneering
studies by E. C. Miller and J. A. Miller and their eol-
leagues on the metabolism of N,N-dimethyl-4-amino-
azobenzene and 2-acetylaminofluorene mark the begin-
ning of the modern era of chemical carcinogenesis re-
search (4). A recent issue of this journal is devoted to
the proceedings of the Second International Conference
on Carcinogenic and Mutagenic N-Substituted Aryl
Compounds (5} held in 1982 and contains several useful
reviews of aromatic amine metabolism and
carcinogenesis.
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Benzidine (4,4'-diaminobiphenyl) (Fig. 1) is one of the
relatively few chemicals classified as a known human
carcinogen, hased on studies of workers in the dye in-
dustry who were exposed to very high levels of the
substance (6,7). Improved industrial hygiene enforced
by occupational safety legislation has largely removed
this hazard, at least in the West. However, recent re-
search has demonstrated a previously unsuspected route
of exposure to benzidine. Azo dyes (synthesized by dia-
zotization of arylamines and coupling of the resulting
aryldiazoniom cations) may be reduced by enzymes of
the gut bacteria, releasing the parent arylamines. Re-
duction may be the fate of a large percentage of an oral
dose of a benzidine-based azo dye (8), and thus, these
dyes may pose a significant environmental hazard. Many
of the benzidine-based dyes are mutagenic in the Ames
test following preincubation under reductive conditions
(9). The recognition of this potential hazard has prompted
the establishment, by the National Toxicology Pro-
gram, of a research initiative on benzidine dyes (10).

Benzidine is exclusively a bladder carcinogen in man
and in some other species such as dogs (11). In contrast,
benzidine induces liver, intestine, and ear duct tumors
in the rat (12). The explanation of observed patterns of
organ and species specificities of chemical carcinogen-
esis is a fundamental challenge to researchers (13). Two
contrasting theories have been advanced to explain the
activity of arylamines as bladder carcinogens. The stud-
jes of Kadlubar, Radomski, and others suggest that ox-
idation to the hydroxylamine and N-glucuronidation oc-
cur in the liver, and the resulting N-hydroxyarylamine
N-glucuronides enter the circulation and are excreted
in the urine. Acid-catalyzed hydrolysis of the glucuron-
ide leads to generation of a reactive electrophile in the
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Figure 1

bladder lumen (74). An alternative theory (which is not
exclusive of the previous view) holds that metabolic
activation may occur in the bladder epithelial tissue.
Langenbach and colleagues have shown that bovine
bladder cells can activate aromatic amines, including
benzidine, to mutageniec metabolites (15,16). Since pros-
taglandin H synthase activity is present in the kidney
and bladder, the possible role of the enzyme in activa-
tion of bladder-specific earcinogens must be evaluated.

In this review, I discuss recent work on the peroxi-
dase-mediated activation of benzidine and substituted
benzidine derivatives.

Benzidine: Chemical Oxidations

Benzidine possesses two readily oxidized amino
groups, and thus its oxidation chemistry is distinct from
that of simple arylamines (such as 4-aminobiphenyl),
just as the oxidation chemistry of hydroquinones differs
from that of phenols. However, there have been rela-
tively few studies of the benzidine system using chem-
ical oxidation techniques. Willstitter and Kalb (17)
reported the synthesis of azobenzidine (Fig. 1) by oxi-
dation of benzidine with Pb0,, and suggested that the
diimine was a likely intermediate. Hiinig and Richters
(18) succeeded in isolating the dark yellow-colored di-
perchlorate salt of the diprotonated diimine dication,
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following oxidation of benzidine by sodium dichromate
in perchloric acid solution. Recently, the oxidation of
benzidine and derivatives by “chloramine-T” and by N-
bromosuceinimide was reported (19). The products (Apax
~430 nm) were described as N,N-dichlorodipheno-
quinonediimines on the basis of mass spectral data.

Several electrochemical studies of benzidine oxidation
have been carried out. Oldfield and Bockris (20) per-
formed potentiometric titration experiments using Bry
as oxidant, and concluded that the oxidation proceeded
via a radical intermediate. Kuwana and Strojek (21)
examined the oxidation of o-tolidine (3,3’-dimethylben-
zidine), using optically transparent electrodes to mea-
sure absorption speetra during cyclic voltammetric
experiments. The product of oxidation by cyclic voitam-
metry or controlled potential electrolysis was the yellow
diimine (A, = 437 nm), An intermediate blue species
(Amax = 365, 630 nm) was produced, and then consumed,
during both types of electrochemical oxidation. In the
electrolysis procedure, the intermediate precipitated as
dark blue crystals during the oxidation, and redissolved
as the oxidation continued to the final product. The in-
termediate represents a one-electron oxidized form of
o-tolidine and could be either a dimeric complex of the
fully reduced and fully cxidized forms or a monomeric
cation radical. In either case, the intermediate is in
equilibrium with the fully reduced diamine and the fully
oxidized diimine:






