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SUMMARY

Peroxidases exhibit a wide substrate specificity with respect to
various carcinogenic xenobiotics. Peroxidase-mediated activations
of several carcinogenic polycyclic aromatic hydrocarbons, aromatic
amines, phenols, azo dyes and N-nitrosamines are reviewed, con-
sidering their possible involvement in the initiation of chemical
carcinogenesis. Activation pathways of these carcinogens examined
in vitro, in subcellular fractions, cell cultures and in vivo are
evaluated.
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INTRODUCTION

The induction of chemical carcinogenesis is believed to be
initiated by metabolically activated carcinogens which form reactive
electrophilic species that bind covalently to nucleophilic
macromolecules of the cell, particularly DNA. Several isoenzymes
of cytochrome P-450 are generally considered to be responsible for
the oxidative metabolic activation of carcinogenic xenobiotics. It
has been found, however, that several tissues containing high levels
of cytochrome P-450 (e.g., liver, adrenal cortex, testis) are not
typical target organs for tumor induction in humans. This indicates
that many cytochromes P-450 are also involved in xenobiotics
detoxication /1/. In other organs, however, not containing high
cytochrome P-450 levels, the process of chemical carcinogenesis is
also observed. This fact is difficult to explain. On the one hand,
other enzymes are suggested to be involved in the activation of
carcinogens in these tissues /1,2/. On the other hand, the
carcinogens may be activated by cytochromes P-450 in tissues
and/or cells rich in these enzymes (e.g., liver) and then transported
(as active metabolites or their conjugates) to target organs and/or
cells. Peroxidases have been considered to be another group of
enzymes which can play a role in the activation of several
carcinogens /1-22/.

The purpose of this paper is to review the available data
supporting or proving the role of peroxidases in the activation of
several carcinogens in vitro and in vivo. The latest results of our
studies are also presented and discussed.

PEROXIDASE-MEDIATED ACTIVATION
OF XENOBIOTIC CARCINOGENS

Peroxidases are widely distributed in extra-hepatic target tissues,
e.g., urinary bladder (prostaglandin synthetase), mammary gland
(lactoperoxidase, cytochrome c), eosinophils (eosinophil per-
oxidase), leukocytes (myeloperoxidase), uterus (uterine per-
oxidase), thyroid (thyroid peroxidase), Zymbal gland (peroxidase)
/1/, several cells of lung and kidney (prostaglandin synthetase) /2-5/.
Moreover, many carcinogens that do not cause tumors of the liver
were found to be substrates for peroxidases and are metabolized to
electrophiles binding to macromolecules in vitro (e.g, benzidine /7/,
2-naphthylamine /13/, benzo(a)pyrene and its derivatives /2,4,5,9/,
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2-aminofluorene /14/, 4-aminobiphenyl /2/, benzene metabolites
such as phenol, catechol and hydroquinone /15-17/,
diethylstilbestrol /2,4,5/, carcinogenic nitrofurans /8/, azo dyes /10-
12/, metabolites of phenacetin such as acetaminophen and
phenetidine /2,6/, aflatoxin B, /18/).

These observations have led to the hypothesis that peroxidases
are activation enzymes for some carcinogens. Problems, however,
arise in establishing the contribution of the peroxidase pathways in
intact cells or in vivo. The following approaches can be used for
such studies. One possibility is the administration of specific
peroxidase inhibitors to experimental animals. However, difficulties
in interpreting the results of such experiments because of side
effects of the inhibitors should be taken into account /1,4/. A more
suitable approach is the use of stable biochemical markers or
endpoints for the detection of peroxidase metabolism. Such
endpoints could be specific metabolites of carcinogens produced by
peroxidases. The next approach involves the analysis of DNA
adducts specifically derived from peroxidase activation (as opposed
to other known enzymatic reactions involving the same substrate)
/1/ and comparison with the DNA adducts formed in vivo. Such
complex studies, involving all the approaches mentioned, have not
yet been carried out for the majority of carcinogens. The studies of
several carcinogens reported so far, however, shed light on the
hypothesis that peroxidases are involved in initiation of chemical
carcinogenesis.

Polycyclic aromatic hydrocarbons

Benzo(a)pyrene, a polycyclic aromatic hydrocarbon, has long
been recognized as a lung and skin carcinogen. Activation of
benzo(a)pyrene catalyzed by cytochrome P-450 is well known /2/.
Metabolism of benzo(a)pyrene by prostaglandin H peroxidase and
horseradish peroxidase leads to the formation of benzo(a)pyrene-
quinones (1,6-dione, 3,6-dione, 6,12-dione). During this reaction,
reactive radicals are formed which bind to DNA /9/. Moreover,
peroxidases are also effective in the oxidation of benzo(a)pyrene
metabolites formed in vivo by cytochrome P-450 and epoxide
hydrolase to form highly tumorigenic 7,8-dihydroxy-7,8-dihydro-
9,10-oxobenzo(a)pyrene. The mechanism of this reaction is distinct
from that of cytochrome P-450 /19,20/.

Adrianssens er al. /21/ reported that the prostaglandin
synthetase inhibitors aspirin and indomethacin did not reduce the
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level of pulmonary DNA adducts derived from benzo(a)pyrene.
Pulmonary cytochrome P-450 and not peroxidase is, therefore,
mainly responsible for activation of benzo(a)pyrene in the lung. On
the other hand, indirect studies using inhibitors of peroxidases as
well as studies on the induction of skin tumors suggest that
peroxidase activation of benzo(a)pyrene could occur in the skin.
Treatment with specific inhibitors of prostaglandin synthetase
considerably reduced the number of tumors observed /5/. In
addition, the study of adducts formed by peroxy radical- and
cytochrome P-450-dependent activation of (+)7,8-dihydroxy-7,8-
dihydrobenzo(a)pyrene in mouse skin in vitro and in vivo supported
this view /22/.

Prostaglandin synthetase also catalyzes the epoxidation of the
potent carcinogen aflatoxin B . Rates of this peroxidase-catalyzed
epoxidation are very low and, therefore, it seems that peroxidases
do not contribute substantially to the tumorigenicity of this
carcinogen /18/.

Aromatic amines and phenols

The most comprehensive studies on the role of peroxidases in
carcinogen activation have been performed with aromatic amines
and phenols.

Primary arylamines, such as benzidine and 2-naphthylamine, are
urinary bladder carcinogens in humans and dogs /23/. Benzidine is
also a hepatocarcinogen in rats, mice and hamsters /7/. Both
compounds are activated by both cytochromes P-450 and
peroxidases, but the products as well as the catalytic mechanisms
differ from each other /1,7,13/.

Benzidine is activated by several peroxidases, such as
prostaglandin synthetase, horseradish peroxidase, chloroperoxidase
and lactoperoxidase. Benzidine diimine, a two-electron oxidation
product of benzidine, is the predominant reactive intermediate for
covalent DNA binding mediated by peroxidase /7/. Comparative
studies on the structure of adducts formed by peroxidase- and
cytochrome P-450-mediated benzidine activation show that (N-
deoxyguanosin-8-yl)benzidine and N-(deoxyguanosin-N’-yl)benzi-
dine are formed by both activation pathways. A unique adduct
formed only by peroxidase incubations was identified as N,3-
(deoxyguanosin-N’,C8-yl)benzidine; it results from the oxidation of
DNA that has been modified by benzidine diimine /7/. Intra-
molecular DNA-benzidine-DNA cross-links also occur as a
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consequence of the peroxidative metabolism of benzidine /24/.
Adduct profiles obtained from urothelial DNA hydrolysates from
dogs administered benzidine in vivo are similar to those observed
with DNA hydrolysates from peroxidase incubations /7/. The pub-
lished results, therefore, strongly suggest that peroxidases play a
role in benzidine-induced bladder carcinogenesis. It should be
noted that DNA adducts derived from cytochrome P-450-mediated
reactions are, however, also important for benzidine-dependent
carcinogenic processes /1/.

Peroxidase-dependent metabolism of 2-naphthylamine in vitro
leads to the formation of both ring- and N-oxidation products, 2-
aminonaphthol and N-hydroxynaphthylamine, respectively /13/.
Both reactions are also catalyzed by cytochrome P-450
monooxygenase. Ring-oxidation is usually considered a
detoxicating pathway, while N-oxidation is considered to be
primarily responsible for arylamine-induced carcinogenesis. The N-
hydroxy arylamine metabolites are then subjected to conjugation in
the liver and these conjugates are transported to the urinary
bladder lumen /13/. Nitrenium ions or carbenium ions formed by
decomposition of these conjugates are the ultimate carcinogens
/25/. In the case of 2-naphthylamine, one third of the urothelial
DNA adducts found are identical with those formed with bladder
peroxidase /13/. The reaction sequence involves a radical mediated
C-hydroxylation of the aromatic ring to 2-amino-1-naphthol (which
is considered a detoxication product) and its subsequent oxidation
to quinone imine which reacts with DNA. The other adducts are
formed by N-hydroxy-2-naphthylamine, which is also produced by
hepatic cytochrome P-450 monooxygenases /13/.

Administration of 2-aminofluorene to animals results in tumors
not only in the liver, but also in the mammary gland, urinary
bladder, intestine and the sebaceous gland of the ear duct, i.e., in
organs rich in peroxidases /26/. This carcinogen is also an excellent
substrate for several peroxidases forming products which bind
covalently to macromolecules /1,5,6,26/. Unfortunately, C8-(N2-
aminofluorenyl)deoxyguanosine, which is also formed by cyto-
chrome P-450-dependent activation, was the only DNA adduct
found in incubations of 2-aminofluorene with DNA and peroxi-
dases from various sources /27/. Therefore, it is difficult to assess
the involvement of peroxidases during its formation. This adduct
was also detected in uterus DNA of 2-aminofluorene-treated rats,
and its formation appears to be dependent on the activity of uterus
peroxidase /27/. In addition, it was recently found that this adduct is
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also formed in human intact blood neutrophils and that the adduct
level correlates with the activity of neutrophil peroxidase /14/.

Although benzene is mainly myelotoxic, its primary metabolism
to phenolic products occurs mainly in the liver. Toxicity and
carcinogenicity of benzene metabolites such as catechol and
hydroquinone (formed by cytochrome P-450 in the liver) is,
however, thought to be enhanced by peroxidases in target tissues
(e.g., bone marrow, Zymbal gland) /15/. Peroxidases present in
these tissues oxidize hydroquinone to highly reactive benzo-
quinone, which is known to react directly with DNA in vitro /16/.
Phenol and catechol are oxidized by peroxidases in vitro /15,16/ and
phenol- and hydroquinone-DNA adducts were found in Zymbal
gland cell cultures. Adducts of hydroquinone and p-benzoquinone
were also detected in intact HL-60 cells (human promyelotic cell
line, having significant myeloperoxidase activity) /17/. However, no
adducts were detected in the Zymbal gland in in vivo experiments
where the carcinogens were administered orally /16/.

Azo dyes

Among the carcinogenic azo dyes, the N-demethylated product
of N,N-dimethylaminoazobenzene (N-methylaminoazobenzene)
was studied as a potential substrate of peroxidases. Demethylation
of this carcinogen and formation of products binding to
macromolecules (proteins) were observed /28/.

We recently extended the study to another azo dye, the non-
aminoazo compound, 1-phenylazo-2-hydroxynaphthalene (Sudan I)
(a liver and urinary bladder carcinogen) /10-12,29/ and to the
hepatocarcinogen N,N-dimethylaminoazo benzene /30/. Both azo
dyes are activated efficiently by peroxidases in vitro. The levels of
DNA- and tRNA-adducts formed by both azo dyes activated by
liver cytochrome P-450 or peroxidase differ significantly (Table 1).
Four major and two minor adducts were formed from DNA
incubated in vifro with the ultimate metabolite of N,N-
dimethylaminoazobenzene, which is produced by cytochrome P-
450 /31/. Two major adducts formed from the carcinogen in these
in vitro experiments as well as in rat liver DNA in vivo were
identified as N-(deoxyguanosine-8-yl)- and 3-(deoxyguanosine-N2-
yl)-methylaminoazobenzene /31/.

N,N-Dimethylaminoazobenzene activated by peroxidase forms
six major and several minor adducts with deoxynucleotides in DNA.
The major adduct was with deoxyguanosine and two further
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adducts with deoxyadenosine (unpublished results). The structure
of these adducts has not yet been established.

Only one major adduct with deoxyguanosine is formed from
DNA reacted with Sudan I activated by cytochrome P-450 /32,33;
Stiborova er al., manuscript in preparation), but four major and
several minor adducts are formed after activation of Sudan I by
peroxidase /12/.

In animals exposed to Sudan I, the urine contains only low
quantities of the parent compound (Sudan I), but high quantities of
its C-hydroxy derivatives resulting from the oxidation of the parent
dye in the liver by cytochrome P-450 /34/. Further studies on the
major oxidized derivatives of Sudan I (ring-hydroxy derivatives)
formed by liver cytochrome P-450 in vitro /32/ show that these
derivatives are rapidly oxidized by peroxidase forming active
metabolites that bind to DNA and tRNA (Table 2). The patterns
obtained by the 32P-postlabeling assay /35/ show the formation of
several adducts with deoxynucleotides /36/. Thus the products of
detoxication of Sudan I may also be converted to ultimate
carinogens by peroxidase inside the urinary bladder ir vivo. Indeed,
our preliminary results obtained from an in vivo study on adduct
formation in the urinary bladder of rats treated with Sudan I show
certain similarities with results obtained in vitro.

The results obtained with Sudan I indicate that not only the
parent carcinogens should be examined as potential substrates for
peroxidase, but also such metabolites that are -considered
detoxication products. The combination of reactions catalyzed by
cytochromes P-450 and peroxidases seems to be crucial for the final
activation of carcinogens. This suggestion is also supported by the
observation that metabolites of benzo(a)pyrene or 2-naphthyl-
amine formed by cytochrome P-450 are activated by peroxidases
(see above).

N-Nitrosamines

N-Nitroso compounds are a unique group of chemicals exerting
wide organ- and species-specificity in their carcinogenic effects.
Tumors can be obtained in nearly all organs, depending on the
route of administration and the structure of the nitrosamine. Some
of the target organs are rich in cytochromes P-450 (e.g., liver, nasal
cavity, esophagus), some rich in peroxidases (e.g., kidney, lung,
urinary bladder) /3,37/.

Although cytochrome P-450 is believed to be the key activating
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TABLE 1

Binding of Sudan I and N,N-dimethylaminoazobenzene (DAB) activated by
cytochrome P-450 and peroxidase to nucleic acids in vitro

Activating system DNA binding tRNA binding
(nmol/mg)

DAB Sudan | DAB Sudan I
Complete cytochrome
P-450 system 04 +001 036+002 071+002 0.6 =*0.02
without cyt P-450 0 0 0 0
without NADPH 0.01 +0.001 0.01 +0.005 0.02 +£0.01 0.009 + 0.001
Complete peroxidase
system 23 02 41 +03 14.06 £0.07 140 =09
without peroxidase 0 0 0 0
without H,O, 0 0 0 0

Incubation mixtures (1.5 ml) contained in the cyt P-450 system: 50 mM potassium
phosphate (pH 7.7), 2 mM NADPH, 3.5 mg microsomal proteins, 0.2 mM e
Sudan I or *"C-DAB, 2 mg of tRNA or DNA; in the peroxidase system: 50 mM
Tris-HCI buffer (pH 7.46 for DAB and 8.4 for Sudan I), 0.2 mg of peroxidase
(from horseradish), 1.5 mM H,0,, 0.2 mM "*C-Sudan I or C-DAB and 2 mg of
tRNA or DNA. Incubation time was 120 min.

TABLE 2

The binding of 1-(4'-hydroxyphenylazo)-2-hydroxynaphthalene
(4'-OH-Sudan I) and 1-phenylazo-2,6-dihydroxynaphthalene
(6-OH-Sudan I) activated by peroxidase to DNA and tRNA

Compound Binding to % of converted
DNA tRNA compound
(nmol/mg)
4'-OH-Sudan I 21+008 19=%0.1 60.1 = 1.2
6-OH-Sudan I 33+£010 59=x05 933 2.0

Experimental conditions were as in Table 1 except that C-hydroxy-derivatives of
14C.Sudan were used.
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enzyme system for these carcinogens, other specific activating
systems cannot be excluded /3,37,38/.

Prostaglandin synthetase is present at significant concentrations
in several types of lung cell (pulmonary neuroendocrine cells,
alveolar type II cells and pulmonary endothelia) /3,39/. The
involvement of this enzyme in the activation of some N-nitros-
amines has been suggested /3/, based on indirect in vivo studies with
inhibitors of prostaglandin synthetase. Aspirin and indomethacin
inhibited efficiently the metabolism of N-nitrosodiethylamine in
alveolar type II cells of lungs /39/. Moreover, in hamsters injected
with these inhibitors prior to administration of radiolabeled N-
nitrosodiethylamine a pronounced decrease in alkylation of macro-
molecules of pulmonary cells was demonstrated, while inhibitors of
cytochrome P-450 did not affect the level of alkylation /3,40/.

We showed that two N-nitrosamines (N-nitrosomethylaniline
and N-nitrosomethylbenzylamine) are oxidized by peroxidase in
vitro. Both compounds cause tumors in esophagus and lung /37,38/.

The same products derived from a-C-hydroxylations
(aldehydes) were detected as in reactions catalyzed by cytochrome
P-450, but in lower amounts (Table 3). During the oxidation of N-
nitrosomethylaniline by peroxidase, very reactive metabolites with
short half-lives are generated, which bind to nucleic acids, as in the
case of carcinogenic azo dyes (Table 4). A mechanism of reaction
catalyzed by peroxidase involving radicals, which differs from that
catalyzed by cytochrome P-450, was detected /30/.

Several adducts with DNA and tRNA were detected using the
3p.postlabeling method (unpublished results). The pattern of
adducts detected by this method will be compared with the pattern
obtained in DNA of animals treated with N-nitrosomethylaniline to
strengthen our in vitro results.

Although clear evidence for the participation of peroxidases in
the initiation of cancer by N-nitrosamines has not yet been estab-
lished, the activation of N-nitrosomethylaniline by peroxidase
described in this paper could play a certain role in N-nitroso-
methylaniline disposition, especially in lung cells rich in
peroxidases.
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TABLE 3

Oxidation of N-nitrosomethylaniline (NMA) and
N-nitrosomethylbenzylamine (NMBA) by peroxidase

Concentration of Oxidation products of
nitrosamines in NMA NMBA
reaction mixture
(mM) formaldehyde formaldehyde benzaldehyde
0 0 0 0
0.5 0.72 0.015 0.19
1.0 1.10 0.13 0.29
1.5 - 0.40 0.59
2.0 1.30 0.65 1.14
3.0 1.44 0.89 1.27

Incubation mixtures (3 ml) contained 50 mM potassium phosphate (pH 7.7), 200
ug of horseradish peroxidase, 1 mM H, O, and 0-3 mM nitrosamines. Aldehydes
are expressed as nmol aldehyde/min/mg peroxidase.

TABLE 4

Dependence of the binding of carcinogens to DNA and tRNA on time of addition
of nucleic acids into reaction mixture

Time of addition of nucleic DNA binding tRNA binding
acids in the reaction medium (nmol/mg)
(min)

N,N-dimethylaminoazobenzene (0) 230 *+020 14.06 + 0.007
(10 0.10 +0.02 1.85 + 0.02

Sudan I ) 4.10 +0.30 14.00 + 0.30
(15) 0.053 + 0.008 1.41 +0.30

N-nitrosomethylaniline ) 0.60 +0.10 3.01 £0.12
(15) - 03 =0.02

Experimental conditions were as in Table 1.

Authenticated | xajibim@mail.ru
186 Download Date | 6/16/12 6:39 AM



M. Stiborové et al. Drug Metabolism and Drug Interactions

CONCLUSIONS

Great attention is now focused upon the extra-hepatic trans-
formation of various carcinogens. We can conclude from this
review that several peroxidases participate in this transformation. It
is evident from the work cited in this paper that peroxidase acti-
vation of carcinogens can occur not only with purified peroxidases,
but also in subcellular fractions, cell culture systems and in vivo.
Future detailed in vitro studies on the activation of parent
carcinogens as well as their metabolites formed by other enzymes
(mainly cytochrome P-450 monooxygenases) should be carried out
to understand better the peroxidative biotransformation processes
in chemical carcinogenesis.
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