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In the presence of hydrogen peroxide, peroxidase oxidized aminoazo dyes, the non-aminoz
1-phenylazo-2-hydroxynaphthalene (Sudan I, Solvent Yellow 14), ar@Hitgdroxy derivatives. The
oxidation of azo dyes is a pH-dependent reaction; while slightly acidic conditions are optimal f
aminoazo dyes, a basic pH suits better for Sudan | and its hydroxy derivatives. The oxidation
carcinogenic Sudan | and dimethylaminoazobenzene catalyzed by peroxidase was investigate
tail. Oxygen consumption was not observed in incubations of peroxidase, azo dyes and hydrog
oxide. However, oxygen uptake was observed after the addition of glutathione, which indicate
free radical metabolites of these compounds are formed by peroxidase. The results suggest t
oxidase metabolizes Sudan | and dimethylaminoazobenzene through a one-electron oxidation
nism, giving rise to free radicals. Three of the products of Sudan | oxidation by peroxidase
hitherto unknown structure were characterized partly by UV/VIS and mass spectroscopy.
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Azo dyes are compounds which are widely used in the textile, cosmetic, printing,
and food processing industries, as well as in chemical labordtériézo dyes con-
stitute an important class of xenobiotics, exhibiting toxic and carcinogenic éffec
They must undergo oxidative conversion to become carcinogeiibe mechanism of
initiation of chemical carcinogenesis induced by carcinogenic aminoazo dyes (the
carcinogerN\,N-dimethyl-4-aminoazobenzene (DAB) and its derivatives) has been
cidated.N-Hydroxylation catalyzed by cytochrome P-450 or flavin-containing mo
oxygenases® is a key activation step for aminoazo dyes in a number of tiss
N-Hydroxy metabolites are compounds which are converted to the ultimate «
nogens, i.e. nitrenium and carbenium fbhsThese ions bind to DNA in vivo and it
vitro’, and in this manner are responsible for the carcinogenicity of aminoaza*dye
DAB (and/or N-methyl-4-aminoazobenzene (MAB)) is also converted by the per
dase system to the detoxification as well as activation intermediate(s) or prédtftt(
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The metabolism of non-aminoazo dyes (1-phenylazo-2-hydroxynaphthalene (Suda
the model compound) has also been studied extensively and the carcinogenic act
pathways as well as the detoxication steps have been investigtfieBudan | forms
the benzenediazonium ion (BDI) during cytochrome P-450 catalyzed metabolism \
reacts with DNA in vitré>'%€ The major Sudan I-DNA adduct has been characteri
and identified as a 8-(phenylazo)guanine addud¢h addition to cytochrome P-450
Sudan | is also activated by peroxiddsé We suggest that the cytochrome P-450-
peroxidase-mediated activation of Sudan | and/or a combination of both mechani
responsible for the organ specificity of this carcinogen for liver and the urinary ble
in animalg318

The present paper, which is a continuation of our previous studies, is aimed a
tributing to the knowledge of the substrate specificity of peroxidase with respect t
dyes. The mechanisms of DAB and Sudan | oxidation reactions catalyzed by p
dase are studied in detail.
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EXPERIMENTAL

Chemicals

Chemicals were obtained from the following sources: Sudan | (1-phenylazo-2-hydroxynaphth
from British Drug Houses, DAB, MAB and 4-aminoazobenzene (AB) from Merck, horsera
peroxidase and glutathione (reduced) from Boehringer; all the other chemicals were reagent g
better. The derivatives'©DH-Sudan | and '6-di(OH)-Sudan | were synthesized from the corr
sponding aminophenols arf#naphthol (or 2,6-dihydroxynaphthalene in the case '@-di(OH)-
Sudan 1), 6-OH-Sudan | from phenol and 2,6-dihydroxynaphthalene, as described*4n°refsd
purified by column chromatography on basic alumina and by thin layer chromatography on
gef® (Woelm). O-Acetyl-Sudan | was synthesized from Sudan | (100 mg) dissolved in 20 n
acetonitrile with 0.5 ml acetanhydride and 5 ml of pyridine. The syntheSizacktyl-Sudan | (50%
yield) and residual Sudan | were precipitated from the organic phase with excess distilled watt
washed with water (fivefold). The azo dyes were dissolved in ethyl acetate and purified by thin
chromatography (TLC) on silica gel (Woelm).

Oxidation of Sudan | by the Peroxidase System

The reaction mixtures contained in a final volume of 1.0 ml: 50Tms-HCI buffer pH 8.4, 0.2 mg
of horseradish peroxidase, 0.1mr8udan | dissolved in methanol (p01 ml incubation) and 0.5 m
H,0,. The mixtures after incubation (3T, 20 min) were extracted twice with ethyl acetate @ ml).
The ethyl acetate extracts were evaporated under a stream of nitrogen, dissolved in a minimal
of methanol, and subjected to TLC on silica gel (Kavalier, Czech Republic and/or Schleiche
Schuell, Germany) and estimation of the amount of unconverted Sudan | as describe
viously*31420 Spots due to Sudan | and the products were cut out of the thin layer plates al
tracted with methanol (& 2 ml). Analogous conditions and procedures were used for the prepar
of the Sudan | oxidation products for mass spectroscopy, only the concentrations of Sudan | (
dase and kD,) were twenty times higher. The products of Sudan | oxidation used for analys|
UV/VIS and/or mass spectroscopy were purified after TLC on a silica gel columrb(@ém) using
methanol as the eluent. Spectra were measured on a SPECORD M-40 UV/VIS spectrophot
and a FINNIGAN MAT INCOS 50 mass spectrometer (electron impact, 70 eV, low resolution n
direct inlet). The products of Sudan | oxidation wiRp 0.385, 0.575, and 0.690 were analyzed.
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Oxidation of Azo Dyes by the Peroxidase System

The structure of the compounds studied are shown below. The reaction mixture contained in
volume of 2.0 ml: 50 m Tris-HCI buffer pH 4.71, 7.46 and 8.4, 0.24r#,0,, and 0.15 m azo dye

dissolved in methanol (100l/2 ml incubation). The mixtures after incubation (37, 30 min) were

extracted twice with ethyl acetate ¥23 ml). The ethyl acetate extracts were evaporated and chrec
tographed on a thin-layer of silica gel to estimate the amounts of the unconverted azo dyes
scribed above and in our previous papet$22

Measurement of Oxygen Consumption

Oxygen consumption was measured with a Clark-type electrode °&.2lhe standard reaction mix
tures contained in a volume of 1 ml: 56iriris-HCI pH 5.2 and 7.7 for DAB and Sudan I, respe
tively, 0.2 mu DAB or Sudan | 10ug of horseradish peroxidase, 1p® H,O, and 0-1
glutathione. The reaction were started by addition of the respective azo dye.

RESULTS AND DISCUSSION

Peroxidase (horseradish peroxidase as a model) catalyzes the oxidation of seve

dyes in vitro. The aminoazo dyes (DAB, MAB and aminoazobenzene (AB)) as wit

the non-aminoazo dyes Sudan | anddthydroxy derivatives are efficiently oxidize

(Table 1). Compounds structurally similar to Sudan I, namely Sudan I, Sudan Il
TasLE |

Oxidation of azo dyes by the peroxidase system. The values are averages and standard devi
three parallel experiments. For experimental conditions see the text

Degree of conversion, %

Compound

pH 4.71 pH 7.46 pH 8.4
Sudan | 22.x 0.3 56.0+ 0.6 85.3+ 0.9
4'-OH-Sudan | 17.2 0.2 34.3+ 0.3 60.1+ 0.6
6-OH-Sudan | 33.20.3 62.5+ 0.6 93.3£ 0.9
4',6-Di(OH)-Sudan | 34.8 0.4 64.1+ 0.6 94.2+ 1.2
O-Acetyl-Sudan | 0 0 0
Orange Il 0 0 0
Sudan I 0 0 0
Sudan 11l 0 0 0
Azobenzene 3.20.3 0 0
4-Aminoazobenzene 90£0.9 31.1+ 0.3 12.2+ 0.1
4-Methylaminoazobenzene 8AJ.9 30.1+ 0.3 10.5+ 0.1
4-Dimethylaminoazobenzene 85:2.9 28.3+ 0.3 8.2+ 0.1
3-Methoxy-4-aminoazobenzene 528.3 10.1+ 0.1 2.1+ 0.1
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Orange Il, do not act as peroxidase substrates in the conditions used. If the benze
in the molecule of Sudan | is substituted by a methyl, phenylazo, or sulfo grouj
resulting compound is not oxidized by peroxidase. The presence of a free hy
group in the Sudan | molecule is of key importance for its oxidation by peroxidase
derivative of Sudan | in which the hydroxy group was acetyla@ddetyl-Sudan )
was not oxidized by peroxidase (Table I).

The oxidation of azo dyes is a pH-dependent reaction. Unlike the hydroxyazo
Sudan | and it€-hydroxy derivatives, whose optimum pH lies in the basic reg
(pH 8.0-8.5), the oxidation of DAB or other aminoazo dyes showed an optimu
slightly acidic conditions (Table ).

The oxidation of Sudan | and DAB has been studied previtlisiy*2°-22No expla-
nation of the mechanism of oxidation of the azo dyes exists yet. Herein, we extel
study to the mechanism of their oxidation by peroxidase.

Most of Sudan | or DAB is oxidized by peroxidase within the first five minutes
reaction (Fig. 1). This fast reaction rate as well as the inhibition of oxidation by ra
scavengers:t421.23ndicates that the primary reaction products are free radicals.

Peroxidases catalyze the one-electron oxidation of aromatic amines, giving r
nitrogen- and/or carbon-centered radiéilé\lthough their detection by electron spi
resonance is difficult, aromatic amine free radicals can be detected indirectly bas
their reaction with glutathione giving the parent compound and a glutathionyl free
cal (GS). The radicals can react with oxydérf® and the oxygen consumption in tf
solution can be monitored by using an oxygen electrode. No oxygen consumptiot
place during the incubation of peroxidase, DAB ang®4but it was observed afte
addition of glutathione to the reaction mixture (Table Il). Such observations ind

80

R, % R, %

60

40

20

00 | I 1 1 00 L L I I
0

0 5 10 15 . 20
5 10 lSt’ min 20 ¢, min

Fe. 1
Time dependence of the oxidation of Sudaa)l gnd DAB @) by the peroxidase#®, system given
as a percentage of converted azo dys (

Collect. Czech. Chem. Commun. (Vol. 61) (1996)



Oxidation of Azo Dyes by Peroxidase

that peroxidase oxidizes DAB to a free radical metabolite(s). DAB is oxidized by
oxidase to MAB, AB, and four unknown produtsThe formation of MAB and AB by
N-demethylation reactions is supposed to be the one-electron radical reaction. (
and Ting” and Guengeric postulated that peroxidase-catalyz¢dlemethylation re-
sults in the formation of a free radical cation and an iminium cation by seque
one-electron oxidations, the latter of which is hydrolyzed to formaldehyde and th

methylated amine.

The addition of hydrogen peroxide to an incubation of Sudan | and peroxidase |
about changes in the absorption spectrum of the reaction mixture. During the ree

TasLE Il

Oxygen consumption by DAB or Sudan | with peroxidase in the presence of various concentl
of glutathione. Oxygen uptake without xenobiotics gOklwas 0.0016 nmol/s. The values given a
averages and standard deviations of three parallel experiments. For experimental conditions

text
Oxygen uptake (nmol/s) in the presence of
Glutathione, mmol/l

Sudan | DAB
0 0 0
0.25 143+ 0.1 13.21+ 0.9
0.50 2.95+ 0.3 26.90+ 1.8
0.75 4.45+ 0.4 39.85+ 2.1
1.00 5.80+ 0.6 50.80t 4.2

Fic. 2

Oxidation of Sudan | by the peroxidase®j

system. The samples (1 ml) contained

tris-HCI buffer pH 8.4, 0.2 mg horseradish per-
oxidase, 0.15 m Sudan I, and 0.5 m H,0..
The spectra were recorded sequentially at 0 min

( ), 2.5 min ¢--) and 10 min (- - -)
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the absorption maximum at 480 nm (due to Sudan I) decreases while the absorb
about 340 nm increases slightly (Fig. 2).

Sudan | contains a free hydroxy group in its molecule. Many phenolic compa
can serve as substrates for peroxidases, being oxidized to phenoxyl radicals whi
undergo secondary reactions in dependence on their individual free radical ck
tries’. Oxygen-centered free radicals can also oxidize glutathione to a glutathiony
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UV/VIS spectrum &) and mass spectrunb)(of the Sudan | oxidation product wii = 0.385 (TLC
on silica gel)
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radical. We found that glutathione is oxidized by Sudan | during the peroxidase-me
reaction. Again, the oxygen uptake is increased appreciably by the formation of
radicals (Table Il). This can again be caused by a mechanism involving interacti
the reduced glutathione with the xenobiotic radical (a Sudan | radical) and subse
formation of a thiyl radical. The thiyl radical reacts with oxygen (Table Il) and eventt
produces glutathione disulfide. These data indicate that peroxidase oxidizes St
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UV/VIS spectrum &) and mass spectrunb)(of the Sudan | oxidation product wii = 0.575 (TLC
on silica gel)
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giving rise to an oxygen-centered radical (naphthoxyl radical) intermediate. This |
thesis is borne out by the fact that the derivative of Sudan | with the OH group acet
(O-acetyl-Sudan 1) is not oxidized by peroxidase (Table I).

Ten products emerged from the reaction of Sudan | with peroxidase in our pre
study, among whiclC-hydroxy derivatives of Sudan | (6-OH-Sudan | ah@-4i(OH)-
Sudan I) were minor products and the benzenediazonium ion was one of the
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UV/VIS spectrum &) and mass spectrunb)(of the Sudan | oxidation product wii = 0.690 (TLC
on silica gel)
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productg?. Most of the other unidentified products were unstable (sensitive to light
elevated temperature), due to which their structures have not been elucidated.
present paper we characterize three of the unstable products by their UV/VIS anc
spectra (Figs 3-5). In all cases the products decomposed during mass spectroscc
fragmentation peaks am/z 77 and/or 105 in the mass spectra of two of the prod
(Figs 3, 4) indicate the presence of the phenyl and phenyldiazonium ion fragn
respectively, whereas the most prominent peak/a247 in the mass spectrum of th
third product apparently belongs to the Sudan | ion (Fig. 5). We compared the frag
tation patterns of the three products in question with those of Sudan I. The most |
nent peaks in the mass spectrum of Sudan | arise from the phenyhin@7), the

phenyldiazonium ionrfi/z 105), and the Sudan | iom(z247). Therefore we sugges
that the three products studied may be dimers and/or oligomers of Sudan I,

formed from Sudan | radicals. Their complete structure elucidation by NMR spec
copy was precluded by their instability.

The results suggest strongly that the one-electron oxidation products (radical
the primary intermediates in the peroxidase-mediated oxidation of DAB and Suc
Eling et al?® postulated that the fate of the primary free radical formed from xe
biotics by peroxidase depends on the environment in which it exists. Indeed, we
both previously and now that the reactive intermediates (free radical(s) formed
DAB or Sudan I): (i) form dimers and/or oligomers; (ii) undergo further oxidatior
two-electron oxidation products{hydroxy derivatives of Sudan N-demethylation
reactions providing MAB and AB from DAB}2%:22 (iii) react with other compounds
of potential physiological interest (reactions with NADH, ascorB&iéy?2? (iv) react
with the SH group of glutathione (reducing the DAB or Sudan | radicals with the
mation of a thiyl radical (present paper) or conjug&esnd (V) react with macromole
cules to form potentially toxic adducts (the DNA, RNA and protein bindtrig)420.22

We have already detected the formation of DNA and RNA adducts from Sudan
DAB activated by peroxidase, and the target nucleotides of DNA (RNA) binding |
been identifieé1429 Structure elucidation of the DNA (or RNA) base-adducts will
the objective of a future study.
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