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We investigated the ability of hepatic cytosolic samples from human, rat, rabbit and pig to
metabolize an important industrial pollutant and a potent carcinogen for rodents, 2-nitro-
anisole (1-methoxy-2-nitrobenzene). A comparison between experimental animals and the
human enzymatic system is essential for the extrapolation of animal carcinogenicity data to
humans to assess a health risk to humans. Two major metabolites produced from
2-nitroanisole by cytosols of all species were N-(2-methoxyphenyl)hydroxylamine and
2-methoxyaniline. An additional minor product of 2-nitroanisole metabolism has not yet
been characterized. Both the identified metabolites are generated from 2-nitroanisole by re-
duction of the nitro group. To define the role of cytosolic reductases in the reduction of
2-nitroanisole, we investigated the modulation of 2-nitroanisole reduction by cofactors of
the cytosolic reductases, DT-diaphorase and xanthine oxidase. The role of the human en-
zymes in 2-nitroanisole reduction was also investigated by correlating the xanthine
oxidase-linked catalytic activities in each human cytosolic sample with the concentration of
the 2-nitroanisole reduction product, 2-methoxyaniline, formed by the action of the same
cytosol. On the basis of these analyses, most of hepatic cytosolic reduction of 2-nitroanisole
was attributed to xanthine oxidase, but participation of DT-diaphorase in the reduction of
this carcinogen in hepatic cytosols of rabbit and pigs cannot be excluded. Using the purified
xanthine oxidase, its participation in 2-nitroanisole reduction was confirmed. The data
clearly demonstrate the predominant role of xanthine oxidase in 2-nitroanisole reduction in
human and rat hepatic cytosols and suggest a carcinogenic potency of this rodent carcino-
gen for humans.
Keywords: Nitro compounds; Environmental pollutants; Carcinogens; Risk assessment; Me-
tabolism; Cytosolic reductases; Xanthine oxidase; DT-diaphorase; Enzymatic reductions.
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Aromatic nitro compounds rank among potent toxic or carcinogenic com-
pounds, presenting a considerable danger for human population1,2. They
are widely distributed environmental pollutants found at workplaces (e.g.
in chemical industry), in emissions from diesel and gasoline engines and on
the surface of ambient air particulate matter2, where they add to local and
regional pollution (car exhausts, technological spills). The toxicity and car-
cinogenicity of these compounds, their metabolic pathways and the persis-
tence of their residues and/or their metabolites in organisms have been ex-
amined2–9. However, the knowledge of the fate of most aromatic nitro com-
pounds and their physiological significance in humans is still scarce3.

This is also the case for 2-nitroanisole (1-methoxy-2-nitrobenzene,
2-NA)3 +. 2-NA is used primarily as a precursor in the synthesis of 2-meth-
oxyaniline, an intermediate in the manufacture of many azo dyes10. This
chemical exhibits carcinogenic activity, causing neoplastic transformation
in the urinary bladder and, to a lesser extent, in spleen, liver and kidneys in
rodents10,11. 2-NA is also a toxic compound, causing anemia. The anemia is
characterized by increased levels of methemoglobin and accelerated de-
struction of erythrocytes10. The compound became interesting for numer-
ous institutions mainly in 1993. At that time, an industrial accident in the
Hoechst company in Germany caused a large-scale leakage of 2-NA and
subsequent local and regional contamination. Various dermatological
changes were found among children living in the area affected by the
above-mentioned accident12. Furthermore, single- and double-strand breaks
were induced in DNA of the firemen working in the place of the accident13.

It has not been determined exactly if 2-NA is a genotoxic or epigenetic
carcinogen. Recently, we found that 2-NA is reductively activated to species
forming DNA adducts detected by 32P-postlabeling14, which might suggest a
genotoxic mechanism of 2-NA carcinogenicity. However, the in vivo
genotoxicity of 2-NA has not yet been confirmed. In spite of potent rodent
carcinogenicity of 2-NA, this chemical is weakly mutagenic in the Ames test
with the Salmonella typhimurium TA100 strains10. This carcinogen also ex-
hibits a low activity in cytogenetic tests. It induces a slight increase in chro-
mosomal aberrations and in sister chromatid exchanges, but only at high
concentrations10. An explanation for these discrepancies could be different
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enzyme patterns, which are responsible for 2-NA activation or detoxication
in different cells, organs and species.

Most nitroaromatic hydrocarbons require metabolizing to reactive species
in order to exert their genotoxic activity. The activation of nitroaromatic
hydrocarbons to reactive N-hydroxyarylamine intermediates is through ni-
tro reduction catalyzed primarily by several cytosolic reductases (i.e.
xanthine oxidase (XO), DT-diaphorase, aldehyde oxidase) and/or
microsomal enzymes such as NADPH:cytochrome P450 reductase, whereas
cytochrome P450 enzymes are primarily responsible for the oxidative me-
tabolism of these compounds3,4,7,9,15. N-Hydroxyarylamine intermediates
can further be metabolized by phase II enzymes, such as N,O-acetyltrans-
ferases (NATs) or sulfotransferases (SULTs), leading to the formation of reac-
tive esters, e.g. N-acetoxy- or N-sulfooxyarylamines which undergo
heterolysis of the N–O or S–O bond to produce electrophilic nitrenium ions
capable of reacting with DNA to form DNA adducts16,17. The major route of
metabolism of 2-NA in vivo is oxidative demethylation to 2-nitrophenol,
which appears in urine predominantly as the sulfate conjugate18. A second
pathway involves reduction to 2-methoxyaniline; at blood concentrations
at which the metabolism and elimination of 2-NA are linear, 2-methoxy-
aniline is a minor metabolite formed in liver18. However, at higher doses
the 2-nitrophenyl sulfate pathway may reach saturation, leading to the for-
mation of proportionally more 2-methoxyaniline10. Hence, nitro reduction
of 2-NA, which is considered an activation pathway for aromatic nitro com-
pounds, was clearly detected in the in vivo study18. Nevertheless, the en-
zymes participating in such reactions remain to be resolved.

The present study was undertaken to identify the cytosolic reductases re-
sponsible for 2-NA metabolism and to characterize the structure of 2-NA me-
tabolites generated in reactions catalyzed by these enzymes. Furthermore, to
assess the human health hazard of 2-NA, we have compared the capacity to
reduce 2-NA of hepatic cytosolic samples from humans, and species, which
succumb to tumors in exposition studies with this carcinogen.

EXPERIMENTAL

Chemicals

Chemicals were obtained from the following sources: 2-nitroanisole (>99% based on HPLC)
from Fluka Chemical Co. (Switzerland), NADH, NADPH, hypoxanthine and butter milk XO
from Sigma Chemical Co. (St. Louis, MO, U.S.A.), bicinchoninic acid from Pierce (Rockford,
IL, U.S.A.), menadione from Merck (Darmstadt, Germany), Affi-Gel Blue (Cibacron Blue
Agarose, Porcine Blue HB, C.T. 61211 Agarose) from Bio-Rad (Richmond, CA, U.S.A), and N-
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methylnicotinamide from Aldrich Chemical Co. (Milwaukee, WI, U.S.A.). All chemicals were
of analytical purity or better. N-(2-Methoxyphenyl)hydroxylamine was synthesized by a pro-
cedure similar to that described earlier19. To a solution of ammonium chloride (2 g) and 2-NA
(90 mmol) in 60% ethanol/water, zinc powder (180 mmol) was added in small portions. Af-
ter addition of the first portion at room temperature, the reaction starts; this can be moni-
tored by the rising temperature in the flask. Now a cooling bath (ice/sodium chloride mix-
ture) is applied to the flask and temperature inside the reaction mixture was kept at 10–15 °C
by slowly adding additional doses of zinc powder. After 1 h, the excess of zinc was removed
by filtration and ethanol was removed under reduced pressure. The residue is taken up with
ethyl acetate (100 ml) and separated from water. The N-(2-methoxyphenyl)hydroxylamine
then can be crystallized by addition of hexane to give white needles in 60% yield.

Hepatic Cytosolic Samples

Ten human hepatic cytosolic fractions were from Gentest Corp. (Woburn, MA, U.S.A.) –
samples H803, H806, H823, H842, H843, H856, H866, H870, H889, H8112 – and stored at
–80 °C. The donors ranged in age from 2 to 71 years and included 2 men and 8 women.
A drug and/or alcohol abuse history of the samples was described in Gentest protocols.
Cytosolic fractions from livers of male Wistar rats, rabbits and pigs (always from three ani-
mals) were prepared by differential centrifugation as described previously20. The 105 000 g
supernatant was taken as cytosol21 and used for studies presented in the paper. Each
cytosolic preparation was analyzed for specific enzyme activities. The assays used were as
follows.

DT-Diaphorase, XO and Aldehyde Oxidase Assays

DT-diaphorase activity was measured essentially as described by Ernster22. The standard
assay system was 25 mM in Tris-HCl (pH 7.4), 400 µM in NADH (or NADPH), 100 µM in me-
nadione (2-methyl-1,4-naphthoquinone, the solvent for this compound was methanol) and
contained 0.2% Tween 20, 0.07% bovine serum albumin and 1 mg of human, rat, rabbit or
porcine hepatic cytosolic protein. The enzyme activity was determined by following the oxi-
dation of NADH (NADPH) spectrophotometrically at 340 nm on a Hewlett–Packard 8453 di-
ode array spectrophotometer. The activity unit is defined as the amount of enzyme catalyz-
ing the oxidation of 1 nmol of NADH (molar absorption coefficient is 6.27 l mmol–1 cm–1)
per minute. The activities of XO in cytosolic fractions were measured as described by
Ichikawa et al.23 using hypoxanthine as a substrate. Briefly, the standard assay system was
100 mM in sodium phosphate (pH 10), 6 mM in hypoxanthine, 3.75 µM in cytochrome c,
and contained 1 mg of human, rat, rabbit or porcine hepatic cytosolic protein. XO activity
was determined by following the reduction of cytochrome c spectrophotometrically at
550 nm on a Hewlett–Packard 8453 diode array spectrophotometer. The activity unit is de-
fined as the amount of enzyme catalyzing the reduction of 1 nmol of cytochrome c (molar
absorption coefficient is 21.0 l mmol–1 cm–1) per minute. The aldehyde oxidase activity was
assayed as described by Felsted and coworkers24 using N-methylnicotinamide as a substrate.
Protein concentration was assessed using the bicinchoninic acid protein assay with serum
albumin as a standard25.
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Isolation of DT-Diaphorase

DT-diaphorase was isolated as described earlier21; liver cytosol from Sudan I-treated rats was
used. Briefly, proteins of cytosol (20 ml, 24 mg ml–1) were fractionated with ammonium sul-
fate and the fraction of 30–90% saturation containing most of the DT-diaphorase activity
was dialyzed against 2000 ml of 150 mM KCl in 50 mM Tris (pH 7.4). The dialyzed enzyme
preparation was chromatographed on a Sephadex G-150 column and DT-diaphorase was
eluted with the same buffer. Pooled fractions containing the DT-diaphorase activity were ap-
plied onto a column of Affi-Gel Blue and non-DT-diaphorase proteins were eluted with the
same buffer and subsequently with a NaCl gradient (0–3.5 mol l–1) in this buffer. DT-
diaphorase was eluted from Affi-Gel Blue with 20 mM Tris-buffer (pH 10.0) containing 1 mM

NADH. In order to remove residual protein impurities, the DT-diaphorase sample was ap-
plied onto a Sephadex G-150 column and rechromatographed. The eluate was concentrated
by ultrafiltration and stored at –80 °C.

Incubations

The deaerated and argon-purged incubation mixtures were in a final volume of 100 µl:
100 mM in sodium phosphate (pH 7.4), 0.1–1.0 mM in 2-NA (the solvent for this compound
was methanol; 1 µl/100 µl incubation), 1 mM in cofactors of cytosolic reductases (hypo-
xanthine for XO, NADH or NADPH for DT-diaphorase), and contained human, rat, rabbit or
porcine cytosolic fractions (1 mg of cytosolic protein). The reaction was initiated by adding
2-NA. Control incubations were carried out either without cytosolic samples or with cyto-
solic samples, which were boiled for 10 min before use, or with cytosol but without 2-NA.
Incubations with butter milk XO were in a final volume of 100 µl: 100 mM in sodium phos-
phate (pH 7.4), 1.0 mM in 2-NA (the solvent for this compound was methanol; 1 µl/100 µl
incubation), 1 mM in hypoxanthine, and contained 2 mg of butter milk XO (150 units) in-
stead of cytosolic fractions. The reaction was initiated by adding 2-NA. Control incubations
were performed without hypoxanthine or without XO. After incubation of reaction mixtures
(37 °C, 30–240 min), proteins were precipitated by addition of 12 µmol of HClO4 and the
mixture centrifuged at 7500 g for 5 min. A 5 µl aliquot of the mixtures was injected directly
onto the HPLC. The incubation time of reactions, whose results are shown in Table I, was
180 min. The HPLC was performed on a C-18 reversed-phase column (250 × 4.6 mm, 5 µm,
Nucleosil 100-5, Macherey–Nagel, Duren, Germany). Metabolites were eluted with 40%
methanol in 50 mM sodium phosphate pH 7.4 (v/v) at a flow rate of 0.5 ml min–1 and moni-
tored at 254 nm. To characterize 2-NA metabolites (N-(2-methoxyphenyl)hydroxylamine
and 2-methoxyaniline), fractions containing the metabolites were collected from multiple
HPLC runs, concentrated on a speed-vac evaporator and analyzed by mass spectrometry. The
metabolites were also identified by comparison of their chromatographic properties on
HPLC with those of synthetic standards.

Mass Spectroscopy

The metabolites collected from HPLC were analyzed by mass spectrometry. Positive-ion ESI
mass spectra were recorded on a Finnigan LCQ-DECA quadrupole ion trap mass spectrome-
ter (FinniganMAT, San Jose, CA, U.S.A.). Metabolites (final concentration 1 pmol/µl) dissol-
ved in methanol/water (1:1, v/v) were continuously infused through a capillary held at 1.8 kV
into the dynamic Finnigan nano-electrospray ion source via a linear syringe pump (Harvard
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Apparatus Model 22) at a rate of 1 µl min–1. The ionizer and ion transfer optics parameters
of the ion trap were as follows: spray voltage 1800 V, capillary temperature 150 °C, capillary
voltage 14 V, tube lens offset –22 V, octapole 1 offset –7.4 V, lens voltage –16 V, octapole 2
offset –11.3 V, octapole r.f. amplitude 450 V peak-to-peak (pp), and entrance lens voltage
–66.9 V. Helium was introduced at a pressure of 0.1 Pa to improve the trapping efficiency of
the sample ions. The spectra were scanned in the range m/z 50–800 and the gating time was
set to accumulate and trap 1 × 107 ions. The mass isolation window for precursor ion selec-
tion was set to 2 amu and centered on the 12C isotope of the pertinent ion. The background
helium gas served as the collision gas for the collision-induced dissociation (CID) experi-
ment. The relative activation amplitude was 35% and the activation time was 30 ms. No
broadband excitations were applied.

Statistical Analyses

Statistical association between DT-diaphorase- or XO-catalytic activities in human hepatic
cytosolic samples and levels of 2-methoxyaniline formed by the same cytosolic samples were
determined by linear regression correlation coefficients using Statistical Analysis System soft-
ware version 6.12. Correlation coefficients were based on a sample size of ten. All Ps are
two-tailed and considered significant at the 0.05 level.
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TABLE I
XO- and DT-diaphorase-dependent catalytic activities and rates of formation of 2-methoxy-
aniline from 2-NA in human, rat, rabbit and porcine hepatic cytosolic samples

Hepatic
cytosol

XO
DT-diaphorase

units mg–1 a

Rate of 2-methoxyaniline formation
in the presence of 1 mM

none
NADPH

pmol min–1 mg–1 hypoxanthine

Humanb 29.3 12.7 1.6 1.9 15.2

(8.9) (20.9) (0.9) (0.1) (5.1)

Ratc 142.8 790.0 9.1 5.8 21.3

(11.3) (80.0) (0.1) (1.3) (1.2)

Rabbitd 5.7 92.4 4.9 15.8 6.5

(0.3) (10.1) (0.8) (2.0) (0.7)

Porcinee 62.8 123.0 43.8 106.7 67.9

(4.4) (15.3) (3.1) (15.8) (7.1)

a The activity units, see Experimental. The values are arithmetic means for cytosolic samples
from livers of ten different human donors (H803-H8112)b, and from livers of three different
ratsc, rabbitsd and pigse. Values in parentheses are standard deviations, showing the inter-
individual variability.



RESULTS

Comparison of Metabolism of 2-Nitroanisole (2-NA) by Human,
Rat, Rabbit and Porcine Hepatic Cytosolic Samples

When 2-NA was incubated with human, rat, rabbit or porcine hepatic cyto-
solic fractions, three product peaks were observed by HPLC analysis (Fig. 1).
On the basis of mass spectrometry and chromatography with synthetic
standards, the structures of two 2-NA metabolites (peaks 2 and 3) were
identified. In the positive-ion electrospray mass spectrum, the metabolite
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FIG. 1
HPLC chromatograms of 2-nitroanisole metabolites formed by human hepatic cytosol (a) and
purified XO (b). Incubations (100 mM sodium phosphate (pH 7.4), 0.1 mM 2-NA, 1 mM

hypoxanthine, and 1 mg of human hepatic cytosolic protein; or 0.25 units butter milk XO in a
final volume of 100 µl) were stopped after 4 h by addition of 12 µl of HClO4 and analyzed by
HPLC (see Experimental)
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eluting at retention time (r.t.) of 7.1 min (peak 2) showed the protonated
molecule at m/z 140.1 (Fig. 2), indicating the molecular mass of a
hydroxylated derivative of methoxyaniline. The CID of this ion afforded a
fragment at m/z 125.2 showing the mass difference equal to 15, represent-
ing a methyl group. Other fragments at m/z 108.1 and 109.1 show the mo-
lecular masses of protonated methoxybenzene and N-phenylhydroxyl-
amine, respectively. Collectively, these results indicate that the analyzed
compound is a N-(2-methoxyphenyl)hydroxylamine metabolite. Indeed,
the analyzed metabolite is identical with authentic N-(2-methoxyphenyl)-
hydroxylamine (by chromatography). An additional product of 2-NA me-
tabolism eluting as peak 3 at 13.9 min is identical with a 2-methoxyaniline
standard (by chromatography). The mass spectra of this metabolite and
2-methoxyaniline were identical (not shown). The structure of a metabolite
eluted as peak 1 has not yet been elucidated. Reduction of 2-NA with cyto-
solic systems was time-dependent and linear until 180 min (Fig. 3).

The porcine cytosolic samples were more efficient in 2-NA reduction to
2-methoxyaniline than those of human, rat and rabbit (Table I). The spe-
cies difference in catalytic activities of cytosolic enzymes responsible for
2-NA metabolism in cytosol might be the cause of these metabolic differ-
ences. To confirm this suggestion, it is necessary to identify the most effi-
cient enzymes metabolizing 2-NA in cytosol of all the used animal species.
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FIG. 2
MS/MS spectrum of metabolite eluting at retention time of 7.1 min (peak 2 in Fig. 1). Structure
of the assigned fragments is shown
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It is evident that the two metabolites found in hepatic cytosolic samples
are generated from 2-NA by nitro group reduction. Therefore, the cytosolic
fractions tested in this study contain the enzymes, which are capable of
catalyzing the reductive metabolism of 2-NA leading to formation of the
metabolites. XO, DT-diaphorase and aldehyde oxidase are major candidates
for the reduction of 2-NA.

Catalytic activities known to be associated with XO and DT-diaphorase
enzymes were analyzed in all hepatic cytosolic preparations. The assays
used were with hypoxanthine17 and menadione16 as known substrates of
both enzymes. Wide variations in catalytic activities were evident among
different species (Table I). Moreover, activities of XO and DT-diaphorase
in ten human samples differ considerably among individuals, but less
among individual experimental animals, rats, rabbits and pigs (three ani-
mals always) (Table I). The activity of another reductase, aldehyde oxidase,
measured with N-methylnicotinamide as a substrate26 was not detectable
in cytosols under the conditions used.

To investigate which cytosolic reductases are mainly responsible for 2-NA
reduction, the influences of various structurally diverse compounds, serv-
ing as cofactors (electron donors) for these enzymes, upon 2-NA metabo-
lism catalyzed with cytosol were examined. As shown in Table I the forma-
tion of the reductive metabolite of 2-NA, 2-methoxyaniline, was stimulated
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FIG. 3
Time dependence of 2-nitroanisole reduction (measured as decrease in 2-nitroanisole) (�) and
2-methoxyaniline formation (�) by the action of rat cytosolic system. Incubations were car-
ried out using the procedure described in the text, except that incubation times were
0–360 min (see Experimental)
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by addition of hypoxanthine, a known cofactor of XO 23, in cytosolic sam-
ples of all tested species, but to different degrees. NADPH, a cofactor of
DT-diaphorase22, was ineffective in rat and human cytosols, while it stimu-
lated the 2-NA reduction in rabbit and porcine cytosols (Table I). 2-Hy-
droxypyrimidine, an electron donor (cofactor) of the cytosolic aldehyde
oxidase24, was not analyzed in the samples, because its activity was negligi-
ble in the cytosols (see above). These results suggest that XO would partici-
pate in 2-NA reductive metabolism in hepatic cytosol of all species, mainly
in rats and humans, but in rabbit and porcine cytosols, DT-diaphorase
seems to be also efficient.

Correlations between XO catalytic activities and the rate of formation of
the 2-NA metabolite, 2-methoxyaniline, in the same set of human hepatic
cytosolic samples were used to confirm its role in metabolism of 2-NA by
human cytosol. Significant correlations were found between the levels of
2-methoxyaniline and XO activities (r = 0.735, P = 0.012), but not with
catalytic activities of DT-diaphorase (r = 0.095, P = 0.793). These results
strongly suggest that XO catalyzes reduction of 2-NA in human hepatic
cytosol.

Reduction of 2-NA by Purified XO

To further confirm the role of XO in 2-NA reduction, comercial XO purified
from butter milk was used in additional experiments. Incubations of 2-NA,
XO and its cofactor, hypoxanthine, resulted in the formation of the same
pattern of metabolites as that determined in cytosol (Fig. 1). This enzyme
efficiently reduced 2-NA to 2-methoxyaniline (the rate of its formation was
300 pmol min–1 mg–1 XO protein). Control incubations carried out in paral-
lel, without the cofactor, hypoxanthine, or without XO, were free of 2-NA
metabolites.

DT-diaphorase does not seem to be the enzyme reducing 2-NA in human
and rat hepatic cytosol, while its participation in such a reaction catalyzed
with hepatic rabbit and porcine cytosols cannot be excluded. Therefore, we
investigated if the purified rat hepatic DT-diaphorase might catalyze reduc-
tion of this carcinogen, but no 2-NA metabolites were detected using puri-
fied rat hepatic DT-diaphorase.

DISCUSSION

We present for the first time the finding that hepatic cytosols of different
species including humans can metabolize carcinogenic 2-NA. The results of
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this study clearly demonstrate that human, rat, rabbit and porcine hepatic
cytosols catalyze the reduction of nitro group, which is considered to be an
activation pathway for nitroaromatics in rodents. Hepatic cytosols of all
species tested in the study produced two reduction metabolites, N-(2-meth-
oxyphenyl)hydroxylamine and 2-methoxyaniline. In addition, the present
study documents the role of specific cytosolic enzymes in reduction path-
ways of 2-NA. XO seems to be the principal enzyme responsible for the
reductive metabolism of 2-NA in hepatic cytosol of humans and rats, while
DT-diaphorase might be additional enzyme participating in 2-NA reduction
in rabbits and pigs. However, no 2-NA metabolites were detected with puri-
fied rat DT-diaphorase. The activities of XO and DT-diaphorase differ con-
siderably among human individuals. This follows from modulation of ex-
pression and from activities of both the enzymes in humans by several fac-
tors; a number cytokines, including interferon γ, interleukins, some drugs
such as dexamethasone for XO 27,28, and by smoking, environmental chem-
icals, drugs and genetic polymorphism for DT-diaphorase29–31.

The role of XO in 2-NA reduction was fully confirmed by experiments us-
ing pure XO. The reduction of 2-NA with purified XO mediated the forma-
tion of the same two 2-NA reduction metabolites as hepatic cytosol. More-
over, recently we demonstrated that this enzyme is capable of activating
2-NA to form DNA adducts detected by 32P-postlabeling14. These results
suggest that one major pathway of bioactivation of 2-NA is simple nitro re-
duction by XO. The DNA adduct formation may be due to the reactivity of
the N-(2-methoxyphenyl)hydroxylamine intermediate, which can form, to
some extent, DNA-binding arylnitrenium ions spontaneously. We con-
firmed the structure of this metabolite and showed that human cytosol and
XO reduce 2-NA to N-(2-methoxyphenyl)hydroxylamine. Furthermore, pre-
liminary results of our laboratory indicate that the same 2-NA–DNA ad-
ducts detected by 32P-postlabeling are formed by 2-NA activated with XO
and by direct reaction of DNA with N-(2-methoxyphenyl)hydroxylamine32.
A detailed study of this reaction is under way in our laboratory.

In mammals, the liver and intestine have the highest XO activity of all
tissues. The XO activities of mammalian species, however, can differ sub-
stantially, with human organs showing relatively low XO activity28,33.
What appears to be clear is that human liver and intestine have the highest
XO activity of all tissues and this is largely due to their XO-rich paren-
chyme cells. The data on lung and kidney tissues are inconclusive as some
samples appeared to have some XO activity while other samples tested had
none28,34. However, several recent immunohistochemical studies have
shown the presence of XO in most human tissues and provided answers to
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some of the discrepancies between the studies. These studies identified
microvascular endothelial cells from several human tissues as being rich in
XO activity28,34–37. These XO-rich but relatively small subpopulations of
cells could account for the extremely low tissue activity found when rela-
tively large pieces of tissue are homogenized for enzymatic activity or blot-
ting28. Collectively, because the XO enzyme is present in many human tis-
sues, it might reduce 2-NA to its proximate carcinogenic metabolite, N-(2-
methoxyphenyl)hydroxylamine, which induces DNA adduct formation32.

One of the most important results found in the present study is the find-
ing that reductive activation of 2-NA by the human enzymatic system is
analogous to that observed in rats, the species for which 2-NA is carcino-
genic. Human hepatic cytosolic samples produce not only the same metab-
olites as the cytosolic subcellular fraction of rats, but the same enzyme, XO,
is responsible for such metabolism in both species. In contrast to these re-
sults, the role of DT-diaphorase in 2-NA reduction catalyzed with rabbit
and porcine hepatic cytosols cannot be excluded, because NADPH, a cofac-
tor of this enzyme, stimulated the formation of 2-methoxyaniline in
cytosols of rabbits and pigs. Therefore, rats are more suitable animal models
than rabbits and pigs to evaluate metabolism and carcinogenicity of 2-NA
for humans.

CONCLUSIONS

The results presented in this work suggest that rats may predict human sus-
ceptibility to carcinogenic 2-NA. This is important in view of the estima-
tion of 2-NA carcinogenicity for humans. While 2-NA is carcinogenic for
rats10, its carcinogenicity for humans has not yet been proven. The results
of our study, showing for the first time a similarity in the 2-NA reduction to
a proximate metabolite, N-(2-methoxyphenyl)hydroxylamine, catalyzed by
human and rat hepatic cytosolic XO, suggest a carcinogenic potential of
this rat carcinogen for humans. An increased cancer risk should be taken
into account mainly for individuals working in a chemical industry and ex-
posed to 2-NA in production of this chemical for the manufacture of azo
dyes. The analysis of 2-NA reduction metabolites in urine of such groups of
individuals as well as that of 2-NA-mediated adducts in DNA of their blood
should confirm or exclude this suggestion.
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