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Abstract

2-Nitrosoamino-3,8-dimethylimidazo[4,5-flquinoxaline (N-NO-MelQX) is a nitrosation product of
the food carcinogen 2-amino-3,8-dimethylimidazo[4,5-flquinoxaline (MelQx) and proposed to form
in vivo under inflammatory conditions. This study evaluated the stability and reactivity of N-NO-
MelQx to assess its possible role in initiation of colon cancer by MelQx. 14C-N-NO-MelQx (4 uM)
was incubated for 4 hours over a range of pH values and its stability monitored by HPLC. At pH
values from pH 7.4 to 9.0, N-NO-MelQx was very stable with no detectable change observed.
Glutathione (1 mM) did not alter stability at pH 7.4. As pH decreased, this nitrosamine was less stable
withonly 48 + 1 % remaining at pH 5.5 and none remaining at pH 3.5 or 2.0. Major products identified
by electrospray ionization mass spectrometry were 3,8-dimethylimidazo[4,5-f]quinoxaline and 2-
hydroxy-3,8-dimethylimidazo[4,5-flquinoxaline. MelQx was a minor product. At pH 2.0, the t, for
N-NO-MelQx was reduced from 2.1 £ 0.2 to 1.2 + 0.1 min with 10 mM NaNs. This effect of azide
was due to formation of 2-azido-MelQx. The binding of 24C-N-NO-MelQx to DNA increased with
decreasing pH. The 10-fold increase in binding observed at pH 2.0 compared to pH 5.5 was
completely inhibited by 10 mM NaN3 due to 2-azido-MelQx formation. The reactivity of N-NO-
MelQx was compared to N-OH-MelQx by evaluating adduct formation with 2'-deoxyguanosine 3'-
monophosphate (dGp) by 32P-postlabeling. N-OH-MelQx formed a single major adduct, N-
(deoxyguanosin-8-yl)-MelQx (dG-C8-MelQx). Incubation of N-NO-MelQx under inflammatory
conditions (pH 5.5 £ HOCI) produced dG-C8-MelQx along with 4 to 6 other adducts. dG-C8-MelQx
formation increased in the presence of HOCI. Liver from a MelQx-treated mouse contained dG-C8-
MelQx and two other adducts detected with N-NO-MelQx, but not N-OH-MelQx. These results
suggest that N-NO-MelQx could be genotoxic, is activated by conditions that mediate inflammatory
responses, and is a possible cancer risk factor for individuals with inflammation of the colon.

Introduction

Reactive nitrogen oxygen species (RNOS)! generated by inflammatory cells cause DNA and
tissue damage, which contribute to multistage carcinogenesis (1). Damage can be caused by
nitration, oxidation, and nitrosation. To understand the pathobiochemistry resulting from
RNOS, it is necessary to identify targets of their reaction which can be measured and assess
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their effects on the carcinogenic process. This study assesses a RNOS-derived nitrosation
product of the food carcinogen 2-amino-3,8-dimethylimidazo[4,5-flquinoxaline (MelQXx).

Heterocyclic amines (HCAs) are formed during the cooking of proteinaceous food at high
temperatures (2). The formation of HCAs is the result of a Maillard reaction which occurs
when amino acids (proteins) and reducing sugars (carbohydrates) are heated together. More
than 20 HCAs have been identified. MelQx is one of the most prevalent HCAs found in cooked
meat and is one of seventeen new entries in the 2005 Eleventh Report on Carcinogens (3). In
healthy volunteers eating a normal diet, the daily exposure to MelQx is estimated to be 0.2 to
2.6 pg/person and was not detected in parenterally fed individuals (4). MelQx is a strong
mutagen in the Ames assay (5) and at high doses can induce tumors at multiple sites in rodents
(6). In vivo mutagenicity of low dose MelQx in transgenic rats has been demonstrated in the
liver, Zymbal gland, and colon, but not in eight other tissues examined (7). This is consistent
with aberrant crypt foci in the colon of MelQx-treated rats (8). There is a strong association
between well-done red meat intake and colorectal cancer risk (9,10). The presence of HCAs
in well-done red meat (2,11) and their initiation of colon cancer (8) suggest that these amines
may be responsible for some of the increased risk of colon cancer associated with this dietary
component. When the intake of three major HCAs (MelQx, 2-amino-3,4,8-trimethylimidazo
[4,5-f]quinoxaline, and 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine) commonly found
in well-done meat was examined, only MelQx was shown to be a risk factor for colorectal
adenomas (12).

HCAs, like aromatic amines, require metabolic activation to be mutagenic or carcinogenic. A
major activation pathway is N-oxidation by cytochrome P450 enzymes, i.e. P450 1A2 (13,
14). The resulting N-hydroxylamine product can react directly with DNA by formation of
nitrenium ions. In vitro and in vivo studies have demonstrated that N-(deoxyguanosin-8-yl)-
MelQx (dG-C8-MelQx) is the major DNA adduct formed (15,16). A linear relationship
between the dose of MelQx and the MelQx-DNA adduct level has been reported in studies
using either rats or mice and with different methods of adduct analysis (17,18). Most mutations
reported for HCAs, including MelQx, involve guanine residues (19). Using a plasmid
specifically modified to contain dG-C8-MelQx adducts, > 90% of the mutations in E. coli
occurred at G-C base pairs (20). In livers from Big Blue transgenic rats, MelQx most frequently
induced G frameshifts, followed by G to T transversions (7). Among six squamous cell
carcinomas of rat zymbal gland induced by MelQXx, two possessed point mutations of Ha-
ras, one had a G to T transversion in codon 13 and the other had an A to T transversion in
codon 61 (21). These observations suggest that modification of guanine bases are involved in
the gene alterations induced by MelQx and that MelQx primarily binds to guanine residues of
DNA in vivo.

Chronic inflammation/infection and injury play an important role in colon cancer (22). The
incidence of colorectal carcinoma in patients with inflammatory bowel disease, a chronic
inflammatory disease, is 20-fold higher and has an average age of onset 20 years younger than
the general population (23). High levels of nitric oxide (NO) are observed during inflammation
due to upregulation of inducible nitric oxide synthase (iNOS) (24). By reacting with superoxide
to form peroxynitrite anions or with oxygen (autoxidation), NO produces RNOS such as
nitrogen dioxide radicals (NO,") and dinitrogen trioxide (N»O3). Inflammatory bowel disease

LAbbreviations: MelQx, 2-amino-3,8-dimethylimidazo[4,5-flquinoxaline; 2-azido-MelQx, 2-azido-3,8-dimethylimidazo[4,5-f]
quinoxaline; CAD, collisionally activated dissociation; dGp, 2'-deoxyguanosine 3'-monophosphate; DETAPAC,
diethylenetriaminepentaacetic acid; D-MelQx, 3,8-dimethylimidazo[4,5-f]lquinoxaline; ESI, electrospray ionization; HCASs, heterocyclic
amines; 2-OH-MelQx, 2-hydroxy-3,8-dimethylimidazo[4,5-flquinoxaline; N-OH-MelQx; N-hydroxy-2-amino-3,8-dimethylimidazo
[4,5-flquinoxaline; iINOS, inducible nitric oxide synthase; MS, mass spectrometry; dG-C8-MelQx, N-(deoxyguanosin-8-yl)-2-
amino-3,8-dimethylimidazo[4,5-flquinoxaline; N-NO-1Q, 2-nitrosoamino-3-methylimidazo[4,5-flquinoline; N-NO-MelQx, 2-
nitrosoamino-3,8-dimethylimidazo[4,5-f]quinoxaline; RNOS, reactive nitrogen oxygen species, RAL, Relative Adduct Labeling
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is associated with marked mucosal infiltration of macrophages, lymphocytes, and neutrophils
in which high levels of iNOS and 3-nitrotyrosine, a marker of RNOS, are detected (25-27).
Genotoxic effects of autoxidizing NO in both human colorectal tumors and colons of
individuals with ulcerative colitis correlate with increased iNOS detected in these tissues
(25,28). NO also inhibits DNA repair (29,30). Increased formation of N-nitrosamines and
nitrate have been reported in vivo in human subjects with infection and inflammation (31—
33). This elevation in endogenous nitrosation potential might be responsible for reduced levels
of cytochrome P450 enzyme observed during infection/inflammation (for review see (34)). N-
Hydroxylamine products of cytochrome P450 and accompanying adduct formation would also
be reduced. Thus, despite considerable research, the biotransformation pathways during
infection/inflammation need further study.

We have recently demonstrated NO-dependent nitrosation of MelQx and its potentiation by
hemin and myeloperoxidase (35). We propose the nitrosation product 2-nitrosoamino-3,8-
dimethylimidazo[4,5-flquinoxaline (N-NO-MelQXx) to be an alternative to N-hydroxy-2-
amino-3,8-dimethylimidazo[4,5-flquinoxaline (N-OH-MelQXx) in initiating colon cancer in
individuals with colitis. During an inflammatory response, stimulated neutrophils infiltrate the
site of inflammation and undergo a respiratory burst to produce oxidants, including
hypochlorous acid (HOCI), a cytotoxic agent (36). In addition, the acidic environment (pH 5.3
to 5.5) created by inflammatory conditions may influence adduct formation (37,38). To provide
insight into its carcinogenicity, the stability and reactivity of N-NO-MelQx were evaluated as
a function of pH with and without nucleophiles. Different components of the inflammatory
response were used to compare adduct formation by N-NO-MelQx to that by N-OH-MelQx.
Results demonstrate that N-NO-MelQx is genotoxic and a potential colon cancer risk factor
in individuals with colitis.

Experimental Procedures

Caution

Materials

MelQx is carcinogenic to rodents and should be handled in accordance with NIH Guidelines
for the Laboratory Use of Chemical Carcinogens (39).

[2-14C]-MelQx (50 mCi/mmol, >98% radiochemical purity) and N-OH-MelQx were
purchased from Toronto Research Chemicals (Toronto, ON). NaOCI, NaN3, ascorbic acid,
H»0,, horseradish peroxidase, calf thymus DNA, dGp, glutathione, and
diethylenetriaminepentaacetic acid (DETAPAC) were purchased from Sigma-Aldrich
Corporation (St. Louis, MO). Nuclease P4 (EC 3.1.30.1) and spleen exonuclease (EC 3.1.16.1)
were from Boehringer Mannheim, Indianapolis, IN and T4 polynucleotide kinase (EC 2.7.1.78)
from U.S. Biochemical Corp. (Cleveland, OH). Diethylamine NONOate, a NO donor, was
purchased from Calbiochem (San Diego, CA). The concentration of this NO donor was
determined at 250 nm with & = 8,000 M~1cm™ (40). N-NOMelQx (50 mCi/mmol, >98%
radiochemical purity) was prepared by incubating 0.24 mM 4CmelQx with 0.4 mM
diethylamine NONOate, 0.4 mM H,05, and 0.4 mg/ml horseradish peroxidase at pH 7.4 and
purified by a combination of Sep Pak and HPLC methods. 2-Azido-3,8-dimethylimidazo[4,5-
flquinoxaline (2-Azido-MelQx) was synthesized, like 2-azido-3-methylimidazo[4,5-f]
quinoline (35), by incubating 0.1 mM N-NO-MelQx with 10 mM NaNjs in citrate phosphate
buffer pH 2.0 for 60 min at 37°C. Ultima-Flo AP was purchased from PerkinElmer LAS, Inc.,
Shelton, CT.
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Animals and dosing

Male, 21 day old, C57BL/6 mice were purchased from Jackson Laboratories (Bar Harbor, MA).
Food and deionized water were provided ad libitum. Animals were administered 20 mg/kg
MelQx in corn oil by gavage once a day for 10 successive days. The animals were euthanized
by cervical dislocation 24 hours after the last dose and DNA was isolated from the liver as
previously described (41).

Determination of N-NO-MelQx Reaction Products

14C-N-NO-MelQx (4 uM, 0.05 uCi) with 0.1 mM DETAPAC and 100 mM phosphate buffer
was incubated at 37°C for various times at different pH values in the presence and absence of
nucleophiles. Experiments containing 10 mM NaN3 were like to those assessing the reactivity
of N-NO-1Q (35). Reactions (0.05 mL) were stopped by neutralizing with concentrated
NH4OH and dimethylformamide (0.05 mL). Reaction products were analyzed by HPLC as
described below.

HPLC Analysis of Products

Products were assessed using a Beckman HPLC with System Gold software and a 5 um, 4.6
x 150 mm C-18 ultrasphere column attached to a guard column. The mobile phase contained
20 mM ammonium formate pH 4.0 in 10% acetonitrile, 0-3 min; 10-13% acetonitrile, 3-9
min; 13-35% acetonitrile, 16—-21 min; 35—-10% acetonitrile, 25-30 min; flow rate 1 mL/min.
Radioactivity in HPLC eluents was measured using a FLO-ONE (PerkinElmer LAS, Inc.,
Shelton, CT) radioactive flow detector. Data are expressed as a percent of total radioactivity
or pmol recovered by HPLC.

DNA Binding

Binding of 14C-N-NO-MelQx (0.03 mM, 2 uCi) to DNA was assessed as a function of pH.
Reaction mixtures (0.25 mL) were incubated for 60 min as described above, except 1 mg/mL
DNA was present (42). Calf thymus DNA was purified before use by extracting with phenol
and a 24 : 1 chloroform/isoamyl alcohol mixture. The reaction was stopped by precipitation of
DNA due to adjusting the concentration of NaCl to 0.25 M, addition of 2 volumes of ethanol,
and being left at —20°C for 4 hours (43). The DNA pellet was washed twice with 70% ethanol,
dissolved in water, and the process of precipitation and washing repeated. The radioactivity of
the water-dissolved DNA was determined. The purity and quantity of DNA were assessed by
the absorbance at 260 and 280 nm with a Agg/Aggg ratio of approximately 1.7 demonstrating
high purity of DNA in each sample. Blank values were obtained by stopping the pH 7.4
incubations at zero time. Binding is expressed as nmol/mg DNA/h.

Reaction of N-OH-MelQx with dGp

N-OH-MelQx (0.06 mM) was incubated in 100 mM phosphate buffer pH 7.4 with 0.1 mM
DETAPAC and 1 mg/ml dGp in a total volume of 0.5 mL for 30 min at 37°C. Previous
experiments have shown that no adducts formed in the absence of N-OH-MelQx. After 30 min
at 37°C, samples were placed on ice and immediately applied to Sep-Pak columns (Presep C18
from Fisher Scientific) pre-washed with methanol followed by 1 mM phosphate buffer pH 3.0.
Samples were diluted with 1 ml of 1 mM NayHPO4 pH 3.0, applied, and columns washed with
6 ml phosphate buffer pH 3.0 followed by two 6 ml water washes. Adducts were then eluted
with 5 ml of methanol : ammonium hydroxide, 9:1. This column procedure separates most of
the unreacted dGp from adducts. Solvent was evaporated under N, to dryness and the residue
was used for 32P-postlabeling analysis.
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Reaction of N-NO-MelQx with dGp

14C-N-NO-MelQx (0.06 mM) was incubated in 100 mM phosphate buffer pH 5.5 with 0.1 mM
DETAPAC and 1 mg/ml dGp in a total volume of 0.5 mL for 30 min at 37°C. Hypochlorous
acid (HOCI, 0.1 mM) oxidation was initiated by its addition. Incubations were stopped by
placing on ice and applied to Sep-Pak columns as described above. Previous experiments have
shown that no adducts formed when N-NO-MelQx was not included in the incubations.

Adduct Analysis by 32P-postlabeling

The dGp adducts were analyzed by 32P-postlabeling, using standard (ATP-saturating)
conditions (41,44), as previously described (45). dGp-adducts were labeled with [y-32P]JATP
to form 3',5'-bisphosphate nucleotides (d32pGp-adduct), using T4 polynucleotide kinase. 32P-
Postlabeled nucleotide adducts were separated from normal nucleotides by chromatography
on polyethyleneimine cellulose thin-layer sheets (prepared in the laboratory) using the
following solvents: Dy, 2.3 M sodium phosphate (pH 5.8); D3, 3.5 M lithium formate and 7.0
M urea (pH 3.5); D4, 0.7 M sodium phosphate and 7.0 M urea, (pH 8.0); and Ds, 1.0 M
magnesium chloride. The labeled adducts were detected by autoradiography and quantitated
using Cerenkov counting. Adduct levels are expressed as Relative Adduct Labeling (RAL)
values.

Mass Spectral Analysis

Electrospray ionization (ESI) mass spectrometry (MS) analyses were performed on a Finnigan
TSQ-7000 triple stage quadrupole mass spectrometer (San Jose, CA) equipped with a Finnigan
ESI source and controlled by Finnigan ICIS software operated on a DEC alpha workstation.
Samples were loop injected onto the ESI source with a Harvard syringe pump, which is
continuously infused with methanol at a flow rate of 5uL/min. The skimmer was at ground
potential, and the electrospray needle was at 4.5 kV. The heated capillary temperature was
250°C. To obtain collisionally activated dissociation (CAD) tandem mass spectra, the collision
energy was set at 22 eV, and argon (2.3 mTorr) was used as target gas. The product ion spectra
were acquired in the profile mode at the scan rate of one scan per 3 sec.

Statistical Analysis

Results

Data are expressed as a mean = S.E. For Table 2, the method of analysis was one-way analysis
of variance. Homogeneity of variance was tested using the Levene statistic and was not rejected.
There was a significant condition effect (p < 0.001). That is, the DNA Binding results varied
by condition. Initial Bonferroni post hoc analyses revealed a significant difference in DNA
binding between the condition pH 2.0 and the other conditions (p < 0.001).

Reaction Product Separation by HPLC and Identification by Tandem Mass Spectrometry

The stability of 14C-N-NO-MelQx (4 uM) was evaluated in phosphate buffer from pH 2.0 to
9.0 for 4 hours at 37°C. Illustrated in Figure 1 is an HPLC of the pH 3.5 reaction mixture. Less
than 1% of N-NO-MelQx (16.7 min) remained with major peaks observed at 8.4 min (MelQx),
14.4 min (D-MelQx), and 19.8 min (2-OH-MelQx). These major peaks accounted for 89% of
the radioactivity recovered by HPLC. The structures of the reaction products were assessed by
ESI CAD tandem mass spectrometry.

The D-MelQx peak eluting at 14.4 min (Figure 1) was purified by HPLC and analyzed by ESI/
MS. Mass spectrum acquired in the positive ion mode revealed the product exhibited [M +
H]*, [M + Na]*, and [M + K]* ions at m/z 199, 221, and 237, respectively (Figure 2, upper
panel). For the product-ion spectrum of m/z 199 (Figure 2, low panel), fragmentation of the
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quinoxaline ring yielded m/z 158 (loss of CH3CN), which produced ions at m/z 131 and 104
due to consecutive losses of HCN. lons at m/z 184, 157, and 116 represent loss of CH3 and
consecutive losses of HCN. This is consistent with the product being 3,8-dimethylimidazo[4,5-
flquinoxaline, D-MelQx. The early peak eluting at 8.4 min was identified as MelQx by its co-
elution on several different solvent systems with commercially available radiolabeled and
unlabeled MelQx (not shown).

The late eluting peak, 2-OH-MelQx, in Figure 1 was identified. ESI/MS in the positive ion
mode yielded [M + H]*, [M + Na]*, and [M + K]* ions at m/z 215, 237, and 253, respectively
(Figure 3, upper panel). The product-ion spectrum of m/z 215 contains prominent ions at m/z
187, 160, and 133, representing loss of CO and consecutive losses of HCN (Figure 3, lower
panel). lons at m/z 200 and 172 correspond to loss of CHz and CO, respectively. These results
are consistent with the product being 2-hydroxy-3,8-dimethylimidazo[4,5-flquinoxaline, 2-
OH-MelQx.

The product formed during the incubation of N-NO-MelQx at pH 2.0 with NaN3 (see below)
was identified. With ESI/MS in the positive-ion mode, the product exhibited [M + H]*, [M +
Na]*, and [M + K]* ions at m/z 240, 262, and 278, respectively (Figure 4, upper panel). The
product-ion spectrum of m/z 240 contains a prominent ion at m/z 212, arising from loss of
N>, a characteristic loss unique to an azido compound (Figure 4, lower panel). The spectrum
is also dominated by ions at m/z 185 and 158, arising from consecutive losses of HCN from
m/z 212. Thus, this product is 2-azido-MelQx. The different products formed by N-NO-MelQx
provide additional structural support for it being the N-nitroso product of MelQx.

Stability of N-NO-MelQx from pH 2.0 to 9.0

Products of N-NO-MelQx hydrolysis in aqueous solution at pH 2.0 to 9.0 are expressed in
Table 1. N-NO-MelQx (4 uM) is quite stable from pH 7.4 to 9.0 with greater than 95% of this
compound recovered after a 4-hour incubation at 37°C. Inclusion of 1mM glutathione in the
incubation mixture at pH 7.4 did not alter its stability. At acidic pH values, the stability of N-
NO-MelQx decreased. At pH 5.5, only 48% of this nitrosamine remained after the 4 hour
incubation. Below pH 5.5, less than 1% of the nitrosamine was detected. The products of
hydrolysis depended upon the pH. At pH 5.5 and 3.5, the major product was D-MelQx, while
at pH 2.0 the major product was 2-OH-MelQx. MelQx represented only a small amount of
product at acidic pH values.

Reactivity of N-NO-MelQx with Nucleophiles

The time course of stability and reactivity of 14C-N-NO-MelQx (4 uM) were further evaluated
at pH 2.0 in the presence or absence of 10 mM NaN3 (Figure 5). Breakdown of N-NO-MelQx
followed first order kinetics with half lives of 2.1 £ 0.2 and 1.2 + 0.1 min in the absence and
presence of 10 mM NaNg, respectively. Azide significantly (p < 0.05) decreased the half live
for N-NO-MelQx by 43%. After a 10 min-incubation with 10 mM NaNj3, greater than 90% of
the recovered radioactivity elutes with the 2-azido-MelQx standard. The results are consistent
with nucleophilic N3~ reacting with a rate determining intermediate of N-NO-MelQx
hydrolysis.

To determine if electrophile(s) produced by N-NO-MelQx at acidic pH could bind

DNA, 14C-N-NO-MelQx (0.03 mM) was incubated at various pH values for 1 hour with 1 mg/
ml DNA (Table 2). While binding was not detected at pH 7.4, it increased with decreasing pH.
Binding at pH 2.0 is about 10-fold more than that at pH 5.5. Binding at pH 2.0 was completely
inhibited with 10 mM NaN3. HPLC analysis of the reaction mixture supernatant indicated that
2-azido-1Q accounted for 88 % of the total recovered radioactivity. Thus, N-NO-MelQx forms
an electrophile(s) at acidic pH, which can bind DNA.

Chem Res Toxicol. Author manuscript; available in PMC 2008 September 17.
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To evaluate the ability to N-NO-MelQx to form DNA adducts, this nitrosamine (0.06 mM)
was incubated with 3 mM dGp for 1 hour at pH 5.5 and results compared to that observed with
N-OH-MelQx (0.06 mM) at pH 7.4. Adduct formation was measured by 32P-postlabeling
(Figure 6). Incubation of N-OH-MelQx with dGp resulted in the formation of one major adduct,
adduct 1 (402 x 10° RAL). This adduct has been previously identified as dG-C8-MelQx (15).
With N-NO-MelQx, at least 7 adducts were observed. One of these adducts corresponded to
adduct 1 (0.5 x 10° RAL), dG-C8-MelQx. Incubation of N-NO-MelQx with 0.1 mM HOCI,
amediator of inflammation, resulted in increased amounts of adducts. However, only 5 adducts
were detected with this condition. Formation of adduct 1 (11 x 10° RAL) increased with HOCI
treatment. Adducts formed by N-NO-MelQx and N-OH-MelQx were compared to that formed
in liver from a male mouse treated with MelQx. In addition to adduct 1 (0.2 x 10° RAL), two
other adducts were detected in the liver sample. The latter two adducts appear to be identical
to adduct a and 2 detected in N-NO-MelQx incubations. Increased amounts of these adducts
were also detected following HOCI treatment. Thus, N-NO-MelQx, like N-OH-MelQx, forms
dG-C8-MelQx, and N-NO-MelQx, but not N-OH-MelQx, may contribute to the formation of
additional adducts detected in liver.

Discussion

This study examines the stability and reactivity of N-NO-MelQx in an effort to determine its
possible role in carcinogenesis. This nitrosamine was completely stable for 4 hours from pH
7.4 t0 9. While biologically relevant nucleophiles, such as glutathione and ascorbic acid, can
increase the hydrolysis of N-nitroso and S-nitroso compounds (46), glutathione did not
influence N-NO-MelQx stability at pH 7.4. A decrease in pH resulted in decreased stability of
N-NO-MelQx with new products identified as 3,8-dimethylimidazo[4,5-f]quinoxaline and 2-
hydroxy-3,8-dimethylimidazo[4,5-flquinoxaline. MelQx was only a minor product. The
presence of the nucleophilic azide anion under acidic conditions resulted in the formation of
2-azido-MelQx. Azide anion shortened the t1/, of N-NO-MelQx at pH 2.0 by forming the 2-
azido derivative. Binding to DNA increased with decreasing pH. The decreased stability and
increased reactivity of N-NO-MelQx at acidic pH values is consistent with formation of a
reactive electrophile(s) at acidic pH, which binds DNA forming adducts. This hypothesis was
tested directly by comparing adduct formation of N-OH-MelQx to N-NO-MelQx in the
presence of dGp. Using conditions that mimic an inflammatory response, acid pH + HOCI
(36-38), 5 to 7 adducts were produced by the nitrosamine. One of these adducts corresponded
to dG-C8-MelQx, which is the major adduct produced by N-OH-MelQx. Liver from a mouse
treated with MelQx contained dG-C8-MelQx and two other adducts detected with N-NO-
MelQx, but not N-OH-MelQx These results suggest N-NO-MelQx can be activated under
inflammatory conditions to form dG-C8-MelQx. Thus, N-NO-MelQx could be genotoxic.

Azide has been used to evaluate the reactivity of esters of N-acetylhydroxamic acids or their
corresponding hydroxylamines for aromatic and heterocyclic amine carcinogens (47,48).
Azide trapping did not influence the hydrolysis of these esters, since trapping occurs after the
rate-limiting formation of nitrenium ions. For aromatic amine nitrenium ions, azide anions are
primarily directed at the ortho carbon of the aromatic ring rather than on nitrogen. For the
nitrenium ions of 2-amino-3-methylimidazo[4,5-flquinoxaline and MelQx, azide substitution
is at position 5. The reactivity of nucleophilic azide anion with N-NO-MelQx is different from
that of carcinogenic N-OH aromatic and heterocyclic amines.

The stability and reactivity of N-NO-MelQx is similar to that reported for some diazotates.
They can be formed by the reaction of the heterocyclic amine, such as 2-deoxycytidine, with
nitrous acid or nitric oxide (49). This product, 1-(beta-D-2'-deoxyribofuranosyl)-2-
oxopyrimidine-4-diazotate, is stable at neutral pH. At pH 3.7 and 37°C, the diazotate is
hydrolyzed exclusively to 2'-deoxyuridine by a first order reaction with a t1;, of 24 min. With
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pyridine-4-diazotate, the hydrolysis product observed with 1.15 M perchloric acid is 4-
pyridone and with 5.5 M perchloric acid, the product is 4-aminopyridine (50). With chloride
ion, 4-chloropyridine is the major product. The hydrolysis of N-NO-MelQx may occur by a
mechanism similar to diazotates, such as the following: diazohydroxide (R-N=N-OH),
diazotate (R-N=N-O"), diazonium (R-N=N"*), and alkyl cation (R*) (50,51). The alkyl cation
or its precursor (diazo species) reacts with nucleophiles to form the observed products.
Formation of the primary amine at lower pH is attributed to a reversible nitrosation reaction,
denitrosation (51).

To assist in the quantitation and identification of adducts, dGp was used instead of DNA for
adduct formation. The use of this mononucleotide simplifies the determination of adduct
recovery compared to that which occurs when DNA or polynucleotides are used, since the
latter require micrococcal nuclease/spleen phosphodiesterase hydrolysis. In addition with dGp,
multiple radiolabeled products represent unique guanine adducts and not micrococcal nuclease/
spleen phosphodiesterase-resistant oligomers (19). These adducts may represent oxidation
products of NNO-MelQx formed before and/or after its binding to guanine.

These results are consistent with previous studies evaluating the stability and reactivity of 2-
nitrosoamino-3-methylimidazo[4,5-flquinoline (N-NO-1Q) (52). N-NO-IQ also reacts with
nucleophiles under acidic conditions to form 2-substituted derivatives and exhibits increased
binding to DNA and adduct formation. N-(Deoxyguanosin-8-yl)-2-amino-3-methylimidazo
[4,5-flquinoline, which is thought to be responsible for the mutagenicity and carcinogenicity
of 2-amino-3-methylimidazo[4,5-flquinoline (19), is a prominent adduct. The major
differences in the reactivity of these nitrosamines are that N-NO-1Q has a much larger ty/, (10
+ 2 min) at pH 2.0 compared to N-NO-MelQx (2.1 + 0.2 min) and that N-NO-1Q does not form
a 2-OH derivative under acidic conditions. Preliminary studies have demonstrated that both
nitrosamines are mutagenic (53,54).

This study demonstrates that dG-C8-MelQx is formed by N-NO-MelQx under conditions that
mediate inflammatory responses, such as acidic pH (pH 5.3 to 5.7) and HOCI (36-38). This
adduct is thought to be responsible for the mutagenicity and carcinogenicity of MelQx, and is
the major adduct present in human colon (55,56). Inflammatory diseases, such as colitis, have
a complex matrix of cells (macrophages, lymphocytes, and neutrophils) and inflammatory
mediators (NO, H,O,, HOCI, myeloperoxidase, NO,~, NO,") (25-27). The temporal and
spatial associations necessary for the various conditions to both produce and then activate N-
NO-MelQx may exist in individuals with colitis. In addition, inflammation can further aid in
the initiation of N-NO-MelQx colon carcinogenesis by inhibiting DNA repair mechanisms
(29,30). These results are consistent with our hypothesis that N-NO-MelQx is an alternative
to N-OH-MelQx in the initiation of colon cancer in individuals with colitis. Thus, inflammation
provides a versatile milieu for facilitating the incorporation of MelQx mutations into the
genome.
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Figure 2.
Positive-ion ESI mass spectrometric analysis of D-MelQx. The upper panel illustrates a mass
spectral scan from m/z 180 to 250. The lower panel illustrates the CAD product-ion spectra of
m/z 199.
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Figure 4.

Positive-ion ESI mass spectrometric analysis of product derived from incubation of N-NO-
MelQx at pH 2.0 with NaN3. The upper panel illustrates a mass spectral scan from m/z 220 to
290. The lower panel illustrates the CAD product-ion spectra of m/z 240.
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Figure 5.

Time course of 14C-N-NO-MelQx stability at pH 2.0. Incubations were conducted with (closed
circles) or without 10 mM NaNj3 (open circles) at pH 2.0 with citrate/phosphate buffer. Samples
were analyzed by HPLC. Illustrated is an analysis of values representing means + SEM of
duplicate determinations from one of three independent experiments analyzed.
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Figure 6.

32p_postlabeled Adducts. Incubations contained 0.06 mM N-OH-MelQx or N-NO-MelQx, 3
mM 2’-deoxyguanosine 3'-monophosphate, 0.1 mM DETAPAC, 100 mM potassium
phosphate buffer. N-OH-MelQx was incubated at pH 7.4. N-NO-MelQx was incubated in the
absence and presence of 0.1 mM HOCI (pH 5.5). Liver DNA was from a mouse administered
20 mg/kg MelQx by gavage for 10 successive days. Exposure times were 15 min for N-OH-
MelQx, 6 hrs for N-NO-MelQx, 1 hour for N-NO-MelQx/HOCI, and 16 hrs for liver DNA.
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Table 1
Reaction Products of N-NO-MelQx at Different pH values
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Conditions MelQx D-MelQx N-NO-MelQx 2-OH-MelQx
% of total

pH 9.0 ND2 ND 95+3 ND

pH 7.4 ND ND 95+2 ND

pH 7.4 + 1 mM GSH ND ND 91+2 ND

pH5.5 1.8+0.6 35+1 48+1 1.8+0.2

pH 3.5 15+15 65+1 ND 19+0.7

pH 2.0 4+01 21+1 ND 50+1

Incubations contained 14C-N-NO-MeIQx (4 uM, 50 mCi/mmol) at 37°C for 4 hours with the indicated pH in 100 mM phosphate buffer. Samples were
analyzed by HPLC and values represent mean + SE (n = 3). The limit of detection is 0.5% of total radioactivity recovered by HPLC.

aN D, not detected
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Table 2

Condition DNA Binding
nmol bound/mg DNA/h

pH 2.0 0.68 +0.04

pH 2.0 £ 3mM NaN, ND?

pH3.5 0.14 +0.02°

pPH55 0.07 +0.01P

pH 7.4 ND

14

C-N-NO-MelQx (0.03 mM, 50 mCi/mmol) was incubated at various pH values for 1 hour with 1 mg/ml DNA. Values represent mean + S.E. (n =3 to

6). The limit of detection is 0.03 nmol/mg DNA/h.

aN D, not detected.

bp <0.001vspH 2.0

Chem Res Toxicol. Author manuscript; available in PMC 2008 September 17.



