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ABSTRACT

2-Amino-3,8-dimethylimidazo[4,5-flquinoxaline (MelQx), a major hetero-
cyclic aromatic amine (HAA) formed in cooked meats, is metabolically trans-
formed to mutagenic/carcinogenic intermediates. Cytochrome P4501A2
(CYP1A2)-mediatedN-hydroxylation followed by phase Il O-esterification by
N-acetyltransferase (NAT2) are generally regarded as activation processes in
which MelQx and other HAAs are converted to genotoxic species. In
this study, we determined the relationship between the activities of these
two enzymes and the urinary excretion level of theN>-glucuronide conjugate
of 2-hydroxyamino-MelQx—N?-( 8-1-glucosiduronyl)-2-hydroxyamino-3, 8-
dimethylimidazo[4,5f]quinoxaline (N-OH-MelQx- N-glucuronide)—among
healthy subjects fed a uniform diet containing high-temperature cooked
meat. The individuals ( = 66) in the study ate meat containing known
amounts of MelQx, and urine was collected from 0 to 12 h after the
meal. After addition of the deuterium-labeled internal standard to urine,
N-OH-MelQx- N>-glucuronide was isolated using solid-phase extraction and
immunoaffinity separation. The isolated conjugate was converted to the
deaminated product 2-hydroxy-3,8-dimethylimidazo[4,5f]quinoxaline
(2-OH-MelQx) by heating with acetic acid. 2-OH-MelQx and its deuterated
analogue were derivatized to form the corresponding 3,Big(trifluorometh-
yl)benzyl ether derivatives and analyzed by capillary gas chromatography-
negative ion chemical ionization mass spectrometry using selected ion mon-
itoring procedures. The subjects in the study excreted an average of
9.4 + 3.0% (xSD) of an ingested dose of MelQx asN-OH-MelQx- N>
glucuronide in urine; the range varied from 2.2 to 17.1%. A significant
correlation was found between the level oN-OH-MelQx- N-glucuronide in
urine and the amount of MelQx ingested (, = 0.44; P = 0.0002). The
excretion level of N-OH-MelQx- N>-glucuronide in urine was not associated
with the enzyme activities of NAT2 or CYP1A2. This is expected with the
latter enzyme because the metabolism of MelQx is first order and very rapid
at the amounts ingested. The amount oN-OH-MelQx- N>glucuronide in
urine was not correlated with the age or sex of the individuals. Our results
indicate that biotransformation of MelQx via CYP1A2 oxidation to form the
N-hydroxylamine followed by N2-glucuronidation is a general pathway of
MelQx metabolism in humans; the variability in the excreted levels ofN-OH-
MelQx-N2-glucuronide is probably due to interindividual differences in
UDP-glucuronosyltransferase activity and/or excretion pathways.

INTRODUCTION

cooked meats (1, 2). Humans are routinely exposed to food-derived
HAAs, and there is a concern that these compounds may be dietary
carcinogens (3, 4). HAAs are thought to be bioactivated to mutagenic/
carcinogenic intermediates by an initiddoxidation in the liver mediated
primarily by CYP1A2 (5-7). Further activation of ti:hydroxylamine
metabolite generally occurs by way of enzymatic esterification reactions
catalyzed by acetyltransferases (NAT enzymes) or sulfotransferases (8—
12). These more reactive metabolites can covalently bind to DNA (5, 8,
10). Alternatively, theN-hydroxylamine metabolites of the HAAs may
undergo phase Il conjugation reactions via UDP-glucuronosyltrans-
ferase(s) to form the correspondihgglucuronide conjugates (13, 14).
This is considered to be a significant detoxification pathway Ner
hydroxy HAAs (14) and was found iim vitro studies to limit the extent

of HAA-induced DNA damage (15). In addition to this enzymic pathway,
glutathioneStransferases and glutathione can inhibit the covalent reac-
tion of the activated derivative of HAAs with DNA (16). Thus, HAAs are
capable of undergoing a complex interaction of metabolic pathways in
which detoxification reactions compete with bioactivation processes (14,
17, 18). As a consequence, the balance between these two processes may
play a central role in the potency of a HAA and thereby determine its
genotoxicity.

Human metabolic polymorphisms in the enzymes catalyzing the acti-
vation and/or detoxification pathways of carcinogen metabolism may
account for differences in susceptibility to carcinogens between individ-
uals (19-21). For example, CYP1A2 and NAT2 are polymorphically
distributed in humans and differences in the activities of these enzymes
are postulated to be risk factors for cancer on exposure to HAAs (19, 22).
In addition, the enzymes of detoxification, including the UDP-glucurono-
syltransferases, display wide heterogeneity in humans. Variables includ-
ing gender, age, certain disease states, ethnicity, and diet can also mod-
ulate the activity of these enzymes (23). Thus, individual variability in the
activities of CYP1A2 and NAT2, as well as differences in the UDP-
glucuronosyltransferases, may be crucial determinants in the bioactiva-
tion and detoxification of HAAS in humans.

Among the HAAs, MelQx is one of the most abundant and muta-
genic formed in cooked meats (1, 2). Dietary studies conducted in
humans have provided information on the bioavailability and dispo-

The HAAS® comprise a class of mutagenic and carcinogenic corsition of MelQx (24—27). In addition, the metabolic factors affecting
pounds produced in the low parts-per-billion range in high-temperatufg: biotransformation of MelQx have been emphasized. In one study,
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it was shown that the amounts of MelQx recovered in the urine of
subjects who were treated with the CYP1A2 enzyme inhibitor furafyl-
fifie increased by 14-fold when compared with untreated subjects (28).
Recently, it was found that the urinary levels of unchanged MelQx
(®9) and unchanged plus amine-conjugated MelQx (26) are inversely
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3 Abbreviations used are: HAA, heterocyclic aromatic amine; MelQx, 2-amino-3,
dimethylimidazo[4,5J-quinoxaline; PH.]MelQx, 2-amino-3-fHz]methyl-8-methylimi-
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[4,54]quinoxaline; 2-nitro-MelQx, 2-nitro-3,8-dimethylimidazo[4fjuinoxaline;
CYP1A2, cytochrome P4501A2; NATH-acetyltransferase; SIM, selective ion monitor-

NAT2 activity showed no association to the excretion levels of

%\'/IeIQx and its amine-conjugated metabolites in urine.

Analysis of urinary MelQx metabolites derived via CYP1ARoxi-

ing; HPLC, high-performance liquid chromatography; NCI, negative ion chemical ioni-
zation; MS, mass spectrometry; GC, gas chromatography; LC, liquid chromatography.
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N-OXIDATION OF MelQx

dation may serve as a biomarker in human risk assessment of this HA&vAs analyzed by HPLC using agn particle size G column (25 cmX 4.6
Although several studies have focused on the determination of Mel@xn, Supelco, Inc., Bellefonte, PA) with a mobile phase consisting of &0 m
and its amine-conjugated metabolites in urine, little information is avalPH 6.8) ammonium acetate:methanol (95:5, by vol.) for 5 min, followed by a
able on the urinary excretion of theoxidized metabolites of MelQx, nor linear gradient to 100% methanol over 30 min at a flow rate of 1 ml/min.
has the relationship of CYP1A2 or NAT2 activity to the excretion ofiPLC analysis of thg product derived. from base treatment of 2-nitro-MelQx
these metabolites been described. Recentiy\rglucuronide conjugate ShoWed a single major peak; the purity of the compound exceeded 90% by
of 2-hydroxyamino-MelQxN-OH-MelQxN-glucuronide (Fig. 1), was HPLC. The synthetic product eluted at a retention time of 21 min; the on-line

. P . . . . o LC-UV spectrum had an absorption maximum at 267 nm. The hydrolysis
identified in the urine of five patients administered an oral dose I—“P P P yeroy

140 btain i . h f thi b I,?)roduct was analyzed by LC-MS in positive ion mode, and the full scan mass
-MelQx (30). To obtain information on the extent of this metabo Igpectrum exhibited a protonated molecular ionrgiz 215. This is consistent

pathway in healthy individuals ingesting a uniform meat-based diet, W a structure in which the 2-nitro group has been replaced by a hydroxyl
determined the urinary excretion levels\OH-MelQx-N*-glucuronide  group to give 2-OH-MelQx. With a smaller-scale preparation, 2-OH-MelQx
in these subjects. In addition, we examined the role of the ENZymes prepared by heatin‘g.OH-MelQx-Nz-glucuronide (5w0) in 0.5 ml of a
activities of CYP1A2 and NAT?2 in the biotransformation of MelQXx tosolution composed of glacial acetic acid:acetonitrilgdH10:10:1, by vol.) at
N-OH-MelQx-N?-glucuronide. Quantification of the amount of this me-60°C far 6 h (Fig. 1). After evaporation of the solvent undes, lkhe reaction
tabolite in urine will allow an assessment of tfrevivo capacity of product was analyzed by HPLC with UV detection using the conditions
humans toN-oxidize MelQx as well as establish a basis for the role gfescribed above. Quantitative conversion to a single major product was evident
N2-glucuronidation in the detoxification dd-OH-MelQx. with no intact conjugate present. The compound was identified by online UV
spectra analysis and comigration with the synthetic 2-OH-MelQx prepared
from base treatment of 2-nitro-MelQx (described above). 2-OH-MelQx was
MATERIALS AND METHODS further characterized by both electron ionization GC-MS and NCI-GC-MS
Chemicals and ReagentsMelQx, [2-CJMelQx, and PH methyl- a;ter derlvatlz?]t.lon WItI? 3,?ﬁ)is(glﬂgorgrzethyl)b’\;:nzyl blromld(_err(]ZSf).l,lA major
MelQx were purchased from Toronto Research Chemicals (North York, O%_romatograp ic peak was obtained by GC-MS analysis. The full scan mass

tario, Canada). Isotopic purity of the deuterium-labeled standard was detsep_ectrum showed a molecular cation (or molecular anion under NCI-GC-MS

mined by GC-MS to be 96.5%; the, contribution was 2.4%. Certify Il (a ;On?;i':i:z)aaémgl:goé&m;u?g:;?ﬁ;?&;‘;y?g?g[:;atlve of 2-OH-MelQx
ixed-mod ki d of C-8 and SAX bonded-ph t ' ’
mixed-mocte packing composec o an ondec-phase maten w;tudy Design. More detailed accounts of the study design and the participat-

Bond-Elut cartridges (500-mg size) were purchased from Varian (Harbor Citx, : ; - o
CA). Diisopropylethylamine and 3 Bis(trifluoromethyl)benzyl bromide were Ing subjects have been published elsewhere (29, 34). Briefly, the individuals were
y rrecruited from the Beltsville, MD area. The enroliment criteria includapbéing

obtained from Aldrich Chemical Co. (Milwaukee, WI). The high-purity wate ) ) L 4
used in the procedures was glass-distilled, and the organic solvents (Omnis pod health; f) being a nonsmoker for at least 6 monttgyHaving weight not

grade) were obtained from EM Science (Gibbstown, NJ). All of the gIasswa!FeS_S than 90% or greatgr than 130%'of 1983 Met.ropolitan Life Insurance desirable
used in the analyses was silanized with a 5% solution of dimethyldichlorosif€ights; 6) not consuming any atypical dieg)(taking no medication other than
iane in toluene and rinsed with toluene and methanol before use. an occasional analgesic; arfjiifeing able to consume caffeine. '
Reference Compounds.2-Nitro-MelQx was synthesized by the method of Meat Preparation and Controlled Dietary Period. The meat preparation and
Grivas (31).N-OH-MelQx was prepared by the reduction of 2-nitro-MelQx withdietary protocol have been reported previously (29, 34). In brief, the subjects
ascorbic acid in 29.9% N}OH as described previously (Q)-OH- MelQx-N>- consumed a controlled diet containing differing amounts of meat based on their
glucuronide and the related [2€]MelQx and PH-JMelQx analogues were bio- Pody weight (3.+4.0 g meat/kg body weight). The well-done cooked beef
synthetically prepared from the corresponding 2-hydroxyamino-MelQx derivgontained 9 ng/g of MelQx. Urine collections were made 012 and 12—24 h after
tives using rat liver S-9 homogenates (32). The incubation mixture consisted diansumption of the meal. These collections (obtained in a prior study dating from
ml of 100 mv KH,PO, (pH 7.6) containing 5 m MgCl,, 5 mv glucose-6- 1993) were stored frozen at80°C until thawed, and aliquots were prepared for
phosphate, 6 m uridine 5-diphosoglucuronic acid, 5 units glucose-6-phosphatgubsequent analysis. Animal studies have found that urines store804C for
dehydrogenase, 25 mg of liver S-9 from male rats pretreated with Aroclor, and 189longed periods of timeX1 year) exhibited no noticeable change in the
ug of 2-hydroxyamino-MelQx. The metabolites were purified and characteriz&4OH-MelQx-N>glucuronide metabolite based &fC-HPLC analysis.
under the conditions described previously (33). CYP1A2 and NAT2 Phenotype.The subjects were phenotyped for
2-OH-MelQx was prepared synthetically by treating 2-nitro-MelQx (0.5YP1A2 and NAT2 function by measuring the ratio of urinary caffeine
mg) with 0.4 ml of 1.0n NaOH and heating o2 h at37°C. After neutral- metabolites by the procedure of Butler al. (35). CYP1A2 was determined
ization of the reaction mixture with 0.4 ml ofL.HCI, the sample was applied using the molar urinary ratio of 1,7-dimethylxanthine-plus-1,7-dimethyluracil:
to a C-18 Sep-Pak. The cartridge was washed once with 1 ml of water @®,7-trimethylxanthine. NAT2 was calculated using the molar urinary ratio of
remove salts, and 2-OH-MelQx was eluted with 2 ml of methanol. The samf@eacetylamino-6-formylamino-3-methyluracil:1-methylxanthine. These analy-
ses, carried out at the National Center for Toxicological Research, have been
described previously (29, 34).
Ny Immunoaffinity Chromatography. Monoclonal antibodies raised against
N~/<NH2 N:<NHOH N:’<NOCOCH3 MelQx (36) were used in the preparation of immunoaffinity columns. The
hol N T N G N N, ho N Negp antibodies were immobilized on CNBr-activated Sepharose 4B (Sigma Chem-
¢ f ]j CH;, f \ I ’ f j@ ¢ ical Co., St. Louis, MO) at a concentration of 4 mg of protein/ml of gel. The
Sy CYP1A2 SN NATZ N antibody gel preparations were washed with 50% DMSO in water (10 bed
MelQx N-OH-MelQx N-O-Acetyl-MelQx volumes), followed by an equal volume of methanol:water (90:10) and then
water. The antibody-bound gels were stored in PBS containingr4oaium
azide at 4°C. Small cartridges of the gel were prepared using 2 ml of gel

UDP-Glucuronosyitransferase(s)

HO-, COOC:'H suspension, and the binding efficiency of the puriffé®H-MelQx-N>-glu-
N=( o OH N:<°H curonide standard was determined by the following procedure. On rinsing the
HaC N N\CHGH NN Nech, gel suspension with 15 bed volumes of ammonium acetate [@pH 5.5)],
E | Heat I l the sample compound dissolved in 0.5 ml of ammonium acetate [5Qpi
N N 5.5)] was applied to the cartridge. The gel was washed with 10 bed volumes of
N-OH-MelQx-N>-Glucuronide 2-OH-MelQx ammonium acetate buffer [50nm(pH 5.5)] followed with 20 bed volumes of

) R . ’ water. The standard compound was eluted from the gel with 7 bed volumes of
Fig. 1. Simplified scheme of the pathways of MelQx metabolism leading to the . ) . . .
formation of N-oxidization products. The conversion dEOH-MelQx-N2-glucuronide ~Methanol:water (90:10). The eluant was dried under vacuum using a centrif-

under acidic conditions to form 2-OH-MelQx is illustrated. ugal evaporator (Savant Instruments, Farmingdale, NY). Fractions were ana-
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lyzed for the conjugate by UV detection, and the binding efficiency of the Precision and Accuracy of the Assay.Replicate analyses of aliquots of
antibody-modified gel was determined to be 90-95%. urine from a pooled sample were made during the course of the study to
Isolation of Urinary N-OH-MelQx- N2-Glucuronide. N-OH-MelQx-N?glu-  determine the precision of the assay.
curonide was isolated from urine by a two-step procedure involving an initial The accuracy of the method was assessed by determining nanograms of
solid-phase extraction followed by an immunoaffinity purification of the resultingl-OH-MelQx-N*-glucuronide recoveredersusnanograms ofN-OH-MelQx-
extract. In the procedure, Certify Il solid-phase extraction cartridges were wastdglucuronide added before extraction. Analyses were carried out using
and conditioned before use with 40 ml of methanol, then with 25 ml of waterpntrol urine samples (in duplicate) spiked with increasing amounts (0—17 ng)
followed by 25 ml of 50 nw ammonium acetate buffer (pH 7.1). Stock solutionsf N-OH-MelQx-N?-glucuronide in the presence of a constant amount (6.5 ng)
of the internal standardifi;Jmethyl-N-OH-MelQx-N?glucuronide were prepared of the PH]methyl analogue. After isolation and treatment of the conjugate
in methanol and quantified with a Hewlett-Packard 8452A spectrophotonfeaction as described above, 2-OH-MelQx and fidJmethyl analogue were
(Hewlett-Packard Co., Palo Alto, CA) using an extinction coefficient value aferivatized and quantified by NCI-GC-MS SIM analysis.
38,900m ~*cm? for the standard at 274 nm (33). Urine samples (typically 8 ml), Calibration curves were generated for 2-OH-MelQx by adding increasing
diluted with 4 ml of 0.1M ammonium acetate buffer (pH 7.1), were spiked witramounts oN-OH-MelQxN?*-glucuronide (0—22 ng) in the presence of a constant
6.5 ng of PHZmethyl-N-OH-MelQx-N>-glucuronide and applied to the precon-amount (8 ng) of the stable isotope-labeled internal standard. After acid-hydrolysis,
ditioned Certify Il cartridges by gravity flow. The cartridges were washed succédbe standard compounds were extracted, derivatized, and analyzed by SIM. Plots
sively with 15 ml of 50 nw ammonium acetate buffer (pH 7.1), 10 ml of water,of the peak-area ratio of analyte:internal standard of 2-OH-MelQx against the ratio
and then with 1 ml of methanol. The bouhHOH-MelQx-N>-glucuronide was of amount in ng of analyte:internal standard were made.
eluted with 14 ml of methanol:f acetic acid (80:20, by vol.). After neutralizing ~ Statistical Analysis. Linear regression analysis was performed to determine
the eluants with the addition of 0.1—-0.2 ml of 29.9% ammonium hydroxide (fin#ihe relationship between the excretion levelNsOH-MelQx-N*-glucuronide
pH 6.5-7.0), the solutions were purged witg fdr 0.5 min and then evaporated in urine versusthe ingested dose of MelQx. In addition, Spearman rank-
to near dryness by vacuum centrifugation. Immunoaffinity columns using Mel@wrrelation tests were used to determine associations between the data sets.
monoclonal antibody gel preparations were used to isda@H-MelQxN>  Differences in means were analyzed by Studentést. To determine whether
glucuronide-MelQx and its deuterated internal standard in the urine extracts. A excreted amount d¥-OH-MelQx-N*-glucuronide in urine, controlled for
addition of 5 ml of 50 nw ammonium acetate (pH 5.5) to the extracts, the samplége amount of meat eaten, was related to interindividual variation in the activity
were applied to the prewashed and conditioned antibody gel preparations (ggels of CYP1A2 and NAT2, we performed a multiple regression analysis of
scribed above). The eluants were collected and reapplied to the gels a second tipt@l. N-OH-MelQx-N*-glucuronideversusthe levels of these enzymes.
The gels were washed with 20 ml of 5asmammonium acetate (pH 5.5), followed
by 40 ml of water. The bound-conjugate fraction was eluted with 14 ml of
methanol:water (90:10) and dried by vacuum centrifugation. The dried samp%ESULTS

were then transferred with methanolX30.3 ml) to Reactivials. After evaporation . . .
of the methanol by a stream of,Nthe samples were treated with 1Q0of a Standard Measurements and Urinary Analysis.The technique

solution of glacial acetic acid:acetonitrile:water (50:45:5, by vol) and heated %#iNd Certify Il solid-phase extraction combined with immunoaffinity
75°C for 2 h. After cooling, the acidic solutions were evaporated to dryness ung&paration was found to be very specific for the isolatioNeDH-
a stream of . After the addition of 0.5 ml of 0.51 Na,CO, solution to the dried  MelQx-N-glucuronide from urine. The selectivity of the monoclonal
samples, 2-OH-MelQx was extracted using ethyl acetate 5 ml). The ethyl antibody assay ensured a highly purified extract contaitNrQH-
acetate layers were transferred to small Reactivials and evaporated upderNelQx-N?-glucuronide. 2-OH-MelQx (if it is present in urine before
Derivatization of the samples was carried out by a previously described procedgigd treatment) would not be isolated by this procedure inasmuch as
using 3,5big(trifluoromethyl)benzyl bromide and diisopropylamine (25). Afterinig compound does not bind to the Certify Il cartridge nor to the
removal of the derivatizing reagents by evaporation with 52 ml of 0.5M  5n6cional antibody. Furthermore, to our knowledge, none of the
Na,CO, was added, and the solutions were extracted 3 times with 0.5 ml 8{her MelQx metabolites that are thus far identified in rodents or
hexane. The hexane extracts were combined and evaporated unded fthen . .

nonhuman primates can be converted into 2-OH-MelQx.

reconstituted in 25l of hexane for subsequent GC-MS analysis. . i
NCI-GC-MS Analysis. The derivatized samples were analyzed using a The overall recovery of 2-OH-MelQx after the isolation and hy-

Hewlett-Packard 5989A GC-MS equipped with a standard electron ionizatidHolysis of urinaryN-OH-MelQx-N*-glucuronide was estimated to be,
chemical ionization source with positive and negative ion detection. TI the average, 5& 9% (+SD) based on spiking studies with the
instrument was manually tuned for maximum sensitivity in the ionizatioh"C-labeled compound.

mode to be used. For negative ion chemical ionization, with methane as theCalibration plots, constructed from the SIM analysis of derivatized
moderating gas, the source pressure was typically 2.0 Torr, the electron enggpH-MelQx, versusits [°H;Janalogue, formed from the correspond-
was 200 eV, the source temperature was 220°C, and the emission currentingsN-OH-MelQx-N2-glucuronides exhibited linearity over the range
350 uA. The gas chromatographic column was a 1% 1.25 mm DB-35 ms of 0—22 ng/samplerf = 0.99; slope= 0.96; intercept= 0.05).

fused-silica capillaryJ & W Scientific, Inc., Rancho Cordova, CA). Helium The precision of the assay procedure was assessed by analysis of
was the carrier gas, and a flow rate of approximately 2 ml/min was userd. licate samplesi(= 8) over a period of 4 months. These measure-
&P p p -

Samples were injected in the splitless mode with an initial oven temperature | Lof ml f
150°C, followed by a temperature ramp to 300°C at 20°C/min. For analysis %'fzems gave a level of 472 40 pg/ml (meantSD) of N-OH-MelQx-

urine extracts, the mass spectrometer was operated in the selective ion m%,—glucur.onide in urine asfsf’alyed as 2'QH'Me|QX by NC"GC.'.MS
toring mode using the negative ionsmtz 440 for 2_OH_Me|QX andn/z443 SlM, the Intersample CoeffICIent Of variation was 85% In add|t|0n,
for its deuterated analogue. Quantification of the analyte in the extracts viii€ accuracy of the assay was validated by determining nanograms of
performed using the peak areas as determined by the integration routine inkh®H-MelQx-N>-glucuronide recoveredersusnanograms oN-OH-
data system. Standards were analyzed under the same conditions and uspge@x-N>-glucuronide added before sample work-up. The accuracy
correct for the background contribution of nondeuterated 2-OH-MelQx in thgr spiked samples (recovery) fell between 91 and 97%.
isotopically labeled 2-OH-MelQx. Control urine samples obtained from indi- Analysis of urine samples obtained from subjects who did not eat meat
viduals who consumed no meat 24 h before collection were analyzed o .. 5 24.h period demonstrated no detectable presende-@FH-
determine the presence of background in the assay. . MelQx-N>-glucuronide (inset panel, Fig. 2). Good detection limits in the
Recovery Studies.The overall recovery of 2-OH-MelQx derived from . S .
low picogram range for derivatized 2-OH-MelQx injected on column

N-OH-MelQx-N2-glucuronide in urine was determined by spiking urine sam- ) - -
ples with known amounts JfC-labeledN-OH-MelQx-N>-glucuronide. Urine Were observed with no background interference. This method allowed

samples were carried through the entire procedure described above anddf#&ction oﬂ\l-OH-M.eIQx-I\IZ-gI.ucuron.ide at a lower limit of 80 pg of
amounts of radiolabeled 2-OH-MelQx in the derivatized extracts were a@halyte in 8 ml of urine assuming a signal to noise ratio of 3 to 1. Fig. 2
sessed by scintillation counting. illustrates a NCI-GC-MS SIM analysis of 2-OH-MelQx derived from
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N-OH-MelQxN>-glucuronide in a urine sample; the concentration of 1000 7
N-OH-MelQx-N?-glucuronide in the urine was 415 pg/ml. .
Subject Characteristics and Excretion of N-OH-MelQx- N>- o
Glucuronide. The subject characteristics, the quantity of meat eater® 750 -
and the range and median values for CYP1A2 and NAT2 activitieg
have been presented previously (26, 29, 34). Briefly, there were 683
subjects (33 males and 33 females) enrolled in the study; their agﬁ?s% 500 -
ranged from 27 to 62 years. The total amount of high-temperaturé
cooked beef eaten by each individual ranged from 180 to 328 g, wit%
a median value of 248 g. The values for CYP1A2 activity within the¥
individuals ranged from 2.1 to 28, whereas the NAT2 activity range®
from 0.19 to 3.7. =

-
[
=4
(%]
>

w

H

250 -

The values for the mean, median, and range of the amount of * '
N-OH-MelQx-N-glucuronide in the 012 h urine are presented in 1000 1500 2000 2500 3000
Table 1. The amounts df-OH-MelQx-N*-glucuronide recovered in MelQx Ingested (ng)

the 0-12 h urine, for all of the subjects, ranged from 78 to 915 ng’Fig 3. Correlation of the total amount in ng KfOH-MelQx-N2-glucuronide excreted
with an average value of 39 138 ng (-SD). The excretion level of i, the 121 urine as a function of the amount of MelQx ingested for each subject.
N-OH-MelQx-N?-glucuronide in the 0—12 h urine ranged from 2.2 to
17.1% of the ingested dose, with an average value 0f29.3.0%
(=SD). 1000 -
A positive relationship was found (Fig. 3) between the amount of .
N-OH-MelQx-N>-glucuronide excreted in urine and the amount of
MelQx ingested by each subjecf (= 0.24;P < 0.0001). The same
dataset analyzed using Spearman’s rank correlation showed a stro
correlation (g = 0. 44;P = 0.0002).
We also examined the possible associations between the urin 13
excretion ofN-OH-MelQx-N?-glucuronide and other individual char- %
acteristics, such as the age and sex of the subjects. A comparison%ﬁi
the mean values df-OH-MelQx-N?-glucuronide excretion (adjusted =

ide

uioni

750 A

luc
creted (ngf2

500 A

= 4
for meat intake) by the malegersusthe females at the 95% confi- ‘2? 20
dence level showed no differende £ 0.22). No association was seen . * *
between the age of the subjects and the normalized amoOd- *
MelQx-N2-glucuronide in uriner® = 0.04;P = 0.11). o0 100 200 300 400 500 600 700
Comparison (Fig. 4) of the urinary levels of-OH-MelQx-N?- MelQx plus Amine Conjugates
glucuronideversus combined MelQx (unchanged MelQx plus amine- Excreted (ng)

conjugated MelQx), values obtained in the previous investigationrig. 4. Relationship between the excretion levelslgdH-MelQx-N2-glucuronide and

MelQx (unchanged plus amine-conjugated MelQx) in urine, measurements reported

earlier (26).

Abundance

= 443 (26), showed a correlation af = 0.33 P = 0.01). The correlation
Int. std. < miz= a3 with the one high-value (outlier) removed was= 0.29;P = 0.03.
CYP1A2 and NAT2 Phenotype versus Excretion Level of
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N-OH-MelQx- N*-Glucuronide. The subjects were phenotyped for
CYP1A2 and NAT2 activities in the period before the consumption of
the high temperature-cooked beef (29). To determine whether the
amount of N-OH-MelQx-N?-glucuronide excreted was associated
with interindividual variation in CYP1A2 and NAT2 phenotypes, we
evaluated the effect of these enzymes in a regression that controlled
for the amount of meat ingested. To increase the accuracy and
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efficiency of the statistical method and to decrease the sensitivity of
the analysis to individual points, two standard transformations were

Fig. 2. NCI-GC-MS selected ion chromatograms obtained after the isolation all%ed' a loa. transformation was applied to CYP1A2 and NAT2: and
analysis of urinaryN-OH-MelQx-N?-glucuronide to form 2-OH-MelQx. 2-OH-MelQx ' % . pp . . ’
was analyzed as the 3tBs(trifluoromethyl)benzyl derivative; the negative ions at miz@ Square root transformation was applied to urindFpH-MelQx-

440 and 443 arise from 2-OH2-MeIQX and tiig-methyl standard, respectively. The N>-glucuronide. No association was found between activity levels of
concentration ofN-OH-MelQx-N-glucuronide in the subject’'s sample was 415 pg/ml. ; : 3 _ 2_
CYP1AZ or NAT2 and the urinary excretion ®f-OH-MelQx-N

Theinsetin the figure depicts a control urine sample analyzed under the same conditio

glucuronide in the subject®(= 0.65 and 0.25, respectively).

Table 1 Urinary excretion level of N-OH-MelQx-Aglucuronide DISCUSSION
Mean = SD Median Range i . . . . . .
> - Previous investigations carried out within this study group of
N-OH-MelQx-N“-glucuronide, 391+ 138 408 78-915 - . . . i
ng in 012 h urine healthy individuals ingesting a uniform meat-based diet have de-
N-OH-MelQx-N-glucuronide, 9.4+ 3.0 9.5 22-171 scribed the excretion levels of MelQx and its amine-conjugated me-

% of dose in 0-12 h urine

tabolites in urine and their relation to CYP1A2 and NAT2 activity. In
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this study, we determined the interindividual urinary excretion level @frations (9). In addition to th&l-O-acetyltransferases, other enzymes,
the N>-glucuronide conjugate oN-OH-MelQx and its relation to including the thermostable sulfotransferases, may contribute to the further
CYP1A2 and NAT?2 activity. We found that this metabolite is readilynetabolism of N-OH-MelQx to highly reactive intermediates (12).
detected in urine after ingestion of MelQx in the diet and that thEherefore, metabolic reactions via sulfotransferased\a@eacetyltrans-
amount excreted correlates with the ingested dose. The individutdsase could, in principle, compete with tN&-glucuronidation oN-OH-
excreted a range of 2:217.1% (median, 9.5%) of the ingested dos&lelQx. Furthermore, interindividual differences in tN&-glucuronosyl-
of MelQx as N-OH-MelQx-N-glucuronide in urine, indicating the transferase(s) reactions may directly influence the rates of formation of
extent and variability in the excretion level of this conjugate. N&l-OH-MelQxN?-glucuronide with respect to the other pathways. Thus,
association was found between the leveNs©OH-MelQx-N?-glucu-  if competing pathways of metabolism are present, the distribution of the
ronide in urine and the enzymic activity of CYP1A2. These resultmetabolic products will depend on the relative activities of the different
may be explained in part by the evidence obtained in a prior investinzymes. Further work is needed to characterize the relative activities and
gation (28), in which the elimination of MelQx was found to be firssubstrate specificities for the conjugation reactions-@H-MelQx. Our
order and very rapid with a half-life 0&4 h; moreover, CYP1A2- results show thaN*-glucuronidation ofN-OH-MelQx is an important
catalyzed metabolism accounted fer91% of the elimination of detoxification pathway leading to the formation of a more polar and
ingested MelQx. The subjects in our study ingested very low dosesexcretable metabolite, thereby playing an essential role in the elimination
MelQx (a median of 2.2.g per person; range, 1-6.0 ug). Because of N-OH-MelQx from the body.
the metabolism of MelQx in humans is rapid and first order at the There are considerable differences between humans and animal
doses given, we would not expect to see an effect of CYP1A2 activigpecies in the levels dfl-OH-MelQx-N>-glucuronide recovered in
on the urinary excretion of a secondary product derived from theine. The amounts in human urine are on average 10-fold higher than
primary oxidation product. That is, the amountM{OH-MelQx-N?-  those found for rodents (32) and nonhuman primates (38), which
glucuronide formed would depend primarily on the efficiency of thandicates that CYP1A2-mediated-oxidation of MelQx and/omN?-
enzyme(s) involved in the glucuronidation of thehydroxylamine glucuronide conjugation reactions of tNehydroxylamine metabolite
metabolite and not on the activity level of CYP1A2. In addition to thigsia UDP-glucuronosyltransferases are higher in humans than are those
conjugation pathway, recent work has established that NADH-dier the other speciesn vitro studies (7) have demonstrated that
pendent reduction ofi-hydroxyarylamines to the parent amines ochuman liver samples, in some cases, are as active as liver samples
curs in human liver microsomes (37). The involvement of this proceBsm rats pretreated with potent CYP1A2 inducers in activating
would limit the bioavailability of theN-hydroxylarylamine metabolite MelQx to mutagenic metabolites. Furthermore, higher ratesl’ef
to undergo subsequent conjugation. Furthermore, divergent pathwglgcuronidation ofN-OH-MelQx have been observed with human
of metabolism such as the phase |l sulfotransferase and glucuromierosomes than with rat microsomes (14). A combination of these
syltransferase(s) reactions compete with CYP1A2 in reactions witctors may, thus, determine the relative amountNe®H-MelQx-
the parent amine. These conjugation reactions can influence Meglucuronide formed in humans with respect to the other species;
amount of the parent amine available fétoxidation. The previous however, interspecies differences in excretion pathways cannot be
findings of an inverse association between CYP1A2 activity and tlexcluded. In the present study, the leveldOH-MelQx-N-glucu-
urinary levels of MelQx (29) and MelQx plus its amine conjugatesonide in urine varied considerably among the subjects, which indi-
(26) among this same group of study subjects reflect pathways uncated that interindividual differences in the activity or specificity of
lated to the formation oN-OH-MelQx-N?-glucuronide. CYP1A2 is the UDP-glucuronosyltransferases may be important in the disposition
known to be involved also in the formation of 2-amino-8-(hydroxyef N-OH-MelQx in humans, although interindividual variability in
methyl)-3-methylimidazo[4,%}quinoxaline; this metabolite accountselimination pathways must be considered.
for 1.0—4.4% of the dose in humans (30). Between 20 and 58% of thdt is not known which of the human UDP-glucuronosyltransferase
dose of MelQx is excreted in urine (30); however, the major urinaigozymes is responsible for the glucuronidation of Mvaydroxyla-
metabolite of MelQx in humans remains unidentified at present. mine metabolites of the HAAs; however, the family of isozymes
A correlation was observed between the urinary excretion levelsmmiking up the UDP-glucuronosyltransferases exhibits a wide diver-
N-OH-MelQx-N>-glucuronide and MelQx plus its amine-conjugatedity in enzyme activities, and the activities seem to be inducible in
metabolites, values determined in an earlier study (26), which sugimans (19). The extent to which this variability is a risk factor in
gests that the clearance of these metabolic products is similar withlAA genotoxicity in vivo remains to be clarified.
each subject. The levels of these metabolic products are both posin the present work, we developed a procedure that provided a sensi-
tively related to the amount of MelQx consumed and may accordingiye and specific method for determining the amounNe®H-MelQx-
be used as biomarkers of dietary exposure to this HAA. N2-glucuronide excreted in urine. The selectivity of the monoclonal
We did not observe an inverse association between the amountanfibody assay assured a facile method by which to free urine extracts of
N-OH-MelQx-N?-glucuronide in urine and the activity level of NAT2 interference from related components and background material. Acidic
within the subjects. It has been demonstrated in previous work ttgtdrolysis of N-OH-MelQx-N?-glucuronide to form 2-OH-MelQx and
MelQx is not N-acetylated by human liver cytosol (9) nor by humarsubsequent analysis of the derivatized product by NCI-GC-MS is an
NAT2 expressed irCOS1 cells (11). HoweverN-OH-MelQx is con-  effective method for the determination of a polar semistable metabolite in
verted to a highly reactivdl-acetoxyarylamine by reaction with humanurine. Other HAAs, including PhIP, may be expected to undergo similar
liver and colon cytosoD-acetyltransferase (9) and recombinant humapathways of metabolic activation and detoxification. Determination of the
NAT2 expressed infCOS1 cells (11). Among the acetyltransferasesirinary excretion levels of thed¢-oxidized conjugates will be a subject
NAT2 is more important than NAT1 for the bioactivation of most of thef interest in future human biomonitoring studies.
N-OH-HAAs (11, 19). In humans, NAT2 exhibits a polymorphism that To ascertain the health risks of HAAs in humans, various ap-
has allowed individuals to be designated as phenotypically slow or rapicthaches have been used, including the analysis of urinary HAAs,
acetylators. Slow-acetylator individuals have genetic mutations that resdéntification of urinary metabolites, and association of these deter-
in a less functional NAT2 enzyme (19). In human liver cytosol isolateshinants with individual metabolic phenotypes. Monitoring urinary
from slow acetylators, the rate @-acetylation ofN-OH-HAAs was HAA excretion has been essential in evaluating HAA exposure in
generally about one-third of that observed for the rapid acetylator prépimans ingesting unrestricted diets (39—41). In addition, these pro-
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cedures are valuable in assessing the effect of dietary interventior2dnBadawi, A. F., Stem, S. J., Lang, N. P., and Kadlubar, F. F. Cytochrome P-450 and

enhancing the levels of conjugated or detoxified HAA metabolites in
urine (42). In this study we examined the role of conjugation in thg
detoxification ofN-OH-MelQx in humans by analysis and quantifi-
cation of itsN?-glucuronide conjugate in urine. Our results demons,
strate that MelQx is readily metabolizédvivo to form this conjugate
and that it is excreted in urine in a dose-related manner. Monitoring
the urinary excretion level dfi-OH-MelQx-N*-glucuronide serves as 53
an indicator of the bioactivation and detoxification pathways of
MelQx metabolism in humans. Further work in defining the role of*
the UDP-glucuronosyltransferase(s) in the detoxificatiorNe®H-
MelQx and othemN-OH-HAAs may be necessary as part of the risk
assessment process. %

REFERENCES 26.

1. Felton, J. S., and Knize, M. G. Heterocyclic-amine mutagens/carcinogens in foods.
In: C. S. Cooper and P. L. Grover (eds.), Handbook of Experimental Pharmacology,
pp. 471-502. Berlin: Springer-Verlag, 1990.

. Wakabayashi, K., Ushiyama, H., Takahashi, M., Nukaya, H., Kim, S., Hirose, M.,
Ochiai, M., Sugimura, T., and Nagao, M. Exposure to heterocyclic amines. Envirc#’-
Health Perspect99: 129-133, 1993.

. Layton, D. W., Bogen, K. T., Knize, M. G., Hatch, F. T., Johnson, V. M., and Felton,
J. S. Cancer risk of heterocyclic amines in cooked foods: an analysis and implicatié®
for research. Carcinogenesis (Lond.: 39-52, 1995.

. Stavric, B. Biological significance of trace levels of mutagenic heterocyclic aromatic
amines in human diet: a critical review. Food Chem. Toxic8®:, 977-994, 1994.

. Yamazoe, Y., Abu-Zeid, M., Manabe, S., Toyama, S., and Kato, R. Metabol®-
activation of a protein pyrolysate promutagen 2-amino-3,8-dimethylimidazo-
[4,54]quinoxaline by rat liver microsomes and purified cytochrome P-450. Carcino-
genesis (Lond.)9: 105-109, 1988.

. Rich, K. J., Murray, B. P., Lewis, I., Rendell, N. B., Davies, D. S., Gooderham, N. 30.
and Boobis, A. RN-Hydroxy-MelQx is the major microsomal oxidation product of
the dietary carcinogen MelQx with human liver. Carcinogenesis (Lod8:)2221—
2226, 1992.

. Turesky, R. J., Constable, A., Richoz, J., Varga, N., Markovic, J., Martin, M. V., and
Guengerich, F. P. Activation of heterocyclic aromatic amines by rat and human [iva#-
microsomes and by purified rat and human cytochrome P450 1A2. Chem. Res.
Toxicol., 11: 925-936, 1998.

. Kato, R., and Yamazoe, Y. Metabolic activation and covalent binding to nucleic acids
of carcinogenic heterocyclic amines from cooked foods and amino acid pyrolysatés:
Jpn. J. Cancer Resr8: 297-311, 1987.

. Turesky, R. J., Lang, N. P., Butler, M. A,, Teitel, C. H., and Kadlubar, F. F. Metabolic

activation of carcinogenic heterocyclic aromatic amines by human liver and colon.

Carcinogenesis (Lond.}2: 1839-1845, 1991.

Turesky, R. J., Rossi, S. C., Welti, D. H., Lay, J. O., Jr., and Kadlubar, F. F. Character-

ization of DNA adducts formed by reaction dFhydroxy-2-amino-3-methylimadazo-

[4,54]quinoline and N-hydroxy-2-amino-3,8-dimethylimidazo[4ffguinoxaline at the

C-8 andN? atoms of guanine. Chem. Res. Toxicét,479—490, 1992.

Minchin, R. F., Reeves, P. T., Teitel, C. H., McManus, M. E., Mojarrabi, B., llett35.

K. F., and Kadlubar, F. AN- and O-acetylation of aromatic and heterocyclic amine

10.

11.

acetyltransferase expression as biomarkers of carcinogen-DNA adduct levels and
human cancer susceptibility. Prog. Clin. Biol. Re&&95: 109-140, 1996.

Nebert, D. W., McKinnon R. A., and Puga A. Human drug-metabolizing enzyme
polymorphisms: effects on risk of toxicity and cancer. DNA Cell Bi&b; 273-280,

1996.

Lang, N. P., Butler, M. A., Massengill, J. P., Lawson, M., Stotts, R. C., Hauer-Jensen, M.,
and Kadlubar, F. F. Rapid metabolic phenotypes for acetyltransferase and cytochrome
P4501A2 and putative exposure to food-borne heterocyclic amines increase the risk for
colorectal cancer or polyps. Cancer Epidemiol. Biomark. P82\675-682, 1994.

Miners, J. O., and Mackenzie, P. I. Drug glucuronidation in humans. Pharmacol. &
Ther.,51: 347-369, 1991.

Lynch, A. M., Knize, M. G., Boobis, A. R., Gooderham, N. J., Davies, D. S., and Murray,
S. Intra- and interindividual variability in systemic exposure in humans to 2-amino-3,8-
dimethylimidazo[4,5]quinoxaline and 2-amino-1-methyl- 6-phenylimidazo[B]pyri-

dine, carcinogens present in cooked beef. Cancer B&£6216—6223, 1992.

. Stillwell, W. G., Turesky, R. J., Gross, G. A., Skipper, P. L., and Tannenbaum, S. R.

Human urinary excretion of sulfamate and glucuronide conjugates of 2-amino-3,8-
dimethylimidazo[4,5]quinoxaline (MelQx). Cancer Epidemiol. Biomark, Pre8:,
399-405, 1994.

Stillwell, W. G., Kidd, L. R., Wishnok, J. S., Tannenbaum, S. R., and Sinha, R.
Urinary excretion of unmetabolized and Phase Il conjugates of 2-amino-1-methyl-6-
phenylimidazo[4,%]pyridine and 2-amino-3,8-dimethylimidazo[4{fiuinoxaline in
humans: relationship to cytochrome P4501A2 &hdcetyltransferase activity. Can-
cer Res.57: 3457-3464, 1997.

/. Reistad, R., Rossland, O. J., Latva-Kala, K. J., Rasmussen, T., Vikse, R., Becher, G.,

and Alexander, J. Heterocyclic aromatic amines in human urine following a fried
meat meal. Food Chem. ToxicoB5: 945-955, 1997.

Boobis, A. R., Lynch, A. M., Murray, S., de la Torre, R., Solans, A., Favte
Segura, J., Gooderham, N. J., and Davies, D. S. CYP1A2-catalyzed conversion of
dietary heterocyclic amines to their proximate carcinogens is their major route of
metabolism in humans. Cancer Res4; 89-94, 1994.

Sinha, R., Rothman, N., Mark, S. D., Murray, S., Brown, E. D., Levander, O. A,
Davies, D. S., Lang, N. P., Kadlubar, F. F., and Hoover, R. N. Lower levels of urinary
2-amino-3,8-dimethylimidazo[4,8quinoxaline (MelQx) in humans with higher
CYP1AZ2 activity. Carcinogenesis (Lond)6: 2859-2861, 1995.

Turesky, R. J., Garner, R. C., Welti, D. H., Richoz, J., Leveson, S. H., Dingley, K. H.,
Turteltaub, K. W., and Fay, L. B. Metabolism of the food-borne mutagen 2-amino-3,8-
dimethylimidazo[4,5]quinoxaline in humans. Chem. Res. Toxicall; 217-225, 1998.

31. Grivas, S. Synthesis of 3,8-dimethyl-2-nitrB-8nidazo[4,5f]quinoxaline, the 2-

nitro analogue of the food carcinogen MelQx. J. Chem. R&5.,84, 1988.

Turesky, R. J., Markovic, J., Bracco-Hammer, |., and Fay, L. B. The effect of dose
and cytochrome P450 induction on the metabolism and disposition of the food-borne
carcinogen 2-amino-3,8-dimethylimidazo[4]guinoxaline (MelQx) in the rat. Car-
cinogenesis (Lond.)12: 1847-1855, 1991.

Turesky, R. J., Bracco-Hammer, 1., Markovic, J., Richli, U., Kappler, A., and Welti,
D. H. The contribution oN-oxidation to the metabolism of the food-borne carcinogen
2-amino-3,8-dimethylimidazo[4,8quinoxaline in rat hepatocytes. Chem. Res. Toxi-
col., 3: 524-535, 1990.

34. Sinha, R., Rothman, N., Brown, E. D., Mark, S. D., Hoover, R. N., Caporaso, N. E.,

Levander, O. A., Knize, M. G., Lang, N. P., and Kadlubar, F. F. Pan-fried meat
containing high levels of heterocyclic aromatic amines but low levels of polycyclic
aromatic hydrocarbons induces cytochrome P4501A2 activity in humans. Cancer
Res.,54: 6154—6159, 1994.

Butler, M. A, Lang, N. P., Young, J. F., Caporaso, N. E., Vineis, P., Hayes, R. B.,
Teitel, C. H., Massengill, J. P., Lawsen, M. F., and Kadlubar, F. F. Determination of

carcinogens by human monomorphic and polymorphic acetyltransferases expressed ifCYP1A2 and NAT2 phenotypes in human populations by analysis of caffeine urinary

COS1 cells. Biochem. Biophys. Res. Commuh85: 839—-844, 1992.

Chou, H-C., Lang, N. P., and Kadlubar, F. F. Metabolic activatioiN-tfydroxy  36.
arylamines andN-hydroxy heterocyclic amines by human sulfotransferase(s). Cancer
Res.,55: 525-529, 1995.

Alexander, J., Wallin, H., Rossland, O. J., Solberg, K. E., Holme, J. A., Becher, G.,

12.

13.

metabolites. Pharmacogeneti@s,116-127, 1992,

Turesky, R. J., Forster, C. M., Aeschbacher, H. U., Wurzner, H. P., Skipper, P. L., Trudel,
L. J., and Tannenbaum, S. R. Purification of the food-borne carcinogens 2-amino-
3-methylimidazo[4,5}quinoline and 2-amino-3,8-dimethylimidazo[4]fuinoxaline in
heated meat products by immunoaffinity chromatography. Carcinogenesis (Lond.),

Andersson, R., and Grivas, S. Formation of a glutathione conjugate and a semistable10: 151-156, 1989.

transportable glucuronide conjugate Nf-oxidized species of 2-amino-1-methyl-6- 37.
phenylimidazo[4,3]pyridine (PhIP) in rat liver. Carcinogenesis (Londlp: 2239—
2245, 1991.

Kaderlik, K., Mulder, G. J., Turesky, R. J., Lang, N. P., Teitel, C. H., Chiarelli, M. P38.
and Kadlubar, F. F. Glucuronidation Nfhydroxy heterocyclic amines by human and

rat liver microsomes. Carcinogenesis (Lond3; 1695-1701, 1994.

Kaderlik, K., Mulder, G. J., Shaddock, J. G., Casciano, D. A., Teitel, C. H., arf.
Kadlubar, F. F. Effect of glutathione depletion and inhibition of glucuronidation and
sulfation on 2-amino-1-methyl-6-phenylimidazo[4fpyridine (PhIP) metabolism,
PhIP-DNA adduct formation and unscheduled DNA synthesis in primary rat hepa-
tocytes. Carcinogenesis (Londl)s: 1711-1716, 1994. 40.
Lin, D., Meyer, D. J., Ketterer, B., Lang, N. P., and Kadlubar, F. F. Effects of human
and rat glutathioneStransferases on the covalent DNA binding of tNeacetoxy
derivatives of heterocyclic amine carcinogémsitro: a possible mechanism of organ
specificity in their carcinogenesis. Cancer Régl, 4920-4926, 1994. 41.
Grant, M. A., Hughes, N. C., Janezic, S. A., Goodfellow, G. H., Chen, H. J., Gaedigk,
A., Yu, V. L., and Grewal, R. Human acetyltransferase polymorphisms. Mutat. Res.,
376:61-70, 1997.

Felton, J. S., Malfatti, M. A., Knize, M. G., Salmon, C. P., Hopmans, E. C., and Wd2.
R. W. Health risks of heterocyclic amines. Mutat. R&3.6: 37-41, 1997.

Kadlubar, F. F., Butler, M. A., Kaderlik, K. R., Chou, H-C., and Lang, N. P.
Polymorphisms for aromatic amine metabolism in humans: relevance for human
carcinogenesis. Environ. Health Perspe®8; 69—-74, 1992.

14.

15.

16.

17.

18.

19.

5159

King, R. S., Casciano, D. A., and Kadlubar, F. F. NADH-dependent reduction of
carcinogenicN-hydroxyarylamines by human and rat liver microsomes. Proc. Am.
Assoc. Cancer Res39: 383, 1998.

Snyderwine, E. G., Welti, D. H., Davis, C. D., Fay, L. B., and Turesky, R. J. Metabolism
of the food-derived carcinogen 2-amino-3,8-dimethylimidazofiyginoxaline (MelQx)

in nonhuman primates. Carcinogenesis (Loritb),1377-1384, 1995.

Ushiyama, H., Wakabayashi, K., Hirose, M., Itoh, H., Sugimura, T., and Nagao, M.
Presence of carcinogenic heterocyclic amines in urine of healthy volunteers eating
normal diet, but not of inpatients receiving parenteral alimentation. Carcinogenesis
(Lond.), 12: 1417-1422, 1991.

Ji, H., Yu, M. C., Stillwell, W. G., Skipper, P. L., Ross, R. K., Henderson, B. E., and
Tannenbaum, S. R. Urinary excretion of 2-amino-3,8-dimethylimidazd]4i6-
noxaline in white, black, and Asian men in Los Angeles County. Cancer Epidemiol.
Biomark. Prev.3: 407—-411, 1994.

Kidd, L. R., Stillwell, W. G., Yu, M. C., Wishnok, J. S., Skipper, P. L., Ross, R. K,
Henderson, B. E., and Tannenbaum, S. R. Urinary excretion of 2-amino-1-methyl-6-
phenylimidazo[4,%]pyridine (PhIP) in white, African-American, and Asian-American
men in Los Angeles County. Cancer Epidemiol. Biomark. P&w39—-445, 1999.
DeMarini, D. M., Hastings, S. B., Brooks, L. R., Eischen, B. T., Bell, D. A., Watson,
M. A., Felton, J. S., Sandler, R., and KohIimeier, L. Pilot study of free and conjugated
urinary mutagenicity during consumption of pan-fried meats: possible modulation by
cruciferous vegetables, glutathioBdaransferase-M1, anN-acetyltransferase-2. Mu-

tat. Res.381:83-96, 1997.



