1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Chem Res Toxicol. Author manuscript; available in PMC 2016 August 17.

-, HHS Public Access
«

Published in final edited form as:
Chem Res Toxicol. 2015 August 17; 28(8): 1603-1615. doi:10.1021/acs.chemrestox.5b00177.

The Caffeine Cytochrome P450 1A2 Metabolic Phenotype Does
Not Predict the Metabolism of Heterocyclic Aromatic Amines in
Humans

Robert J. Turesky™T, Kami K. White*, Lynne R. Wilkens*, and Loic Le Marchand™*

TMasonic Masonic Cancer Center and Department of Medicinal Chemistry, College of Pharmacy,
2231 6th St SE, University of Minnesota, Minneapolis, MN 55455

* University of Hawaii Cancer Center, University of Hawaii, Honolulu, HI 9681

Abstract

2-Amino-1-methylimidazo[4,5-b]pyridine (PhIP) and 2-amino-3,8-dimethylimidazo[4,5-
flquinoxaline (MelQx) are carcinogenic heterocyclic aromatic amines (HAAs) formed in well-
done cooked meats. Chemicals that induce cytochrome P450 (P450) 1A2, a major enzyme
involved in the bioactivation of HAAs, also form in cooked meat. Therefore, well-done cooked
meat may pose an increase in cancer risk because it contains both inducers of P450 1A2 and
procarcinogenic HAAs. We examined the influence of components in meat to modulate P450 1A2
activity and the metabolism of PhIP and MelQx in volunteers during a 4 week feeding study of
well-done cooked beef. The mean P450 1A2 activity, assessed by caffeine metabolic phenotyping,
ranged from 6.3 to 7.1 before the feeding study commenced and from 9.6 to 10.4 during the meat
feeding period: the difference in means was significant (P < 0.001). Unaltered PhIP, MelQx, and
their P450 1A2 metabolites, N2-(B-1-glucosiduronyl-2-(hydroxyamino)-1-methyl-6-
phenylimidazo[4,5-b]pyridine (HON-PhIP-N2-GI); N3-(B-1-glucosiduronyl-2-(hydroxyamino)-1-
methyl-6-phenylimidazo[4,5-b]pyridine (HON-PhIP-N3-Gl); 2-amino-3-methylimidazo-[4,5-
flquinoxaline-8-carboxylic acid (IQx-8-COOH); and 2-amino-8-(hydroxymethyl)-3-
methylimidazo[4,5-f]quinoxaline (8-CH,OH-1Qx) were measured in urine during days 2, 14, and
28 days of the meat diet. Significant correlations were observed on these days between the levels
of the unaltered HAAs and their oxidized metabolites, when expressed as percent of dose ingested
or as metabolic ratios. However, there was no statistically significant correlation between the
caffeine P450 1A2 phenotype and any urinary HAA biomarker. Although the P450 1A2 activity
varied by greater than 20-fold among the subjects, there was a large intra-individual variation of
the P450 1A2 phenotype and inconsistent responses to inducers of P450 1A2. The coefficient of
variation of the P450 1A2 phenotype within-individual ranged between 1 to 112% (median=40%)
during the entire course of the study. The caffeine metabolic phenotype for P450 1A2 was a poor
predictor of oxidative urinary metabolites of PhIP and MelQx and may not be a reliable measure
to assess the role of HAAs in cancer risk.
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Introduction

Heterocyclic aromatic amines (HAAS) are formed during the cooking of meats, fish, and
poultry.1:2 HAAs are experimental animal carcinogens and thought to contribute to some
common forms of human cancers for individuals who frequently consume well-done cooked
meats.134 2-Amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) and 2-amino-3,8-
dimethylimidazo[4,5-flquinoxaline (MelQx) are two of the most mass-abundant
carcinogenic HAAs formed in cooked meats: concentrations can range from less than 1 part
per billion (ppb) to >100 ppb in meats prepared under common household cooking
conditions.1-2

HAAs must undergo metabolism in order to exert their genotoxic effects. The
biotransformation pathways of PhIP and MelQx have been characterized in experimental
laboratory animal models,® human liver microsomes8-8 and cytosolic samples,® recombinant
phase 1 and 11 enzymes,10:11 mammalian cell lines,1213 and human hepatocytes.14 The liver
is the most active organ in the oxidative metabolism of PhIP and MelQx. HAAs are
activated to carcinogenic intermediates by N-oxidation, which is catalyzed principally by
cytochrome P450 1A2 expressed in the liver,”:8 and by P450 1A1 and P450 1B1 in
extrahepatic organs.1> One paradigm has been put forth where high P450 1A2 activity is a
proposed susceptibility factor for HAA-induced cancer (Figure 1).16-19 In this paradigm, the
activated N-hydroxylated HAA metabolites produced by P450 1A2 in the liver are exported
to extrahepatic tissues where they are further activated by N-acetyltransferases or
sulfotransferases to form reactive esters that bind to DNA.29 However, competing pathways
of HAA metabolism may obscure the relationship between P450 1A2 activity and
bioactivation of HAAs. For example, an NADH-dependent reductase in human liver rapidly
converts N-hydroxy-HAA metabolites back to the parent amines.2! Several Glutathione S-
transferases also catalyze the reduction of HONH-PhIP and its esters back to PhIP.22 P450
1A2 is also the major P450 that catalyzes the oxidation of the C8-methyl group of MelQx to
form 2-amino-3-methyl-8-hydroxymethylimidazo[4,5-flquinoxaline (8-CH,OH-1Qx) and its
oxidation product 2-amino-3-methylimidazo[4,5-f]quinoxaline-8-carboxylic acid (1Qx-8-
COOH),23 the major detoxication metabolite of MelQx in humans (Figure 1).24.25

Molecular epidemiological studies have examined the role of meat intake, HAA exposure,
and genetic polymorphisms in P450 1A2 and other metabolizing enzymes in cancer risk.
Collectively, the data from the studies have been inconsistent with no clear association
found for any genetic polymorphisms in carcinogen metabolism enzymes and cancer
risk.26-31 A major limiting factor in the risk assessment is the uncertainty in quantitative
estimates of chronic exposure to HAAs.32 Some of the inconsistency also may be that the
different genotypes in metabolizing enzymes do not accurately reflect appreciable changes
in the level of protein expression or the phenotypic activity of the enzymes.28:33
Alternatively, a change in phenotype of more than one metabolism enzyme may be required
to manifest elevated or diminished cancer risk. Two epidemiologic studies have reported
that both rapid P450 1A2 and NAT2 phenotypes were required to increase the risk of
colorectal cancer or to induce colon polyps in smokers who frequently consumed well-done
cooked meat as a surrogate of HAA exposure.#34 In support of this observation, many
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HAAs are bioactivated by P450 1A2 and NAT?2 to form the N-acetoxy-HAA metabolites
that bind to DNA to form adducts, which can lead to mutations.3®> However, the joint effect
of rapid P450 1A2 and NAT2 phenotypes in elevated colorectal cancer risk was not
observed in a third study.3¢

The development of biomarkers associated with P450 1A2 activity has been sought to
understand the role of this enzyme and HAAs in cancer risk. Caffeine undergoes extensive
metabolism by P450 1A2 and the urinary metabolic ratio (MR) of caffeine and several of its
metabolites is used to assess an individual's P450 1A2 metabolic activity in vivo.37:38
However, the relationship between P450 1A2 genotype or phenotype activity of caffeine and
HAA biomarkers has only been examined in a few human studies,3%-42 and the role of
different genotypes or phenotypes of P450 1A2 (or other enzymes) in HAA metabolism,
DNA adduct formation, and cancer risk is unclear.3243 Genetic, environmental and life-style
factors, such as tobacco smoke, cooked meat, cruciferous vegetables, medications, and even
vigorous exercise can influence the inducibility of the P450 1A2 enzyme and the level of
protein expression.#4-50 There are also chemicals in the diet that serve as competitive
inhibitors of P450 1A2.50:51 The impact of these factors on the metabolic pathways of
HAAs is unknown. Of particular interest, well-done meat consumption leads to an increase
in P450 1A2 activity,*6:47 and thus, may increase the genotoxicity of HAAs by higher
conversion of HAAs to their N-oxidized metabolites,®3% which can react with DNA directly,
or undergo further activation by conjugation reactions to form DNA adducts.32 The
understanding of the role of P450 1A2 and conjugating enzymes in the metabolism of HAAs
and ensuing DNA damage is important for molecular epidemiology studies that seek to
assess the risk of consumption of well-done cooked meat containing HAAS in the etiology
of dietary-associated cancers.

Urine is a useful biological matrix for the measurement of HAAs and their metabolites,
since large quantities can be obtained noninvasively. Though the measurement of PhlIP,
MelQx, and their metabolites in urine does not shed light on DNA damage, these urinary
biomarkers may reflect the metabolic capacity of an individual to bioactivate or detoxicate
these procarcinogens. The analysis of biomarkers of HAAs in human urine is an analytical
challenge, because usually only ~1 ug to several micrograms of each HAA is ingested per
day, for individuals eating well-done cooked meat, and the concentrations of the urinary
biomarkers are often well below the part per billion (ppb) level in urine. Until the recent
development of our solid-phase extraction (SPE) method,52:53 no method could
simultaneously measure PhIP, MelQx, and their major P450 1A2-oxidative metabolites in
urine.41.42.54-56 Correlations between the urinary C8-oxidation metabolites of MelQx, the
major pathway of MelQx metabolism in humans,24:25:53 and caffeine P450 1A2 phenotype
have not been examined previously; nor have the correlations between the major oxidative
metabolites of MelQx and PhIP been investigated. In this study, we report on the effect of
consumption of well-done cooked meat containing inducers of P450 1A2 on the metabolism
of caffeine, and correlate the changes in P450 1A2 phenotype activity of caffeine to the
metabolism of MelQx and PhIP, by the measurement of their major P450 1A2-catalyzed
oxidative metabolites excreted in urine over a 4 week semi-controlled meat-feeding study.
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Materials and Methods

Chemicals

PhIP, MelQx, 2-amino-1-trideuteromethylimidazo[4, 5-b]pyridine ([2H3C]-PhIP), and 2-
amino-3-trideutromethyl-8-methylimidazo[4,5-flquinoxaline ([2?H3C]-MelQx) (>99%
isotopic purity) were purchased from Toronto Research Chemicals (Toronto, ON, Canada).
The metabolites of PhIP and 1-[2H3C]-PhIP, N2-(R-1-glucosiduronyl-2-(hydroxyamino)-1-
methyl-6-phenylimidazo[4,5-b]pyridine (HON-PhIP-N2-Gl), and N3-(R-1-glucosiduronyl-2-
(hydroxyamino)-1-methyl-6-phenylimidazo[4,5-b]pyridine (HON-PhIP-N3-GI) were
prepared biosynthetically from human or rat liver microsomes fortified with UDPGA and 2-
hydroxyamino-1-methylimidaoz[4,5-b]pyridine (HONH-PhIP).5257 The C8-methyl
oxidation products of MelQx, 1Qx-8-COOH and 8-CH,OH-1Qx, were prepared by oxidation
of MelQx with selenium dioxide as previously described.2

Study Subjects

A group of N = 44 (82% males, 18% females, and 45% White, 44% Asian/Pacific Islander,
9% African American, 2% Hispanic Non-White) healthy, non-smoking volunteers were
recruited among University of Hawaii students and staff on the Manoa campus. Inclusion
criteria included: regular beef eater; age >18; no use of hair dyes; taking no prescribed or
over the counter medication except an occasional analgesic; no history of gastrointestinal
tract disorders; having a weight not less than 90% or greater than 130% of 1983
Metropolitan Life Insurance desirable weights; no weight change of more than 10 pounds in
the past 12 months; no special diet (e.g., vegetarian, macrobiotic, weight loss, diabetic, etc.);
fruit and vegetable intake <7 servings/day; fiber intake less than 22 g/d, alcohol intake no
greater than 2 drinks per day; caffeine intake no greater than 2 caffeinated drinks per day.
The dietary variables were assessed using a food frequency questionnaire and a three-day
food record. Recruitment was carried out through advertising on the University of Hawaii
Manoa campus in Honolulu. The feeding study was divided into three phases. In phase I, a
three week pre-feeding period, subjects refrained from eating pan-fried, grilled or oven-
broiled meats, poultry or fish, cooked well-done. Thereafter, in phase 11, volunteers ate
dinner, five days a week, for four weeks at a study site on the University of Hawaii Manoa
campus. As part of this meal, subjects were fed a ground beef patty (150 or 200 g) grilled
well-done. The rest of the meal was varied on a five day rotating basis but was low in
dietary fiber and included a starch (rice, potato or pasta), a vegetable, a fruit, dessert, and a
drink. For the remainder of their daily meals and on Saturdays and Sundays, the participants
followed their normal diets, except that they were asked to avoid eating any well-done meat
or fish. After this 4-week feeding period, in phase Ill, the volunteers went back to their
regular diet but refrained from eating meats that were grilled well done for four weeks. This
study was run in groups of 10-20 subjects. The meat portion size was adjusted (150 or 200
g) to decrease the variation in dosing of PhIP per serving. All subjects provided informed
consent and the study was approved by the Institutional Review Boards at the Wadsworth
Center and the University of Hawaii.
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Preparation of cooked meat

Ground beef (15% fat) was cooked as half pound patties on a commercial flat top griddle for
an average of 10 minutes per side. The surface temperature of the griddle was monitored and
ranged from 440 °F to 600 °F. The patties were flipped only once. After cooking, the patties
were refrigerated overnight. They were then minced and homogenized with a food
processor, and frozen until needed. On each day of feeding, the meat was re-heated in a
warmer so no additional HAAs would be formed. Several samples of the cooked meat were
analyzed for PhIP and MelQx to estimate the dose provided to each study group. The
amounts of PhIP given per serving to the subjects were on average (ug PhiP/serving): 1.2
(study group 1), 3.0 (study group 2), 11.7 (study group 3), and 8.0 (study group 4). The
amounts of MelQx given per serving to the subjects were on average: (ug MelQx/serving):
0.77 (study group 1), 0.98 (study group 2), 0.97 (study group 3), and 1.3 (study group 4).
The HAAs were isolated from cooked meat by tandem solid-phase extraction (SPE).
Quantitative mass spectrometric measurements were done as previously described
employing the stable isotopic dilution method®8.

Biological specimens

Urine was collected for the 12 h period immediately after dinner time until rising the
following morning and kept on blue ice in a cooler until aliquoting and freezing at —80 °C.
During phase 11, subjects collected urine samples on days 21, 23, 35, and 49 (0, 2, 14, and 21
days following the start of consumption of well-done meat). During phase IlI, subjects
provided 12-hour overnight urine samples on days 70 and 77 (the end of the 37 and 4t
week of cessation of consumption of well-done meat). The time of collection of urine
following consumption of meat was chosen based on previous studies designed to examine
the metabolism of MelQx and PhIP,39-42 which showed that between 80 — 90% of the dose
of these HAAs and their metabolites eliminated in urine occurred within 12 h of ingestion of
cooked meat. Urine was stored at —80 °C until assayed.

Caffeine phenotyping for P450 1A2 activity

Our caffeine test protocol has been described in detail.>® We provided two packets of
Maxwell House Instant Coffee to the participants and requested that they drink two cups of
coffee, made with these two packets, upon rising. Each cup provides approximately 50 mg
of caffeine. Participants were also instructed not to use cream, milk or non-dairy creamer
and to fast for the subsequent two hours in order to standardize intestinal absorption.
Subjects fasted for 10 hours, then consumed 2 cups of coffee upon rising, maintained fasting
for another 2 hours, abstained from other caffeine consumption, and collected their urine
during the fifth hour after dosage. Caffeine metabolites (1,7-dimethyluric acid (17U); 1,7-
dimethylxanthine (17X); and caffeine (137X)) were analyzed by high-performance liquid
chromatography (HPLC) with a photodiode array detector to assess metabolic phenotypes.>®
The urinary molar ratio of [17X + 17U]/137X obtained at 5 h after caffeine dosage has been
shown to accurately reflect caffeine 3-demethylatioin activity in vivo.3” The coefficient of
variation (CV) for the caffeine metabolite ratio based on 69 blind duplicate pairs analyzed
with the study samples was 2.6%. Participants were asked to limit their coffee consumption
to two caffeinated beverages per day. Data reported in the literature show that caffeine does
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not induce P450 1A2 in primary human hepatocytes at a concentration attained by ordinary
coffee drinking and imply that caffeine contained in coffee does not induce P450 1A2
expression in humans.%0 Thus, the increased P450 1A2 activity during the feeding phase
with well-done meat is unlikely to be due to caffeine intake. During the semi-controlled
meat-feeding phase, the caffeine phenotyping was done on the morning after the 12-h
collection of urine for HAA measurements.

Solid-Phase Extraction (SPE) of MelQx and PhIP and their Metabolites from Urine

The enrichment procedure was previously reported.>257 Urine samples (1.0 mL) were
spiked with isotopically labeled internal standards 100 pg of [2H3C]-MelQx and [2H5C]-
PhIP, 300 pg of [2H3C]-8-CH,OH-I1Qx and 1Qx-8-COOH, and 1000 pg each of [2H3C]-
PhIP-N2-GI, [2H3C]-PhIP-N3-Gl, [2H3C]-HON-PhIP-N2-GI, and [2H3C]-HON-PhIP-N3-Gl.
The samples were acidified with HCO,H (88% (v/v), 20 L) and then placed on ice for 30
min, before being centrifuged at 150009 for 2 min to remove particulates. The supernatants
were applied to ThermoFisher HyperSep Retain CX (30 mg resin) cartridges that had been
prewashed with CH30H containing 5% NH4OH (1 mL), followed by 2% HCO,H in H,0 (1
mL). The resins were attached to a vacuum manifold, under slight positive pressure (~5
inches of Hg), to achieve a flow rate of the eluent of approximately 1 mL/min. After
application of the samples, the cartridges were washed with 2% HCO,H in H,O (1 mL),
followed by 2% HCO,H in CH30H (1 mL), H,O (1 mL) and 5% NH4OH (1 mL). The resin
was allowed to run to dryness. Next, the biomarkers were eluted from the resin with CH30H
containing 1% NH4OH (1.5 mL). The extracts were concentrated to approximately 0.1 mL,
by vacuum centrifugation. Then, the samples were transferred into silylated glass conical
vials (0.35 mL volume) from MicroLiter Analytical Supplies, Inc. (Suwanee, GA) and
evaporated to dryness by vacuum centriguation. The samples were resuspended in 1:1
H,0:DMSO (20 pL).

Ultraperformance liquid chromatography/tandem mass spectrometry (UPLC/MS?)

Analyses

Chromatography was performed with a NanoAcquity UPLC system (Waters Corp., Milford,
MA) equipped with a Michrom C18 AQ column (0.3 mm x 150 mm, 3 um particle size,
Michrom Bioresources Inc., Auburn, CA). Analytes were separated by a gradient. The A
solvent was 0.01% HCO,H in H»0, and the B solvent contained 0.01% HCO,H and 5%H,0
in CH3CN. The flow rate was set at 6 pL/min, starting at 100% A increased by a linear
gradient to 65% B in 13 min and then to 100% B at 14 min holding for 1 min. The gradient
was reversed to 100% A over 1 min, and held with a postrun time of 3 min for
reequilibration. The mass-spectral data were acquired on a Finnigan Quantum Ultra Triple
Stage Quadrupole MS (Thermo Fisher, San Jose, CA) and processed with Xcalibur version
2.07 software. Analyses were conducted in the positive electrospray ionization mode and
employed an Advance CaptiveSpray source from Michrom Bioresources. The spray voltage
was set at 1400 V, the in-source fragmentation was -5 V, and the capillary temperature was
200 °C. There was no sheath or auxiliary gas. The peak widths (in Q1 and Q3) were set at
0.7 Da. The measurement of analytes was done by selected reaction monitoring (SRM). The
following transitions and collision energies were used for the quantification: MelQx and
[?H3C]-MelQx, 214.1 — 199.1, 131.1 and 217.1 — 199.1, 131.1 at 30 eV; 8-CH,0OH-1Qx
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and [2H3C]-8-CH,0OH-1Qx, 230.1 — 197.1 and 233.1 —197.1, at 35 eV; 1Qx-8-COOH and
[2H3C]-1Qx-8-COOH, 244.1 — 183.1 and 247.1 — 183.1, at 38 eV; PhIP and [2H3C]-PhIP,
225.1 — 210.1 and 228.1 — 210.1 at 33 eV; HON-PhIP-N2-Gl, and [2H3C]-HON-PhIP-N2-
Gl: 417.1 — 225.1 and 223.1 and 420.1 — 228.1 and 225.1 at 34 eV; HON-PhIP-N3-Gl and
[2H3C]-HON-PhIP-N3-Gl: 417.1 — 225.1 and 224.1 and 420.1 — 228.1 and 227.1 at 34
eV. The dwell time for each transition was 10 m. Argon was used as the collision gas and
was set at 1.5 mTorr.

Statistical Analyses

Results

The biomarkers of PhIP and MelQx in the urine and caffeine metabolic phenotypes were
analyzed using linear mixed regression models, with person included as a random effect and
study day as a set of fixed-effect indicators. The values were log-transformed as In(x + 1) to
meet model assumptions. Geometric means and 95% confidence intervals (CI) were
computed across study days as the antilog of the covariate-adjusted means and their 95%
Cls. Spearman rank correlation coefficients (r) were used to assess associations between
PhIP and MelQ biomarkers by study day; partial correlations were created to determine the
aggregate association for the entire feeding period, adjusted for collection day. Additionally,
to test whether increasing dosage (g PhIP/serving) was associated with higher levels of
PhIP and its metabolites (pg/mL) during feeding, simple linear regression of the log-
transformed mean PhIP levels of the three feeding days on dosage was performed, using
dosage as a continuous and also as a categorical variable (with the lowest dose of 1.2 g as
the reference). The estimates of PhIP, MelQx and their metabolites are reported as the
percent of the ingested dose, and metabolic ratios were determined by converting the
amount of urinary biomarker (pg/mL) to pmol and dividing by the amount of unmetabolized
PhIP or MelQx (pmol) in urine. Seventeen out of the 44 subjects had levels of PhIP below
the limit of quantification (LOQ) value for at least one or more of the days of feeding
cooked meat. Six out of the 44 subjects had levels of MelQx below the LOQ during one out
of the 3 days of meat feeding and one subject had levels below the LOQ in two out of the 3
days of meat feeding and urine collection. A value of 2.5 pg, one-half the LOQ value, was
assigned when HAAs were below the LOQ.

UPLC/MS? analyses and estimates of PhIP, MelQx, and their oxidized metabolites in urine

A facile solid-phase extraction method, employing a mixed-mode reverse-phase cation
exchange resin, was established to simultaneously isolate PhIP, its major N-oxidized
metabolites, the N2- and N3-glucuronide conjugates of HONH-PhIP, MelQx and its major
C8-methyl oxidized metabolites, 8-CH,OH-1Qx and 1Qx-8-COOH, all of which are
produced by P450 1A2,14.23.24 in urine. The intraday and interday precisions of the
estimates of PhIP, MelQx, and their metabolites, reported as the coefficients of variation,
were <10%. The limit of quantification (LOQ) values for PhIP and MelQx were about 5
pg/mL, whereas the LOQ values of their metabolites ranged from 10 to 40 pg/mL.>3

Representative UPLC/MS? chromatograms of PhIP, MelQx, and their metabolites in urine
during the pre-feeding and cooked meat feeding phases are depicted in Figure 2. The
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adjusted geometric means (95% Cls) of urinary HAA metabolite biomarkers (pg/mL and %
dose) are summarized in Table 1. During phases I and 111 of the study, these urinary HAA
biomarkers were infrequently detected or occurred at trace levels. The exposure data
confirm that the subjects adhered to a diet containing very little well-done cooked meat
during these phases. In phase I, when subjects ate well-done cooked meat, the levels of
unaltered PhIP in urine ranged from below the LOQ value up to 51 pg/mL, and the levels of
MelQx ranged from below the LOQ value up to 105 pg/mL. The major oxidative urinary
metabolite of PhIP was HONH-PhIP-N2-Gl, and it accounted for up to 91% of the dose. The
major metabolite of MelQx was 1Qx-8-COOH, and it accounted for up to 59% of the dose.
These findings are in agreement to other studies measuring these urinary
biomarkers.24:40-43.56 The |evels of all HAA biomarkers in urine during pre- and post-
feeding at days 21, 70 and 77 are statistically significantly different from the levels present
in urine at days 23, 35 and 49, during feeding with cooked meat (Table 1) (p-value < 0.001).
The average amount of PhIP ingested by volunteers in study groups 3 and 4 was 4.7-fold
greater than the average amount ingested by volunteers in study groups 1 and 2 (9.9 vs 2.1
ug), while the average amount of MelQx ingested by volunteers in study groups 3 and 4 was
1.1-fold greater than the average amount ingested by members of study groups 1 and 2 (1.1
vs 0.9 ug). There was a proportional increase in the amount of PhIP and its metabolites
excreted in urine (pg/mL) as a function of dose (1.2, 3.0, 8.0, 11.7 ug PhlP/serving), p <
0.001 for PhIP, HONH-PhIP-N2-GI, and HONH-PhIP-N3-GI; however, there were no
significant differences in these levels when comparing the two highest doses (8.0 and 11.7
ug PhIP/serving), p = 0.55 for PhIP, p = 0.27 for HONH-PhIP-N2-GI, and p = 0.36 for
HONH-PhIP-N3-GlI (Figure 3).

Correlations among Caffeine P450 1A2 metabolic phenotype, unmetabolized urinary levels
of PhIP, MelQx, and their P450 1A2-catalyzed metabolites

P450 1A2 is the major P450 isoform involved in the metabolism of caffeine, the N-oxidation
of PhIP and MelQx, and the C8-methyl oxidation of MelQx,5:/16.23 which are the major
pathways of metabolism of these HAASs in humans.14:23.24.41-43.56 The consumption of well-
done red meat during 4 weeks induced P450 1A2 activity. The geometric mean level of
P450 1A2, as assessed by the urinary metabolic ratio (MR) of the caffeine metabolites 1,7-
dimethyluric acid (17U) and 1,7-dimethylxanthine (17X) / caffeine (137X), varied from 6.3
to 7.1 before meat consumption, from 9.6 to 10.4 during the meat feeding period, and from
7.1to 7.2 during the post-feeding period; the difference in means was significantly different
between feeding and non-feeding periods (P < 0.001). P450 1A2 activity ranged from 1.18
to 23.6 on day 21, before the onset of the cooked meat feeding, from 1.9 to 41.6 at day 35
(following 2 weeks of meat feeding) and from 1.17 to 37.1 at day 49 (following 4 weeks of
meat feeding). The caffeine P450 1A2 phenotype data measured over the entire study are
depicted in the box and whisker plots, which show the interquartile range from the 25t to
the 75! percentile, displayed by the length of the box, the median value, represented by the
horizontal line within the box, and the lowest and highest values, shown by the whiskers
(Figure 4). The positive effect of grilled meat consumption on the induction of P450 1A2
activity is consistent with findings from a previous study.*
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We postulated that the induction of P450 1A2 activity would lead to increased metabolism
of PhIP and MelQx and produce more N-oxidized metabolites of PhIP and C8 oxidation
products of MelQx during the course of the meat feeding study.3%49 We sought to determine
if: 1) the levels of unmetabolized PhIP and MelQx, and the levels of N2 and N3
glucuronides of HONH-PhIP, and 8-CH,OH-1Qx and 1Qx-8-COOH, were correlated within
individuals; 2) the levels of these oxidative HAA metabolites were correlated to P450 1A2
activity based on the the urinary ratio (17U +17X)/137X; and 3) the levels of urinary HAAs
and their oxidative metabolites were changed during the course of the four week meat
feeding study and correlated to the induction of caffeine P450 1A2 activity.

The correlations of PhIP and MelQx urinary biomarkers, measured as % dose or metabolic
ratio (pmol metabolite/pmol PhIP or MelQX), are tabulated in Table 2. The percent of dose
eliminated as PhIP and MelQx in urine on days 23 and 49 was highly correlated within
subjects (p < 0.001), and the correlation approached borderline significance at day 35 (p <
0.07) (Table 2). The correlation between the unmetabolized dose of PhIP and MelQx
eliminated in urine, adjusted for the collection day in the feeding phase (days 23, 35 and 49)
was r = 0.59, p < 0.001. However, the percent of the dose eliminated as unaltered PhIP did
not change during feeding (geometric means of 0.16, 0.15, 0.17 for days 23, 35, 49,
respectively, p=0.38), while the percent of the dose eliminated as MelQx did change
marginally (geometric means of 2.69, 1.88, 2.24 for days 23, 35, 49, respectively, p=0.002).
The percentage of the dose eliminated in urine as PhIP and MelQx continually decreased
only in 3 and 7 of the 44 subjects, respectively, at days 35 and 49 in comparison to day 23,
whereas the mean level of caffeine P450 1A2 activity increased by 1.7-fold by day 35 of the
feeding study. Thus, the induction of P450 1A2, the major human P450 involved in the
metabolism of PhIP and MelQx in vitro,”:8:15 did not appreciably alter the levels of either
HAA in urine during the course of the 4 week semi-controlled feeding study.

The amount of HONH-PhIP-N2-GI eliminated in urine was highly variable and accounted
for <1% to 91% of the ingested dose. The amount of HONH-PhIP-N3-GI ranged from <1%
to 7.2% of the ingested dose. 1Qx-8-COOH accounted for <1% up to 59% of the ingested
dose, and 1Qx-8-CH,OH accounted for <1% up to 9.9% of the ingested dose. The mean of
the % doses eliminated as HONH-PhIP-N2-GI, HONH-PhIP-N3-Gl, IQx-8-COOH in urine
increased by 15 to 30% at days 35 and 49 relative to day 23. Fourteen and six of the 44
subjects, respectively, had a continually increasing percent of the dose eliminated as HON-
PhIP-N2-GI and HON-PhIP-N3-GI at days 35 and 49 versus day 23, whereas, five and
fifteen of the 44 subjects showed an increasing percentage of the dose eliminated,
respectively, as 8-CH,OH-1Qx and 1Qx-8-COOH at days 35 and 49 versus day 23. The
differences between geometric means of these metabolites were greater at day 49 versus day
23 than the differences between day 35 vs day 23. There was a strong partial correlation
within subjects between the levels of HON-PhIP-N2-GI and HON-PhIP-N3-GI eliminated in
urine during the days 23, 35 and 49 of the feeding phase with cooked meat with r = 0.82, p <
0.001, when expressed as % dose (Table 2). Similarly, the percentages of the dose
eliminated in urine as 8-CH,OH-1Qx and 1Qx-8-COOH over the course of the meat feeding
study were strongly correlated with partial r = 0.72, p < 0.001. The percentages of the doses
of the N-oxidized metabolites of PhIP and C8 oxidation metabolites of MelQx in urine also
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were correlated within subjects (Table 2). The partial correlation between the two major
oxidized metabolites of PhIP and MelQx eliminated in urine HON-PhIP-N2-GI and 1Qx-8-
COOH was weak but significant (r = 0.31, p < 0.001). Statistically significant correlations
also were observed between HON-PhIP-N3-Gl and 1Qx-8-COOH, and between both N-
glucuronide conjugates of HONH-PhIP and 1Qx-8-CH,OH (Table 2). The correlations
varied across the days of the feeding phase. The correlations were uniformly strong for days
23 and 49, but were much weaker for day 35. On day 35, statistically significant correlations
were only observed between the individual C8-oxidation metabolites of MelQx and between
the individual N-oxidation PhIP urinary biomarkers; however, there was a poor cross-
correlation between the C8-oxidation metabolites of MelQx and the N-oxidation metabolites
of PhIP. We investigated this phenomenon and found that the pattern of the HAA urinary
biomarkers over time during Phase Il for all subjects was to increase, reach a zenith and then
either plateau or decline somewhat. It appears that there was more variability in the
metabolite values near the beginning (day 23) and the end (day 49) of the feeding period
than at day 35, where the zenith occurred for almost all subjects, which led to a squashing of
the variability. In Figure 5 clearly shows this reduction in variability at day 35, where the
length of the boxes, representing the variability measure of interquartile range, are uniformly
less at day 35 than days 23 and 49. This phenomenon is an interesting artifactual
consequence of human metabolism and is not a reflection of no correlation between analytes
overall.

Many of the MR of PhIP and MelQx were also correlated; however, for the most part, the
overall associations were weaker than those observed with the percentage of dose (Table 2).
The weaker correlations of the MRs may be attributed to lower precision in the denominator
measurements of the urinary levels of PhIP and MelQx in many subjects where the levels of
these HAAS approached or occurred below the LOQ value.

The correlations between P450 1A2 activity, based on the caffeine phenotype, and the levels
of PhIP, MelQx and their oxidized metabolites in urine as a function of the % dose or MR
are summarized in Table 3. We did not observe significant correlations between P450 1A2
activity, based on the caffeine phenotype, and the levels of any HAA urinary biomarker
across the feeding period.

Discussion

P450 1A2 is thought to be the major P450 involved in the metabolism of PhIP and MelQx
based on metabolic studies conducted with recombinant P450s,11:61 human liver microsomal
samples’-® and human hepatocytesl4 employing selective inhibitors of P450 1A2. The most
compelling evidence for a role of P450 1A2 in the metabolism of PhIP and MelQx in vivo is
from a pharmacokinetic study conducted with human volunteers pretreated with
furafylline,52 a mechanism-based inhibitor of P450 1A2.63 The pretreatment of subjects with
furafylline increased the excretion of unchanged MelQx by 14.3-fold, and that of unchanged
PhIP increased by 4.1-fold in urine. P450 1A2 was estimated to contribute to 91% of the
elimination of ingested MelQx and 70% of ingested PhIP, following consumption of a meal
of fried beef.62
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Although we observed a significant increase in the P450 1A2 phenotype, based on the
caffeine MR, at the population level in our feeding study of cooked meat, we did not
observe a correlation between P450 1A2 phenotype and any of the HAA urinary biomarkers.
However, there was a large intra- and inter-individual variation in response to the inducers
of P450 1A2 over the 4 week feeding study of cooked meat: eleven out of the 44 subjects
did not show an increase in P450 1A2 activity on day 35 versus day 21; 13 out of 44
subjects did not show an increase of P450 1A2 activity on day 49 versus day 21; and only 11
out of the 44 subjects showed a continual increase in P450 1A2 activity on both days 35 and
49 versus day 21 (Figure 4). The variation in P450 1A2 activity is not attributed to the
method of measurement of caffeine metabolites, which is robust with a CV of 2.6%. The
high level of P450 1A2 phenotypic variation may well explain the lack of correlation
between P450 1A2 activity and HAA urinary biomarkers.

The role of rapid P450 1A2 genotype or phenotype, based on the caffeine MR, in the
susceptibility of cancer risk by consumption of well-done cooked meats containing putative
HAA:s is unclear.26-28:30.64 The expression of hepatic P450 1A2 is highly variable in
humans. Both genetic and environmental factors influence the inducibility of the enzyme
and the level of protein expression.#5:46:49.50 |n one study, the weekly intra-individual
variability in the urinary [17X + 17U]/137X MR, reported as the coefficients of variation
(%CV, SD/mean x 100%) ranged from 23.0% to 48.0% in subjects on a free-choice diet
who did not smoke and ranged from 13.5% to 27.4% in smokers.3” We previously reported
a mean intra-individual %CV in the weekly caffeine MR measured over 4 weeks at 23.2%
for non-smoking subjects on a free-choice diet (range 10.8% — 39.0%:; both genders).>?
Nakajima and colleagues reported a mean intra-individual %CV in the caffeine MR ranging
from 0.7% to 84.5% in non-smokers and 6.9 — 37.6% of both genders (the time interval
between measurements was not reported).8° Kashuba reported a range of 9.5 — 49.3 %CV in
the caffeine MR in women; and of 4.5 — 45.3 in men measured over 3 months, employing
another urinary MR of caffeine and its metabolites as an index of P450 1A2 activity.®8 In
our current study, the %CV of P450 1A2 activity within individuals prior to and post-
feeding of meat ranged from 2% to 112% (median=40%) and the %CV ranged from 1% to
103% (median=40%) during the 3 weeks of feeding with well-done cooked meat (Figure 4).
Thus, the within individual variation in P450 1A2 phenotype can be considerable over time,
when employing caffeine as the probe. This large weekly intra-individual variation of P450
1A2 activity can explain the poor correlation between the caffeine MR and urinary HAA
biomarkers.

We and others have reported that the level of P450 1A2 protein varies by greater than 60-
fold in human liver microsomal preparations.846:67 The levels of P450 1A2 protein
expression in human liver microsomes were highly correlated to the rates of N-oxidation of
PhIP and MeQx in vitro, when employing high concentrations of these HAAs.8 The data on
the correlations between P450 1A2 genotypes or phenotypes and HAA biomarkers in
humans are limited. In one controlled meat feeding study, only a weak association was
observed between caffeine P450 1A2 phenotype and the levels of urinary N-glucuronide
conjugates of HONH-PhIP;#2 in the same study an association was not observed between
the N2-glucuronide conjugate of 2-hydroxyamino-3,8-dimethylimidazo[4,5-flquinoxaline
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(HONH-MelQx) and P450 1A2 activity, or between the urinary levels of the N-glucuronide
conjugate of HONH-PhIP and HONH-MelQx.*! An inverse association between P450 1A2
activity and the levels of unmetabolized MelQx in urine of the same study group was
found,3° but, this association was not observed for Ph1P.40 Moreover, even though the range
in P450 1A2 activity varied by 14-fold, the difference in the amount of unmetabolized
MelQx excreted in urine of the subjects with the highest and lowest rapid P4501A2
phenotype was only 2-fold.3°

The relationship between P450 1A2 activity and HON-PhIP-N2-GI and HONH-PhIP-N3-GlI
levels may be obscured by the variable levels of UGT expression within individuals; there
are at least 4 UGTSs that contribute to the N-glucuronidation of HONH-PhIP.®8-71 Our SPE
method does not recover the N2-glucuronide of HONH-MelQx, which was reported to range
from 2.2 to 17.1% of the ingested dose,*! and thus we could not correlate the levels of the
N2-glucuronide of HONH-MelQx, to the isomeric N-glucuronide conjugates of HONH-PhIP
in urine or caffeine P450 1A2 phenotype. However, the amounts of the urinary C8-methyl
oxidation metabolites of MelQx, 8-CH,OH-1Qx and 1Qx-8-COOH, which are
predominantly produced by P450 1A2 and do not undergo further biotransformation by
conjugating enzymes, 2324 were correlated to the amounts of the urinary N-glucuronide
metabolites of HONH-PhIP. Nevertheless, 8-CH,OH-1Qx and 1Qx-8-COOH were not
correlated to the caffeine P450 1A2 phenotype (Table 2). The correlations between the C8-
oxidation metabolites of MelQx and between the N-oxidation PhIP urinary biomarkers were
stronger than the cross correlations between individual C8-oxidized metabolites of MelQx
and individual N-oxidized metabolites of PhIP, which may be explained by variable levels
of UGT activities or other enzymes that bioactivate or detoxicate HONH-PhIP (Figure 1).
The partial correlations among these oxidative metabolites of MelQx and PhIP, and the
correlation between the levels of unmetabolized PhIP and MelQx in urine, imply a common
pathway of P450-mediated oxidation occurs in vivo.

The correlation between the P450 1A2 phenotype and urinary HAA biomarkers also may be
weakened by large differences between the dose of caffeine and HAAs, competing
xenobiotic metabolic pathways, and pharmacokinetic parameters. The dose of caffeine is
10,000 to 100,000-fold greater than the amounts of PhIP or MelQx ingested in cooked
meat.12 Caffeine is commonly given as a bolus dose of 100 mg per coffee beverage after the
subjects have fasted for 10 hours, and urinary metabolic ratios are measured 5 h following
dosing.3” In contrast, PhIP and MelQx are consumed as part of the diet containing cooked
meat and biomarkers are measured in urine collected over a 12 h interval following a
meal.39-42 The elimination of caffeine, PhIP, and MelQx follow first order kinetics in
humans.37:62 The half-life of caffeine is about 5.5 hours,37:38 and the estimated half-lives of
PhIP and MelQx are, respectively, 4.5 and 3.4 hours.%2 The catalytic efficiency (Keai/Km) of
the C8-oxidative metabolites of MelQx and N-oxidative metabolites of MelQx and PhIP in
human liver microsomes are 90 to 370-fold greater than 17X formation from caffeine.”:8.72
The superior catalytic efficiency of P450 1A2 for the metabolism of PhIP and MelQx may
not allow us to distinguish between rapid and slow metabolizers by measurement of urine
samples that were collected over a 12 h interval, where greater than 80% of the dose of
HAAs and their metabolites eliminated in urine has occurred.3%-42 Thus, despite the large
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interindividual differences in expression of hepatic P450 1A2 activity, even subjects with
slow caffeine P450 1A2 phenotypes may have sufficient activity to efficiently metabolize
PhIP and MelQx in vivo.

Other studies on HAA urinary biomarkers and P450 1A2 phenotype have been reported.
One study examined the effect of consumption of well-done cooked chicken for 10
consecutive days on the extent of PhIP eliminated in urine in 71 female volunteers.” The
authors reported a significant association between the P450 1A2-164A—C (P450 1A2*1F)
polymorphism, a reported slow oxidizer,” and higher urinary PhIP excretion levels.
However, the association was driven by a small number of subjects possessing the
homozygous variant. When the C/C genotypes were excluded from the analysis, the
correlation was no longer found to be significant and no relationship was found between
differential urinary PhIP excretion levels and phenotypes for caffeine. A study by Kim
reported that subjects harboring P450 1A2/-2467delT had a significantly higher caffeine MR
than the P450 1A2/-2464T/T or P450 1A2/-2464-/T genotypes (P<0.05),7° but paradoxically
showed significantly higher levels of unmetabolized PhIP in urine than those subjects with
T/T and -/T genotypes (P<0.05). This study also failed to show a relationship between the
urinary PhIP levels and phenotypes of P450 1A2*1F polymorphism. In a study in the United
Kingdom, there was no detectable association between any of the six major P450 1A2
genotypes and caffeine phenotype in vivo. Moreover, P450 1A2 activity was lower in
colorectal cancer patients than in controls.28 The genotype(s) responsible for the 60-fold
inter-individual differences in human hepatic P450 1A2 constitutive expression and P450
1A2 activity has not been identified.** These findings highlight the challenges in employing
genotypes or phenotypic biomarkers as measures of metabolic activity of HAAs in vivo.

We also previously reported that the levels of unmetabolized PhIP accrued in hair of the
volunteers of this 4 week semi-controlled meat feeding study were not correlated to P450
1A2 activity, as assessed by the caffeine phenotype.”® The amount of unmetabolized PhIP in
the bloodstream that reaches the hair follicle, following first-pass metabolism by hepatic
P450 1A2, was expected to differ among individuals, and the phenotypic activity P450 1A2
was considered to be an important factor influencing the level of PhIP accrued in hair:
subjects with rapid P450 1A2 phenotypes were expected to have the lowest levels of PhIP.
Our findings suggest that the hepatic P450 1A2 expression, even in subjects with slow P450
1A2 phenotypes, may be at levels sufficient to significantly reduce the concentration of PhIP
during first-pass metabolism before it reaches systemic circulation. Collectively, the urinary
and hair biomarker data reinforce the notion that the caffeine P450 1A2 phenotype does not
accurately predict the metabolic processing of PhIP and MelQx in vivo.

In summary, differences in P450 1A2 activity alter the metabolism of caffeine and
therapeutic drugs and influence the clinical outcome of some these compounds;>1:77
however, the relationship between P450 1A2 polymorphisms and the metabolism and
biodisposition of HAASs present at parts per billion levels in cooked meats is unclear. The
large, unpredictable intra-individual variation of the caffeine P450 1A2 phenotype over time
contributes to the poor correlation with oxidative urinary metabolites of MelQx and PhlIP.
The direct measurement of urinary biomarkers of HAAs combined with measurements of
their DNA or protein adducts, as a measure of the biologically effective dose, may provide a
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clearer picture of the interindividual differences in metabolism and cancer susceptibilities

due to HAAs.
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Major pathways of metabolism of PhIP and MelQx in human liver.
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Figure 3.

Box and whisker plots showing the amounts of PhIP, HON-PhIP-N2-Glu and HON-PhI-N3-
Glu eliminated in urine as a function of PhIP serving. The length of the boxes represents the
25t to 75 percentiles, and the horizontal lines within the box represent the median values.
The whiskers show the minimum and maximum values.
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Figure 4.
Box and whisker plots showing the distributions of the caffeine P450 1A2 phenotype data

measured over the 77 day feeding study. The length of the boxes represents the 25t to 75t
percentiles, and the horizontal lines within the box represent the median values. The
whiskers show the minimum and maximum values. Subjects refrained from eating well-
done cooked meats from days 1 — 21 (pre-feeding phase) and following day 49 (post-meat
feeding phase).
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