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Abstract

Heterocyclic amines (HAs) and polycyclic aromatic hydrocarbons are carcinogenic products formed during the cooking of

meat at moderate to high temperatures. We have previously shown that the urinary concentration of 1-hydroxypyrene-glucur-

onide, a metabolite of pyrene, increased significantly in ten subjects who had ingested charbroiled ground beef. We now report

the time course and interindividual variation of 2-amino-1-methyl-6-phenylimidazo(4,5-b)pyridine (PhIP) concentration in the

urine samples from these ten subjects. PhIP concentration was determined in both untreated and alkali-hydrolyzed urine to

obtain estimates of the proportion of conjugated PhIP metabolites in each subject. PhIP was measured by gas chromatography-

negative ion chemical ionization-mass spectrometry after derivatization with pentafluorobenzyl bromide. Ten healthy non-

smoking males consumed identical amounts of broiled beef on five consecutive days. The morning after the first day of broiled

beef consumption, urinary concentration of PhIP increased 14–38 fold above mean pre-feed concentration of PhIP in individual

alkali-hydrolyzed urine samples. Following cessation of broiled beef consumption, urinary PhIP concentration declined to near

pre-feed levels within 48–72 hrs. The ratio of total alkali–labile PhIP metabolites to unmetabolized PhIP varied by about 2.7-

fold among subjects, ranging from 18:1 to 48:1, suggesting that interindividual differences in PhIP metabolism occur and can be

detected by this method. This study of urinary PhIP following ingestion of meat cooked by charbroiling, that contains both HAs

and polycyclic aromatic hydrocarbons, extends previous studies of ingestion of pan-fried meat that contains primarily HAs. The

results indicate that significant amounts of PhIP are bioavailable from ingestion of charbroiled ground beef and that measure-

ment of proportions of alkali–labile PhIP metabolites and parent PhIP in human urine may yield information on individual

metabolism of ingested PhIP. q 2001 Elsevier Science Ireland Ltd. All rights reserved.

Keywords: Heterocyclic aromatic amine; Broiled meat; Carcinogen; PhIP; Urine metabolites

1. Introduction

The risk of colorectal cancer is associated with

consumption of red meat [1], however, the biochem-

ical etiology of this association is unclear. It remains

to be determined whether the increased risk is due to

inherent constituents of red meat or to compounds

produced during cooking processes [2–5]. Associa-

tions have been found between certain meat cooking

practices, such as grilling or cooking until meat is
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well-done, and colon cancer in some [6–8], but not all

[9,10], epidemiological studies.

Polycyclic aromatic hydrocarbons (PAHs) and

heterocyclic aromatic amines (HAs) are carcinogenic

products formed during the cooking of meat at moder-

ate to high temperatures [2–5]. Highly mutagenic HAs

are formed during broiling or frying due to pyrolysis

of amino acids and proteins [2]. More than a dozen

HAs have been identified [2,3] and 2-amino-1-

methyl-6-phenylimidazo(4,5-b)pyridine (PhIP) is the

most common HA, being formed at concentrations of

0.1–100 ug/kg cooked meat [11,12].

The carcinogenic characteristics of PhIP and the

enzymes involved in its metabolism have been

reported. Male rats fed PhIP develop colon adenocar-

cinomas, whereas female rats primarily develop

mammary adenocarcinomas [13]. PhIP is activated to

the mutagenic metabolite 2-hydroxyamino-1-methyl-

6-phenylimidazo(4,5-b)pyridine (N2-OH-PhIP) by cy-

tochromes P450 (CYP) 1A2, 1A1, and 1B1; or meta-

bolized to an inactive form, 4 0-hydroxy-2-amino-1-

methyl-6-phenylimidazo(4,5-b)pyridine (4 0-OH-PhI-

P), by CYP 1A1 and 1B1 [14–16]. These metabolites

can subsequently form conjugates with glucuronide,

glutathione or sulfate [17,18]. However, in human

liver microsomes, glucuronide conjugation with PhIP

has also been shown to occur at the N3 position of PhIP

in the absence of hydroxylation [19].

Several HAs, including PhIP, have been detected in

the urine of healthy subjects eating normal diets

[20,21]. In controlled feeding studies, urinary HAs

have been used to examine urinary clearance rates

[22], the usefulness of conjugated and unconjugated

HAs as biomarkers of dietary exposure [23], and the

effect of systemic CYP1A2 and N-acetyltransferase

activities on HA excretion [24,25]. Reistad et al.

[23] examined the ratio of hydrolyzable to parent

PhIP in urine from eight subjects following ingestion

of a fried meat meal and found considerable variation

between subjects ranging from 1.4- to 5.8-fold. These

results suggested that individual differences in meta-

bolic capacity or induction may influence the relative

excretion of PhIP in conjugated and unconjugated

forms.

In the present study, we characterized the time

course and interindividual variation of PhIP concen-

tration in the urine of ten subjects who had ingested

charbroiled (CB) ground beef. PhIP concentration was

determined in both untreated and alkali-hydrolyzed

urine to obtain estimates of the proportion of conju-

gated PhIP metabolites in urines collected at multiple

time points. We have previously shown that the urin-

ary concentration of 1-hydroxypyrene-glucuronide, a

metabolite of pyrene, increased significantly in the

urine of these subjects after CB meat ingestion [26].

2. Materials and methods

2.1. Chemicals

PhIP was obtained from Toronto Research Chemi-

cals (Downsview, Ontario, Canada). PhIP-d5, used as

the internal standard for GC/MS, was prepared as

reported previously [27]. Pentafluoro-benzyl bromide

and N,N-diisopropylethylamine were obtained from

Aldrich Chemical Company (Milwaukee, WI) and

were used without further purification. All solvents

used, including water, were HPLC grade.

2.2. Feeding protocol

The protocol was approved by the Committee on

Human Research of the Johns Hopkins School of

Hygiene and Public Health. A detailed description

of the feeding protocol has been published previously

[26]. Informed consent was obtained from ten male

non-smoking subjects aged 25–45 who had no known

occupational or medicinal exposure to PAHs. During

the first 2 weeks of the study, the subjects refrained

from eating any CB, smoked, or fried meat. During

the third week, 9 ounces (252 g) of CB beef was

consumed on the first day, and 6 ounces (168 g) was

consumed on each of the next 4 days. The CB beef

was centrally prepared by cooking ground beef patties

over charcoal briquettes on an outdoor grill until well

done. The broiled patties were then homogenized in a

blender to a granular consistency and portions

weighed (cooked weight) and labelled. The study

subjects met daily during the 5 day feeding period

and ate the prepared CB beef between 12:00 and

14:00 h. The subjects again refrained from eating

any CB, smoked, or fried meat for 10 days after the

CB beef feeding period.

The mean PhIP content of five daily CB beef

samples was 30.7 ng/g beef (range 25–39 ng/g) deter-

mined by the method of Felton et al. as previously
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described [27]. This corresponds to a daily intake of

7.7 mg on day 1 of feeding and 5.2 mg on days 2–5

(Table 1). First morning voided urine samples (100

mls) were collected before (2 days), during (4 days),

and after (4 days) the CB beef feeding period. Urine

samples were frozen at 2708C within 2 h of collec-

tion.

2.3. Extraction of PhIP from urine

Just prior to analysis, urine samples were allowed to

thaw at room temperature. After thorough mixing, a 1

ml aliquot was transferred to a teflon-stoppered,

disposable glass tube (13 £ 100 mm, Corning Inc.,

Corning, NY). After addition of 320 pg PhIP-d5 inter-

nal standard dissolved in 25 ml methanol, the urine

sample was made alkaline with 2 ml of 0.2 M sodium

phosphate buffer, pH 8.0. For alkaline hydrolysis,

samples were incubated in 1 N NaOH at 1008C over-

night. After vortex mixing, the sample was extracted

with 2 £ 3 ml ethyl acetate. The combined upper

organic layers were then transferred to another dispo-

sable glass tube and taken just to dryness under N2 at

558C.

2.4. Purification by solid phase extraction

Before purification of the extracted urine sample by

solid-phase extraction on Extract-clean C18

cartridges (500 mg/6.0 ml; Alltech Associates, Inc.,

Deerfield, IL), cartridges were prepared washing with

2 ml methanol, 7 ml water and 5 ml of 0.01 M sodium

phosphate buffer, pH 7.0. Elution in all cases was

carried out without application of a vacuum. The

urine extract was then dissolved in 20 ml of methanol

and 5 ml of 0.01 M sodium phosphate buffer, pH 7.0,

was added. After mixing, the sample was applied to

the C18 solid-phase cartridge and washed with 4 ml

methanol/water (45:55; v/v). PhIP was then eluted

with 3.5 ml methanol/water (60:40; v/v) into a 2 ml

flame-sealable glass vial (Wheaton, Millville, NJ).

This aqueous solution was then taken to dryness over-

night in a vacuum centrifugal evaporator at room

temperature.

2.5. Derivatization and analysis by GC/MS

For analysis by gas chromatography-negative ion

chemical ionization mass spectrometry (GC/MS),

the volatile, electron-capturing bis(pentafluoroben-

zyl)derivative (BPFB) of PhIP was formed [28]. To

the glass vial were added 20 ml of a 30% (v/v) solution

of pentafluorobenzyl bromide (PFB-Br) in ethyl acet-

ate and 20 ml of diisopropylethylamine. The vial was

flame-sealed and heated at 558C for 30 min. The reac-

tion mixture was then taken to dryness under a stream

of N2. After addition of 200 ml of 0.1 N HCl, the

solution was washed with 2 £ 1 ml of hexane. The

hexane was discarded. Then 300 ml of 1 M Na2CO3

was added and the PhIP was extracted with 2 £ 1 ml of

ethyl acetate. The combined organic extracts were

then reduced to dryness under N2 at 558C and stored

at 2208C until analysis by GC/MS.

GC/MS was carried out on a Hewlett Packard

5980A gas chromatograph equipped with a splitless

injector (2508C) coupled to a Hewlett Packard 5988A

mass spectrometer. The analysis was carried out on a

non-polar Hewlett Packard HP1 fused silica capillary

column (25 m £ 0.2 mm i.d.; film thickness 0.33 mm)

coupled directly to the mass spectrometer ion source

(2508C) through a heated interface (3008C). Helium

was used as carrier gas at a column head pressure of

160 kPa. The temperature of the GC oven was raised

from an initial temperature of 200–3208C at 308C/

min, where it was held for 5 min. Under these condi-

tions, the retention time of the BPFB derivative of

PhIP was about 9.5 min.

The mass spectrometer was operated in the nega-

tive ion mode with methane as reagent gas (~1 Torr).

The MS was tuned to monitor negative ions at m/z

403.1 [(BPFB-PhIP-d0)-(PFB)]2 and m/z 408.1

[(BPFB-PhIP-d5)-(PFB)]2 representing loss of single

PFB-groups from the molecular anions. The detection

limit for PhIP was 1 pg PhIP/injection and the inter-

assay variability was ,16%. Samples with nondetect-

able PhIP were assigned the value of half the limit of

detection, 0.5 pg/ml.
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Table 1

Amounts of charbroiled beef, PhIP, and pyrene ingested daily

during the feeding study

Day Beef g PhIPa mg Pyrenea mg

1 252 7.7 1.7

2–5 168 5.2 1.1

a Calculated from mean concentration measured in pooled CB-

beef samples.



3. Results

3.1. PhIP in non-hydrolyzed urine samples

GC/MS analysis of urine samples collected after

CB beef ingestion indicated the presence of PhIP at

retention time of about 9.5 min in all ten subjects

(representative example shown in Fig. 1). This peak

co-chromatographed with PhIP standard and demon-

strated the expected m/z of 403.1. The baseline

concentration of PhIP in unhydrolyzed urine after 2

weeks free of broiled or smoked foods was 0.88 pg/ml

urine (range: ,1–2 pg/ml, 7 of 20 samples detect-

able). Mean (^ SEM) urinary PhIP concentration

the morning after the first day of feeding was

26.3 ^ 6.6 pg/ml urine (Fig. 2) with a range of 5–75

pg/ml. The concentration of PhIP decreased to near

baseline levels by 48–72 h after CB beef consumption

ended.

3.2. PhIP in alkali-hydrolyzed samples

The mean (^SEM) baseline concentration of PhIP

in alkali-hydrolyzed urine after 2 weeks free of

broiled or smoked foods was 30.4 ^ 5.4 pg/ml urine

(range: 1–84 pg/ml). Mean urinary PhIP concentration

the morning after the first day of feeding was

675 ^ 97 pg/ml urine (Fig. 3) with a range of 423–

1164 pg/ml. This represented an increase of 14 to 38-

fold above mean baseline concentration (P ¼ 0:001

by Wilcoxon rank sum). The 32% decrease in the

M.D. Friesen et al. / Cancer Letters 173 (2001) 43–5146

Fig. 1. Selected ion monitoring GC/MS analysis of free PhIP in human urine after alkaline hydrolysis. Left panel shows abundance of PhIP-d5

internal standard added to urine. Right panel shows abundance of endogenous PhIP-d0 in urine after alkaline hydrolysis.

Fig. 2. Concentration of PhIP in unhydrolyzed urine collected

before, during and after consumption of CB beef for 5 days. Nine

ounces CB beef were consumed on day 1, and 6 ounces were

consumed on each of days 2–5. Urine samples were collected in

the morning before CB beef consumption at midday. Box plots

show mean (heavy bar), median, 10th, 25th, 75th, and 90th percen-

tiles of urinary PhIP concentrations on selected days of study.



amount of PhIP ingested on days 2–5 of the feeding

protocol (5.2 mg), compared to day 1 (7.7 mg), was

accompanied by a 48% decrease in urinary PhIP

concentration on the following mornings. The

concentration of PhIP in alkali-hydrolyzed urine

decreased to near baseline levels by 48–72 h after

CB beef consumption ended. Although mean urinary

PhIP concentration during days 3–6 of the study

varied by 2.5-fold among individuals, overall interin-

dividual differences were not significant (P ¼ 0:20 by

Kruskal–Wallis). After adjustment for urine creati-

nine, interindividual differences in mean urinary

PhIP concentration during days 3–6 of the study

were significant (P ¼ 0:016 by Kruskal–Wallis).

Overall, creatinine adjustment did not change the

rank order or time course of individual urine concen-

trations of PhIP in hydrolyzed or unhydrolyzed urines.

Since creatinine adjustment had little effect on the

data presented in Figs. 2 and 3, and no effect on the

data presented in Fig. 4, the adjustment was not

performed on these data.

3.3. Ratio of free PhIP in hydrolyzed to non-

hydrolyzed urine

We examined, on an individual basis, the correla-

tion of urinary PhIP concentration in hydrolzyed and

unhydrolyzed urines collected at ten time points
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Fig. 3. Concentration of PhIP in alkali-hydrolyzed urine collected

before, during and after consumption of CB beef for 5 days. Box

plots show mean (heavy bar), median, 10th, 25th, 75th, and 90th

percentiles of urinary PhIP concentrations on selected days of study.

Fig. 4. Individual plots of PhIP concentrations in hydrolyzed urine versus unhydrolyzed urine for each time point of the ten study subjects.

Individual plots contain ten time points except plot for Subject I which contains nine time points. The slopes are the ratios of free PhIP in

hydrolyzed to nonhydrolyzed urine.



during the feeding study (Fig. 4). Within each

subjects’ set of ten urines, the correlation was quite

good (r coefficient ranged from 0.67 to 0.98). The

mean ratios of PhIP in hydrolyzed to unhydrolyzed

urine (slopes) varied by 2.7-fold among individuals

from a minimum of 18:1 in subject (E) to a maximum

of 48:1 in subject (A). Interestingly, the urinary PhIP

concentrations measured did not correlate with

previously reported [26] levels of 1-OHP-gluc on an

individual basis (not shown).

4. Discussion

Colorectal cancer has been associated with the

consumption of animal fat and red meat [29], particu-

larly well-done [6,30] or grilled meat [6,31]. Although

no clear biochemical etiology for colorectal cancer

has been established, evidence suggests that food-

borne HAs may play a role [32–34]. PhIP is the

most common HA formed in fried, grilled or broiled

meat, and is a colon carcinogen in rodents [13]. In

open-flame broiled or grilled meats, PAHs also are

formed at moderate to high levels.

Biological markers of internal or molecular dose

from dietary or environmental carcinogens often

show considerable interindividual differences in

marker levels after presumed similar exposures. In

our controlled feeding study, we rigorously controlled

the amount of CB beef ingested in order to examine

biological variation in excretion of urinary PhIP in ten

study subjects. In addition, we examined the time

course of urinary PhIP concentration before, during

and after ingestion of CB beef.

Our results show that the concentration of PhIP in

either unhydrolyzed or alkali-hydrolyzed first morn-

ing urines increased significantly after ingestion of

CB meat on the previous day. The 32% decrease in

the amount of PhIP ingested on days 2–5 of the feed-

ing protocol, compared to day 1, was accompanied by

a 48% decrease in urinary PhIP concentration on the

following mornings. As in our previous report on urin-

ary 1-OHP-gluc in these samples [26], significant

interindividual differences in PhIP concentration

were observed. Some subjects had consistently high

concentrations of urinary PhIP on days following CB

beef ingestion compared to other subjects with consis-

tently low concentrations. These differences are

presumably due to individual differences in absorp-

tion, metabolism and/or excretion of PhIP. Interest-

ingly, a comparison of urinary PhIP and 1-OHP-gluc

levels on an individual basis showed no correlation

between the two metabolites. That is, subjects with

high urinary PhIP levels throughout the study did

not necessarily have higher 1-OHP-gluc levels.

These findings indicate that interindividual levels of

these two metabolites are not mediated by a common

factor (e.g., absorption, hydration, physical activity),

rather, they appear to be chemical-specific factors.

The obvious candidates for these chemical-specific

metabolite modulating factors are the phase I and II

metabolic enzymes that are involved in the metabo-

lism of PhIP and pyrene. Previous studies have

demonstrated the role of CYP 1A1, 1A2, and 1B1

enzymes in the hydroxylation of both PhIP and

pyrene. The CYP1 enzymes are inducible and levels

of these enzymes are known to vary significantly

between individuals. In addition, the phase II enzyme

UDP-glucuronosyl-transferase is inducible by a vari-

ety of environmental and dietary compounds. Thus,

differences in the metabolic capacity of the test

subjects could result in different concentrations of

metabolites following ingestion of similar quantities

of parent compounds. Also, since both HAs and PAHs

can induce and be metabolized by the same enzymes,

these compounds may interact to enhance or inhibit

their biological effects.

Further evidence for interindividual differences in

metabolic modulation of bioconversion of ingested

PhIP is seen in the ratio of free PhIP in hydrolyzed

to non-hydrolyzed urine at multiple time points. The

mean ratio varied from 18:1 to 48:1 in the individuals

participating in the current study. This finding indi-

cates that the proportion of unmetabolized PhIP

measured in the urine was relatively constant within

each subject, and varied 2.7-fold between subjects

ingesting the same quantities of charbroiled beef.

Whether this variation is related to potential risk of

toxicity or adverse health outcome has not been

addressed.

Previous studies of urinary PhIP in humans have

measured PhIP either in untreated urine [20,22,35]

or hydrolyzed urine [21,25], or both [23]. These

measures presumably reflect levels of unmetabolized

PhIP, in the former case, and metabolized and/or

conjugated PhIP in the latter. We have chosen to
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measure PhIP in both alkali-hydrolyzed and unhydro-

lyzed urine in order to estimate the ratio of conjugated

to unconjugated PhIP metabolites. The large increase

in the amount of PhIP detected in urine following

hydrolysis indicates that labile PhIP metabolites

represent a major proportion of the PhIP in human

urine. Recent studies of metabolism following inges-

tion of PhIP indicate that PhIP-N2-glucuronide, N2-

OH-PhIP-N2-glucuronide, and N2-OH-PhIP-N3-

glucuronide are common metabolites in human urine

[36,37]. The proportions of these metabolites in our

study subjects is under investigation. At the present

time we have not definitively identified which meta-

bolites yield PhIP upon alkali-hydrolysis, however we

note that N2-OH-PhIP is very unstable, forming 2-

OH-PhIP and PhIP under various conditions.

Ushiyama et al. [20]detected and quantitated four

different carcinogenic HAs in the urine of ten healthy

volunteers eating normal diets, but detected no HAs in

the urine of three patients receiving intravenous feed-

ing. Kidd et al. [21]measured PhIP in the acid-hydro-

lyzed urine from 129 males who consumed an

unrestricted normal diet. PhIP was detectable in

51% of African–American subjects, 45% of Asian–

American subjects, and only 21% of white subjects.

Although the geometric mean levels of urinary PhIP

were higher in the Asian–American and African–

American subjects than in the white subjects, this

difference was not reflected in intake frequencies of

cooked meats based on a self-administered dietary

questionnaire.

In our study, PhIP was detectable in 35% (7 of 20)

of the pre-feed hydrolyzed urine samples collected

after the subjects had refrained from eating smoked

of broiled foods for 2 weeks. This is similar to the

percentages reported for subjects on an unrestricted

diet [21], and suggests that the method could be amen-

able to biomonitoring in the general population.

Controlled feeding studies of meat containing HAs

have examined intra- and interindividual variability in

internal dose [23,35] and human metabolism by CYP

1A2 [22,24,25] and NAT2 [25]. One of these studies

[23] determined the ratio of hydrolyzable to parent

PhIP in urine from eight subjects ingesting a fried

meat meal. They observed a 1.4- to 5.8-fold increase

in measurable PhIP following acid hydrolysis of urine

in 1 N HCl at 1008C for 2 h. The magnitude of the

increases is much lower than those observed in our

study. This difference may be due to either the differ-

ent hydrolysis conditions used (strong acid versus

alkali) or the different cooking methods (frying versus

charbroiling) used to prepare the meals. We have

found that different hydrolysis conditions greatly

affect the yield of free PhIP from human urine samples

[38]. We have also reported [26] that the charbroiled

meal consumed in our study contained high levels of

PAHs in addition to HAs. Since PAHs are known to

induce the CYP1A enzymes, they would be expected

to alter the phase I metabolism of HAs. As a result, the

urinary HA metabolites might be expected to contain

a higher proportion of conjugated HAs relative to

unconjugated metabolites.

Since the total volume of urine collected during first

morning voids in this study was not recorded, it is

difficult to calculate total amounts of PhIP excreted

and related percentages of PhIP ingested. A crude esti-

mate could be determined by assuming that the total

volume of urine excreted in the first 12 h after feeding

(including the first morning void) is about 1 l. Thus the

percentage of the PhIP ingested on the first day of

feeding (7.7 ug), that was excreted in urine as parent

PhIP would be 0.34% (range: 0.06–0.97%) and as

alkali–labile PhIP would be 8.8% (range: 5.5–15.1%).

In this report we measured urinary PhIP in untreated

or hydrolyzed urine following ingestion of meat

cooked by charbroiling, a process that (unlike pan-

frying) produces both HAs and PAHs. The results indi-

cate that significant amounts of PhIP are bioavailable

from the ingestion of CB beef, and that ratios of conju-

gated to unconjugated urinary PhIP metabolites may

depend on a variety of metabolic, dietary, and hydro-

lysis factors.

Acknowledgements

The authors acknowledge and thank Drs James

Felton and Mark Knize (Lawrence Livermore

National Laboratory) for PhIP analysis of beef

samples. Research supported in part by DHHS grants

P01-ES06052 and P30-ES03819.

References

[1] World Cancer Research Fund and American Institute for

Research on Cancer. Food, Nutrition, and the Prevention of

M.D. Friesen et al. / Cancer Letters 173 (2001) 43–51 49



Cancer: A Global Perspective. Washington, DC: WCRF/

AICR, 1997.

[2] J.S. Felton, M.G. Knize, Occurrence, identification, and

bacterial mutagenicity of heterocyclic amines in cooked

food, Mutation Res. 259 (1991) 205–217.

[3] T. Sugimura, S. Sato, K. Wakabayashi, Mutagens/carcinogens

in pyrolysates of amino acids and proteins and in cooked

foods: heterocyclic aromatic amines, in: Y.T. Woo, D.Y.

Lai, J.C. Acros, M.F. Argus (Eds.), Chemical Induction of

Cancer: Structural Bases and Biological Mechanisms,

Academic Press, New York, 1988, pp. 681–710.

[4] A.H. Conney, Induction of microsomal enzymes by foreign

chemicals and carcinogenesis by polycyclic aromatic hydro-

carbons, Cancer Res. 42 (1982) 4875–4917.

[5] A. Greenberg, C.H. Hsu, N. Rothman, P.T. Strickland, PAH

profiles of charbroiled hamburgers: pyrene/B(a)P ratios and

presence of reactive PAH, Polycyclic Aromatic Compds. 3

(1993) 101–110.

[6] R. Sinha, W.H. Chow, M. Kulldorff, J. Denobile, J. Butler, M.

Garcia-Closas, R. Weil, R.N. Hoover, N. Rothman, Well-

done, grilled red meat increases the risk of colorectal adeno-

mas, Cancer Res. 59 (1999) 4320–4324.

[7] M. Gerhardsson de Verdier, U. Hagman, R.K. Peters, G. Stei-

neck, E. Overvik, Meat, cooking methods and colorectal

cancer: A case-referent study in Stockholm, Int. J. Cancer

49 (1991) 520–525.

[8] N.M. Probst-Hensch, R. Sinha, H.J. Lin, M.P. Longnecker,

J.S. Witte, S.A. Ingles, H.D. Frankl, E.R. Lee, R.W. Haile,

Meat preparation and colorectal adenomas in a large sigmoi-

doscopy-based case-control study, Cancer Causes Control 8

(1997) 175–183.

[9] J.E. Muscat, E.L. Wynder, The consumption of well-done red

meat and the risk of colorectal cancer, Am. J. Public Health 84

(1994) 856–858.

[10] K. Augustsson, K. Skog, M. Jagerstad, P.W. Dickman, G.

Steineck, Dietary heterocyclic amines and cancer of the

colon, rectum, bladder, and kidney: a population-based

study, Lancet 353 (1999) 686–687.

[11] J. Felton, M.G. Knize, Heterocyclic-amine mutagens/carcino-

gens in food, in: C.S. Cooper, P.L. Grover (Eds.), Chemical

Carcinogenesis and Mutagenesis I, Springer-Verlag, Berlin,

Heidelberg, 1990, pp. 471–502.

[12] K. Wakabayashi, H. Ushiyama, M. Takahashi, H. Nukaya,

S.B. Kim, M. Hirose, M. Ochiai, T. Sugimura, M. Nagao,

Exposure to heterocyclic amines, Environ Health Perspec.

99 (1993) 129–133.

[13] N. Ito, R. Hasegawa, M. Sano, S. Tamano, H. Esumi, S.

Takayama, T. Sugimura, A new colon and mammary carcino-

gen in cooked food, 2-amino-1-methyl-6-phenyl-imidazo(4,5-

b)pyridine (PhIP), Carcinogenesis 12 (1991) 1503–1506.

[14] H. Wallin, A. Mikalsen, F.P. Guengerich, M. Ingelman-Sund-

berg, K.E. Solberg, O.J. Rossland, J. Alexander, Differential

rates of metabolic activation and detoxication of the food

mutagen 2-amino-1-methyl-6-phenylimidazo(4,5-b)pyridine

by different cytochrome P450 enzymes, Carcinogenesis 11

(1990) 489–492.

[15] M.H. Buonarati, J.S. Felton, Activation of 2-amino-1-methyl-

6-phenyl-imidazo(4,5-b)pyridine (PhIP) to mutagenic meta-

bolites, Carcinogenesis 11 (1990) 1133–1138.

[16] F.G. Crofts, T.R. Sutter, P.T. Strickland, Metabolism of 2-

amino-1-methyl-6-phenyl-imidazo[4,5-b]pyridine (PhIP) by

human cytochrome P4501A1, P4501A2 and P4501B1, Carci-

nogenesis 19 (1998) 1969–1973.

[17] J. Alexander, H. Wallin, J.A. Holme, G. Becher, 4-(2-amino-

1-methylimidazo-(4,5-b)pyrid-6-yl)phenyl sulfate–a major

metabolite of the food mutagen 2-amino-1-methyl-6-phenyli-

midazo(4,5-b)pyridine (PhIP) in the rat, Carcinogenesis 10

(1989) 1543–1547.

[18] J. Alexander, H. Wallin, O.J. Rossland, K.E. Solberg, J.A.

Holme, G. Becher, R. Andersson, S. Grivas, Formation of a

glutathione conjugate and a semistable transportable glucur-

onide conjugate of N2-oxidized species of 2-amino-1-methyl-

6-phenylimidazo-(4,5-b)pyridine (PhIP) in rat liver, Carcino-

genesis 12 (1991) 2239–2245.

[19] P.B. Styczynski, R.C. Blackmon, J.D. Groopman, T.W. Kens-

ler, The direct glucuronidation of 2amino-1methyl-6phenyli-

midazo[4,5-b]pyridine by human and rabbit liver microsomes,

Chem. Research Toxicol. 6 (1993) 846–851.

[20] H. Ushiyama, K. Wakabayashi, M. Hirose, H. Itoh, T. Sugi-

mura, M. Nagao, Presence of carcinogenic heterocyclic

amines in urine of healthy volunteers eating normal diet, but

not of inpatients receiving parenteral alimentation, Carcino-

genesis 12 (1991) 1417–1422.

[21] L.C.R. Kidd, W.G. Stillwell, M.C. Yu, J.S. Wishnok, P.L.

Skipper, R.K. Ross, B.E. Henderson, S.R. Tannenbaum, Urin-

ary excretion of 2amino-1methyl-6phenylimidazo[4,5-b]pyri-

dine (PhIP) in white, African-American, and Asian-American

men in Los Angeles county, Cancer Epidemiol. Biomark

Preven. 8 (1999) 439–445.

[22] A.R. Boobis, A.M. Lynch, S. Murray, R. de la Torre, A.

Solans, M. Farre, J. Segura, N.J. Gooderham, D.S. Davies,

CYP1A2-catalyzed conversion of dietary heterocyclic amines

to their proximate carcinogens is their major route of metabo-

lism in humans, Cancer Res. 54 (1994) 89–94.

[23] R. Reistad, O.J. Rossland, K.J. Latva-Kala, T. Rasmussen, R.

Vikse, G. Becher, J. Alexander, Heterocyclic aromatic amines

in human urine following a fried meat meal, Fd. Chem. Toxi-

col. 35 (1997) 945–955.

[24] R. Sinha, N. Rothman, S.D. Mark, S. Murray, E.D. Brown,

O.A. Levander, D.S. Davies, N.P. Lang, F.F. Kadlubar, R.N.

Hoover, Lower levels of 2-amino-3,8-dimethylimidazo(4,5-

f)quinoxaline (MeIQx) in humans with higher CYP1A2 activ-

ity, Carcinogenesis 16 (1995) 2859–2861.

[25] W.G. Stillwell, L.R. Kidd, J.S. Wishnok, S.R. Tannenbaum,

R. Sinha, Urinary excretion of unmetabolized and phase II

conjugates of 2amino-1methyl-6phenylimidazo[4,5b]pyridine

and 2-amino-3,8-dimethylimidazo(4,5-f)quinoxaline in

humans: relationship to cytochrome P4501A2 and N-acetyl-

transferase activity, Cancer Res. 57 (1997) 3457–3464.

[26] D.H. Kang, N. Rothman, M.C. Poirier, A. Greenberg, C.H.

Hsu, B.S. Schwartz, M.E. Baser, J.D. Groopman, A. Weston,

P.T. Strickland, Interindividual differences in the concentra-

tion of 1-hydroxypyrene-glucuronide in urine and polycyclic

aromatic hydrocarbon-DNA adducts in peripheral white blood

M.D. Friesen et al. / Cancer Letters 173 (2001) 43–5150



cells after charbroiled beef consumption, Carcinogenesis 16

(1995) 1079–1085.

[27] J.S. Felton, M.G. Knize, N.H. Shen, P.R. Lewis, B.D. Andre-

sen, J. Happe, F.T. Hatch, The isolation and identification of a

new mutagen from fried ground beef: 2-amino-1-methyl-6-

phenyl-imidazo(4,5-b)pyridine (PhIP), Carcinogenesis 7

(1986) 1081–1086.

[28] M.D. Friesen, D.A. Cummings, L. Garren, R. Butler, H.

Bartsch, H.A.J. Schut, Validation in rats of two biomarkers

of exposure to the food-borne carcinogen 2-amino-1-methyl-

6-phenylimidazo-(4,5-b)pyridine (PhIP): PhIP-DNA adducts

and urinary PhIP, Carcinogenesis 17 (1996) 67–72.

[29] E. Giovannucci, E.B. Rimm, M.J. Stamfer, G.A. Colditz, A.

Ascherio, W.C. Willett, Intake of fat, meat, and fiber in rela-

tion to risk of colon cancer in men, Cancer Res. 54 (1994)

2390–2397.

[30] M.H. Schiffman, J.S. Felton, Fried foods and the risk of colon

cancer, Am. J. Epidemiol. 131 (1990) 376–378.

[31] R.K. Peters, D.H. Garabrant, M.C. Yu, T.M. Mack, A case-

control study of occupational and dietary factors in colorectal

cancer in young men by subsite, Cancer Res. 49 (1989) 5459–

5468.

[32] D. Lin, K.R. Kaderlik, R.J. Turesky, D.W. Miller, J.O. Lay,

F.F. Kadlubar, Identification of N-(deoxyguanosin-8-yl)-2-

amino-1-methyl-6-phenylimidazo(4,5-b) pyridine as the

major adduct formed by the food-borne carcinogen, 2-

amino-1-methyl-6-phenylimidazo(4,5-b)pyridine, with DNA,

Chem. Res. Toxicol. 5 (1992) 691–697.

[33] N.P. Lang, M.A. Butler, M. Lawson, R.C. Stotts, M. Hauer-

Jensen, F.F. Kadlubar, Rapid metabolic phenotypes for acet-

yltransferase and cytochrome P4501A2 and putative exposure

to food-borne heterocyclic amines increase the risk for color-

ectal cancer or polyps, Cancer Epidemiol. Biomark. Preven. 3

(1994) 675–682.

[34] J.D. Potter, Colorectal cancer: Molecules and populations, , J.

Natl. Cancer Inst. 91 (1999) 916–932.

[35] A.M. Lynch, M.G. Knize, A.R. Boobis, N.J. Gooderham, D.S.

Davies, S. Murray, Intra- and interindividual variability in

systemic exposure in humans to 2-amino-3,8-dimethylimi-

dazo(4,5-f)quinoxaline and 2-amino-1-methyl-6-phenylimi-

dazo(4,5-b)pyridine, carcinogens present in cooked beef,

Cancer Res. 52 (1992) 6216–6223.

[36] M.A. Malfatti, K.S. Kulp, M.G. Knize, C. Davis, J.P. Massen-

gill, S. Williams, S. Nowell, S. MacLeod, K.H. Dingley, K.W.

Turteltaub, N.P. Lang, J.S. Felton, The identification of [2-

(14)C]2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine

metabolites in humans, Carcinogenesis 20 (1999) 705–713.

[37] K.S. Kulp, M.G. Knize, M.A. Malfatti, C.P. Salmon, J.S.

Felton, Identification of urine metabolites of 2-amino-1-

methyl-6-phenylimidazo[4,5-b]pyridine following consump-

tion of a single cooked chicken meal in humans, Carcinogen-

esis 21 (2000) 2065–2072.

[38] P.T. Strickland, Z. Qian, M. Friesen, N. Rothman, R. Sinha,

Measurement of 2-amino-1-methyl-6-phenylimidazo(4,5-

b)pyridine (PhIP) in acid-hydrolyzed urine by high perfor-

mance liquid chromatography with fluorescence detection,

Biomarkers 6 (2001) in press.

M.D. Friesen et al. / Cancer Letters 173 (2001) 43–51 51


