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Abstract

Carcinogenic and mutagenic heterocyclic aromatic amines (HAA) are natural products often present at ng/g levels in
muscle meats when they are cooked at temperatures over 150°C. Using solid-phase extraction and high performance liquid
chromatography (HPLC) with photodiode array UV detection, samples were analyzed for the following heterocyclic amines:
DiMelQx (2-amino-3,4,8-trimethylimidazo[4,5-f]quinoxaline); IQ (2-amino-3-methylimidazo[4,5-f]quinoline); MelQx (2-
amino-3,8-dimethylimidazo{4,5-f]quinoxaline); and PhIP (2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine). Quality con-
trol samples, analyzed periodically over two years in a blind study, show relative standard deviations ranging from 22 to
38% for the compounds found, variations typical for analysis at ng/g levels. Amounts range from undetectable levels (less
than 0.1 ng/g) to hundreds of ng/g of PhIP for frying or grilling at high meat surface temperatures. Beef, chicken, pork and
lamb can all have greater than 10 ng/g of PhIP. Ground chicken breast meat has lower amounts of heterocyclic amines than
intact muscle pieces of the same size cooked identically. Restaurant prepared samples that we analyzed contained
undetectable levels up to 14 ng/g total heterocyclic amines for a beef steak sample. Not extracted with the above method are
related mutagenic heterocyclic amines, which have been reported in cooked foods in our laboratory and others. Method
development using ion exchange on an SCX solid-phase extraction cartridge shows promise in providing a method for the
quantitation of these mutagenic dimethyl-, trimethyl- and furo-imidazopyridines where a practical analysis method is needed.
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1. Introduction

The search for carcinogenic agents in foods is
directed towards explaining differences in cancer
occurrence in humans. Analysis of the health risks of
dietary chemicals has focused either on exogenous
chemicals added to foods, such as pesticides and
artificial sweeteners, or endogenous substances natu-
rally present or formed within foods, such as fats and
fungal metabolites.

The finding that extracts of cooked muscle meats
produce a potent response in the Ames/Salmonella
mutation test led to studies using analytical chemis-
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try methods to isolate and identify the chemicals
responsible for the mutagenic activity. These potent
mutagens in bacterial test systems have been shown
to be carcinogenic in animal test systems and have
been the subject of hundreds of research articles in
the last 17 years [1-5].

The formation of mutagenic chemicals in meats
has been explained by the condensation of creatine
or creatinine with amino acids and sugars or their
thermal decomposition products in model systems
and meats [6,7].

Many heterocyclic aromatic amines have been
isolated and identified from cooked meats or model
systems, but four compounds are frequently reported
in food surveys [8-12]. These are: DiMelQx (2-
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amino-3,4,8-trimethylimidazo[4,5-f ]quinoxaline); 1Q
(2-amino-3-methylimidazo[4,5-f ]Jquinoline); MelQx
(2-amino-3,8-dimethylimidazo[4,5-f]quinoxaline); a-
nd PhIP (2-amino-1-methyl-6-phenylimidazo[4,5-
blpyridine). We analyzed meat samples according to
the PRS solid-phase extraction and HPLC method of
Gross [8,13).

An additional group of compounds, that have been
studied less, have been found in various meats and
meat extracts by purification guided by the Ames/
Salmonella mutagenicity assay [14]. Among these
are amino-dimethyl- and amino-trimethyl-imidazo
pyridines, DMIP and TMIP, respectively. They have
been reported in only a few instances in foods or
food extracts, because analytical standards have not
been available for method development. For some of
these, like TMIP, the exact structure is not known but
several isomers are available. We believe some of
these compounds may be important because early
results suggest their mass amounts are in the range of
the commonly found MelQx. Thus, their analysis in
foods needs to be undertaken. Complete analysis of
the heterocyclic amine carcinogens in the human diet
requires quantification of this whole group of com-
pounds.

We report here food analysis results with the PRS
solid-phase extraction method for heterocyclic amine
analysis of foods and preliminary results for a new
solid-phase extraction technique for the analysis of
aromatic amine mutagens in foods for which no
method is currently available.

2. Experimental

2.1. Chemicals

DiMelQx, MelQx, IQ and PhIP were purchased
from Toronto Research Chemicals, Downsview,
Ontario. DMIP (2-amino-1,6-dimethylimidazo(4,5-
blpyridine) and 1Qx (2-amino-3-methylimidazo[4,5-
flquinoxaline) were synthesized at LLNL as reported
[15,16]. TMIP isomers (1,5,6-tri-
methylimidazopyridine and 3,5,6-tri-
methylimidazopyridine) were the kind gift of Dr.
Mary Tanga, SRI International [17]. The structures
of these compounds are shown in Fig. 1.
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Fig. 1. Heterocyclic amine mutagens used in this study.
2.2. Food samples

Laboratory-cooked samples were fried in a pan or
grilled over charcoal or propane to a well-done but
edible condition in our laboratory or those of col-
laborators. The commercially pre-cooked meat sam-
ples were purchased from restaurants in the San
Francisco Bay area. The cooking technique used for
some commercially cooked samples remains un-
known. The degree of cooking of restaurant-cooked
meats was unspecified or ‘“well-done” by our re-
quest. All meat samples with bones were deboned
before homogenization. All samples included every
part of the meat normally eaten and were homogen-
ized in a food blender to create a uniform sample.

2.3. Extraction and purification

Extraction for HPLC analysis was done as previ-
ously described [18] using methods developed by Dr.
Gian Gross, referred to here as the PRS method
[8,13]. Briefly, 4-g samples were homogenized in 1
M NaOH and mixed with Chem Elut diatomaceous
earth (Varian Sample Preparation Products, Harbor
City, CA, USA) to form a free-flowing powder. The
mixtures were poured into extraction columns cou-
pled to Bond Elut PRS (propylsulfonic acid-silica
gel, 500 mg) solid-phase extraction columns (Varian
Sample Preparation Products). Heterocyclic amines
were extracted to the PRS columns with 40 ml of 5%
toluene in dichloromethane. The sample retained by
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the PRS cartridge was washed with 40% 0.1 M
HCl-methanol and transferred with 20 ml of 0.5 M
ammonium acetate and concentrated on a 100 mg
Bond Elut C ¢ extraction column. After elution, the
samples were evaporated to dryness and resuspended
with an internal standard solution.

An acid/ion-exchange solid-phase extraction
scheme (SCX method) allowing extraction and puri-
fication of a group of heterocyclic amines not
extracted by the PRS method (TMIP, DMIP) is under
development. Briefly, cooked meat was homogenized
in 0.1 M HCl-methanol (3:2), centrifuged, and the
supernatant diluted with 0.1 M HCl to a 20%
methanol content. The resulting extract was applied
to an endcapped C,; SPE cartridge (International
Sorbent Technology, Hengoed, UK) coupled to a
Bond Elut SCX cartridge (Benzenesulphonic acid,
500 mg; Varian Sample Preparation Products). The
C,; cartridge trapped contaminants while allowing
the heterocyclic amines to pass to the SCX cartridge
where they were retained. The C, cartridge was
discarded and the SCX column was washed succes-
sively with 0.1 M HCl-methanol (3:2), MeOH,
water and 1.0 M ammonium acetate, pH 8. The
analytes were eluted with 1.0 M ammonium acetate
(pH 8)-methanol (1:1) and after removal of the
MeOH from the eluent this fraction was concentrated
on a Bond Elut C,; cartridge. After elution with
methanol-ammonium hydroxide (9:1), the samples
were evaporated to dryness and resuspended in
mobile phase. This represents current progress and
all steps and possible additional ones are being
optimized to maximize analyte recovery and mini-
mize co-extracted interferences.

2.4. High-performance liquid chromatography

HPLC separation conditions are given in the
legends to Figs. 2 and 3. Samples were analyzed on a
Millennium 2010 HPLC system (Millipore, Milford,
MA, USA) with a WISP autosampler, Model 996
photodiode array detector and a Hewlett-Packard
1046A programmable fluorescence detector (excita-
tion 307 nm; emission 370 nm). The identities of
chromatographic peaks were confirmed by compar-
ing the peaks’ UV absorbance spectrum to library
spectra acquired from standard solutions. Results

were corrected for losses determined from spiked
samples.

3. Results and discussion

Fig. 2 shows chromatograms from the extract of a
fried beef sample, spiked with four heterocyclic
amines (1, upper chromatogram) or unspiked (I,
lower chromatogram). UV absorbance at 262 nm
shows MelQx, DiMelQx and PhIP peaks in the
unspiked samples, which are confirmed by the
sample and library spectra, shown on the right of
Fig. 2. Fluorescence chromatograms (2) show a
much larger signal over the background peaks for
PhIP, the only heterocyclic amine of these three that
fluoresces. The confirmation by comparing UV spec-
tra is essential, because even with the extensive
solid-phase purification, many unknown, potentially
interfering peaks are present in each chromatogram.

Quality control of the reproducibility of our work
with the solid-phase extraction and HPLC procedures
was evaluated, with no trends or sample misclassifi-
cations seen. Relative standard deviations ranged
from 22 to 37% for individual compounds for a high
temperature sample analyzed 13 times over the
course of the study (data not shown).

Table 1 shows the average of duplicate ex-
tractions of restaurant or laboratory-cooked samples
analyzed by the PRS method. In general, PhIP is the
most abundant heterocyclic amine, followed by
MelQx, but the ratios vary greatly. Bacon seems to
form MelQx and PhIP equally, chicken and beef
generally form more PhIP. These restaurant-cooked
and laboratory-cooked samples show higher amounts
of MelQx, DiMelQx and PhIP than fast-food meat
products which in all cases studied had less than 1
ng/g total combined heterocyclic amines [18]. A
large study of chicken cooked in a variety of ways
showed some samples, those broiled or cooked on a
propane grill, to have unusually high amounts of
PhIP with several samples containing 50 to 450 ng/g
[19]. Our values (Table 1) are in general agreement
with other food surveys but cooking conditions are
shown to be an important variable in heterocyclic
amine formation.

Fig. 4 shows the effect of grilling time on the
formation of PhIP in chicken breast meat, either
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Fig. 2. HPLC chromatograms and photodiode array UV absorbance spectra of the PRS analysis of a fried beef sample. Upper left (1): spiked
(upper) and unspiked chromatograms at 262 nm. Lower left (2): spiked (upper) and unspiked chromatograms from fluorescence detector,
(excitation=307 nm, emission=370 nm). HPLC conditions: TSK gel ODS80-TM column (TosoHaas, 220 mmX4.6 mm 1.D.), a mobile
phase of triethylamine phosphate 0.01 M, pH 3.6 (A solvent) and acetonitrile (B solvent), flow 1 ml/min. A linear gradient (5-15% B from
0--10 min; 15-25% B from 10-20 min; 25-55% B from 20-30 min) was used.

ground and formed into patties or left intact. In all
cases, PhIP was formed in higher amounts in the
whole skinless, boneless chicken breast meat sample
than in the ground sample. The reasons for this are
not clear, but the temperature at the meat surface or
the availability of precursors may be affected by
grinding the muscle tissue.

A new method for the analysis of additional
heterocyclic amines, those not recovered by the PRS
method, is under development. The SCX solid-phase
extraction columns used exhibit a dual mode of
action, a cation-exchange and an apolar mechanism.
Both modes are capable of retaining the heterocyclic
amines. The heterocyclic amines pass through the
endcapped C,; solid-phase extraction column due to
the 20% methanol content of the extract, but are

retained on the SCX column by the cation-exchange
mechanism. The washes described in the extraction
procedures were designed to make optimal use of
this dual mode character by switching from retention
of the amines by the cation-exchange mechanism to
retention by the reversed-phase mechanism. Some
samples, such as chicken grilled at high tempera-
tures, may require further purification. Table 2 shows
preliminary data comparing recovery in the PRS
method and the newly developed SCX method for
heterocyclic amines. Although in some cases the
recovery of the compound is lower in the new
acid/SCX method compared to the PRS method, it
appears that the new method recovers the total set of
heterocyclic amines we have tried. Fig. 3 shows
chromatograms of a chicken extract spiked with
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Fig. 3. Chromatograms (upper panel: UV absorbance at 262 nm; middle panel: UV absorbance at 305 nm; bottom panel: fluorescence with
excitation=307 nm and emission=370 nm) of a grilled chicken sample spiked with DMIP (A), 1,5,6-TMIP (B). IQx (C) and 3,5,6-TMIP
(D) and processed using the newly developed SCX method. Naturally present in this sample was PhIP (E). HPLC conditions: TSK gel
ODS80-TM column, a mobile phase of triethylamine phosphate 0.025 M, pH 3.6 (A solvent) and acetonitrile (B solvent), flow 1 ml/min.
After running isocratically at 5% B for 5 min, the following linear gradients were started: 5~17% B from 5—15 min; 17-25% B from 15-25

min; 25-55% B from 25-35 min; 55-80% B from 35-40 min.

DMIP, 1Qx, 1,5,6- and 3,5,6-TMIP and purified using
the new method. PhIP occurs in large amounts in
grilled chicken and was detected in addition to the
spiked heterocyclic amines. Many interfering peaks
are still present and are likely obscuring the MelQx
and DiMelQx found in this sample by the PRS
method. Work is currently underway to optimize the

washing of the SPE columns to remove contami-
nants, and to optimize the HPLC separation.

There are additional heterocyclic amines known in
foods. An imidazofuro pyridine (IFP) was purified
from meat cooked with added creatine [20], con-
geners of DiMelQx [21,22] and PhIP [23] were
isolated from meats or meat-derived products. These
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Table |

Heterocyclic amine content of cooked meat samples, restaurant and laboratory cooked, analyzed by the PRS method

Type of sample Source’ MelQx(ng/g) DiMelQx (ng/g) PhIP(ng/g)
Pork, blackened, Cajun style R 0.53" ND* 3.0
Bacon A L 11 20 1.5
Bacon B L 27 9.3 36
Bacon C L 1.0 ND ND
Ham, grilled L 23 0.2 1.5
Lard, 160°C L ND ND ND
Chicken Fajita, Mexican style R 0.54 ND 6.4
Chicken breast A, grilled L ND 3.1 270
Chicken breast B, grilled L 0.63 0.53 21
Hamburger A, charcoal grilled R 0.89 ND 11
Hamburger B, pan fried L 16.4 4.5 67.5
Hamburger C, charcoal grilled (for human studies) L 22 ND 50
Beef, blackened, Cajun style R 0.48 ND 1.0
Top sirloin steak R 0.87 ND 13
Lamb, grilled L 1.6 ND 11

* R=restaurant, L=laboratory cooked.” Average of duplicate analyses’ ND=not detected (<0.1 ng/g).

will be tested for recovery with the new and seem-
ingly more universal method.

4. Conclusions

The heterocyclic amines are mutagens and animal
carcinogens and are thus plausible human car-
cinogens. Relating the human consumption for ex-
posed populations requires analysis to understand the
amounts and the conditions for formation, and

E] Whole
Ground

PhIP, ng/g cooked weight

Grilling time, min

Fig. 4. Graph showing the PhIP in chicken breast meat samples
ground and formed into patties or left intact and grilled for 10, 14
or 18 min. Analysis was by the PRS extraction method.

strategies to reduce formation and consumption if
warranted.

If any of the additional heterocyclic amine
mutagens are present in foods in masses comparable
to the heterocyclic amines listed in Table 1, their
mutagenic and carcinogenic potency should be
evaluated to determine their contribution to the risk
of human consumption of heterocyclic amines in
foods.

Importantly, PhIP has been shown to have bio-
logical properties that appear to be relevant to risk
assessment. PhIP has important tissue specificity
with respect to carcinogenesis: the colon of male rats
and the mammary gland and colon of female rats are
targets. The same cancer targets are seen in humans

Table 2
Recovery of heterocyclic amines in the PRS method compared to
the SCX method

Compound % Recovered in % Recovered in
PRS method SCX method
IQx 95 58
DMIP 6 31
1,5,6-TMIP 0 81
3.5,6-TMIP 70 61
1Q 45 48
MelQ 38 24
MelQx 67 46
DiMelQx 72 25
PhIP 30 28
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on Western diets high in meat [24-26]. DMIP, TMIP
and the IFP isomers are structurally related to PhIP,
being pyridine imidazoamines, and their metabolic
and carcinogenic properties are therefore important
to assess. This further suggests a role for these
compounds in human cancer etiology and shows a
strong need for understanding the levels of consump-
tion of PhIP and related compounds in our diet.

Analysis of foods requires reliable methods ca-
pable of determining the amounts of heterocyclic
amine carcinogens present. The existing solid-phase
extraction method and the new method under de-
velopment appear capable of providing the analysis
needed to support studies in the causes of human
disease.
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