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Abstract

Twenty-five commercial pet foods were analyzed for mutagenic activity using the Ames/Salmonella test with strain TA98
and added metabolic activation. All but one gave a positive mutagenic response. Fourteen of these samples were analyzed for
heterocyclic amine mutagens/carcinogens and all but one contained 2-amino-3,8-dimethylimidazo[4,5-f]quinoxaline (MeIQx)
and 10 of 14 contained 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) as analyzed by HPLC and confirmed by
photodiode array peak matching. From these findings it is hypothesized that there is a connection between dietary heterocyclic
amines and cancer in animals consuming these foods.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Mutagenic substances that are animal carcinogens
have been found in foods and beverages[1]. The geno-
toxic carcinogens are found in some plant and animal
products, from fungal spoilage products to compounds
produced during food preparation. Despite over three
decades of research, connecting these to human can-
cers is elusive due to the low dose seen in the human
diet and difficulty in determining accurate intakes over
a lifetime [2].

It is well-established that potent genotoxic hetero-
cyclic amines are produced by the heating of natu-
ral precursors in meat, the creatine, amino acids and
sugars, during cooking at high temperatures[3–6].
The demonstrated mutagenicity of these compounds
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in bacteria, cells in culture[7,8], and mice[9,10] sup-
port the many studies of carcinogenicity in mice and
rats[11,12]. DNA adducts are formed in rodents and
humans consuming these compounds at low doses
[13]. Two heterocyclic amines, 2-amino-3,8-dimethyl-
imidazo[4,5-f]quinoxaline (MeIQx) and 2-amino-1-
methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) have
a specificity for mammary gland tumors in rats[14],
and the prostate is a target for PhIP-induced cancer
in the rat[12].

For environmental exposures, dogs have been sug-
gested as sentinels for human disease because they
share the habitat and sometimes even the food of
their human companions[15] and are not influenced
by workplace exposures. Cancer is a leading cause
of pet animal deaths. For studies of the exposure to
household indoor air pollutants, radon and environ-
mental tobacco smoke, it was suggested by Bukowski
and Wartenberg[16] that pet epidemiology be used
for the advantage of shorter life spans and cancer
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latency periods, as well as the lack of confounding
occupational exposures in pets. In one study, with no
age adjustment, 23% of animal patients presented at
autopsy died of cancer[17].

In this paper, we describe the analysis of com-
mercial pet foods for mutagenic activity using the
Ames/Salmonella test and the finding of heterocyclic
amine carcinogens in selected samples. Like the hu-
man diet, the dog’s diet contains cooked meat. The
finding of carcinogens in pet foods and the similarities
in cancer occurrence at sites in humans and sexually
intact dogs suggest that dogs may be a good model for
studying the relationship between dietary heterocyclic
amines and cancer.

2. Materials and methods

2.1. Salmonella mutagenicity assay

The mutagenic activity of the sample extracts was
determined using the standard plate incorporation
assay described by Ames et al.[18], with S. ty-
phimurium strain TA98 (a gift of Professor Bruce
Ames, University of California, Berkeley) with 2 mg
of Aroclor-induced rat liver S9 protein per plate for
metabolic activation, and tested in 5, 10, 25, 50, and
100�l volumes. A positive control, IQ, gave 1200–
1500 revertants per 5 nanogram dose. Dimethylsul-
foxide was the negative control (spontaneous revertant
counts) and gave TA98 values of 30–100 revertant
colonies per plate.

Dose–response curves of the mutagenic activity
were calculated using the method of Moore and Felton
[19]. A minimum of four dose points from duplicate
platings was used, and the linear portion of the curve
was used to calculate the number of revertants per
gram of original sample extracted. The standard error
of the linear fits for all samples averaged 9.6% and
was less than 22% in all cases.

2.2. Samples and chemicals

Pet foods were purchased from local stores or were
small samples packaged by the manufacturer and
distributed as samples. Heterocyclic amine standards
included 2-amino-3,8-dimethylimidazo[4,5-f] quinox-
aline (MeIQx), 2-amino-3,4,8-trimethylimidazo[4,5-f]

quinoxaline (DiMeIQx), 2-amino-1-methyl-6-phenyl-
imidazo[4,5-b]pyridine (PhIP), all purchased from
Toronto Research Chemicals (Downsview, Ont.,
Canada), and 2-amino-(1,6-dimethylfuro[3,2-e]imi-
dazo[4,5-b])pyridine (IFP) was purified from a nat-
ural product [20]. Concentrations of the standards
were determined using established molar extinc-
tion coefficients of 41,100 at 273 nm for MeIQx,
40,000 at 275 nm for DiMeIQx, 19,400 at 316 nm
for PhIP, and 19,400 at 323 nm for IFP. Absorbances
were measured using a Shimadzu 2100 spectropho-
tometer (Shimadzu Scientific Instruments, Inc.,
Columbia, MD, USA). All solvents were HPLC
grade.

2.3. Sample extraction

Extraction was done using a modification of the
solid phase extraction described by Gross and Grüter
[21]. Briefly, each sample was ground in a blender,
homogenized in 1 M NaOH, mixed with diatoma-
ceous earth (Hydromatrix, Varian, Harbor City, CA,
USA), and extracted with 50 ml ethyl acetate onto
propylsulfonic acid (PRS) silica cartridges (500 mg,
Varian, Harbor City, CA, USA). For mutagenic-
ity testing, the PRS cartridge was eluted with 2 ml
methanol/ammonium hydroxide, (9:1, v:v), evapo-
rated to dryness, re-dissolved in DMSO, and tested in
duplicate plates.

2.4. Heterocyclic amine analysis

For heterocyclic amine analysis, samples were ex-
tracted as detailed above, with further purification by
washing the PRS cartridge with HCl and transferring
to C18 cartridges (100 mg, Varian, Harbor City, CA,
USA) with ammonium acetate, and the extract was
analyzed by high performance liquid chromatography
as reported[22]. HPLC separation was done using
a 250 mm× 4.6 mm i.d. TSK gel ODS80-TM col-
umn (TosoHaas, Montgomeryville, PA) with a mobile
phase of triethylamine phosphate 0.01M pH 3.2 (A
solvent) and acetonitrile (B solvent). A linear gradient
(5–15% B from 0 to 10 min; 15–25% B from 10 to
20 min; 25–55% B from 20 to 30 min) was used. Sam-
ples were analyzed on a Millennium 2010 HPLC sys-
tem (Millipore Corp., Milford, MA) with a WISP au-
tosampler, model 996 photodiode array detector, and
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a Hewlett-Packard 1046A programmable fluorescence
detector.

Heterocyclic amines were identified by concurrence
of their retention times and ultraviolet (UV) spectral
shapes with established library spectra for each of the
compounds. PhIP and IFP were further confirmed by
the presence of fluorescence peaks corresponding to
UV peaks having the correct spectral shape and re-
tention times. Correction for incomplete recovery of
analytes was determined by spiking separate samples
with known amounts of each of the four heterocyclic
amines prior to ethyl acetate extraction. Recoveries
typically ranged from about 20% for PhIP and IFP
to 60% for MeIQx and DiMeIQx. Nanograms of ana-
lyte per gram of pet food sample were calculated from
the resulting chromatogram peak areas, with correc-
tion for incomplete recoveries. Fluorescence peak ar-
eas were used for quantifying PhIP and IFP. The limit
of detection for the heterocyclic amines was about
0.05 ng/g depending on the presence or absence of
co-extracted interferences.
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Fig. 1. Graph of mutagenic potency of pet food samples 13 (diamond symbol), 16 (circle), 17 (triangle), and 22A (square). Gram-equivalents
are the amount used for each dose calculated to the unextracted food purchased.

3. Results and conclusions

Fig. 1 shows the dose–response curves for four of
the pet food samples numbered 13, 16, 17, and 22
as examples of analysis of the mutation data. The re-
vertant colonies per Petri plate are plotted against the
gram-equivalents of original pet food that was ex-
tracted. The slope of the line was used to determine the
mutagenic response for 25 brands of pet foods shown
in Table 1. All but one sample, number 8, gave a pos-
itive response (a positive slope for the dose–response
curve) in the mutagenicity test. Potencies per gram of
food ranged from 16 revertant colonies per gram for
sample 9 to 992 revertant colonies for sample 18. The
standard error of the line was used to give the uncer-
tainty of each mutagenic activity measurement. For
three foods, 15, 19, and 22, new samples were ob-
tained several months after the original as a check on
the consistency of the sample batches. In each case the
new samples were 3–6-fold different from the origi-
nal, suggesting general variability in the manufacture
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Table 1
Mutagenic activity and heterocyclic amines in pet foods

Pet food Mutagenic activity Heterocyclic amines (ng/g)

Revertants/g MeIQx PhIP DiMeIQx

1 (cat) 117± 13 0.53 1.7 ND
2 (dog) 104± 3 0.17 0.8 ND
3 (dog) 36± 3 ND ND ND
4 (dog) 34± 5 0.04 ND ND
5 (dog) 203± 8 0.86 ND ND
6 (cat) 183± 11 – – –
7 (dog) 91± 3 – – –
8 (dog) Not positive – – –
9 (dog) 16± 3 – – –

10 (dog) 34± 4 – – –
11 (puppy) 130± 8 0.9 1.6 ND
12 (dog) 44± 4 – – –
13 (dog) 198± 6 – – –
14 (cat) 36± 8 – – –
15A (puppy) 161± 10 – – –
15B (puppy) 48± 3 1.1 2.4 ND
16 (cat) 99± 3 – – –
17 (cat) 246± 10 – – –
18 (dog) 992± 60 0.8 70 ND
19A (dog) 357± 14 1.4 14 0.17
19B (dog) 59± 11 3.3 14 0.11
20 (dog) 30± 5 – – –
21 (dog) 172± 9 – – –
22A (dog) 51± 4 – – –
22B (dog) 195± 16 0.26 18 ND
23 (dog) 174± 16 1.4 21 0.12
24 (dog) 115± 7 0.34 ND 0.02
25 (kitten) 209± 19 0.57 3.5 ND

ND: not detected in the sample; –: not done. Two different samples
of the same food (A and B) for pet foods 15, 19, and 22 were
tested.

of the products. No consistent differences in muta-
genic activity between dog, cat, puppy, or kitten foods
were seen in this limited sampling. Differences might
be expected if the percentage of meat products or dif-
ferences in heating of meat products varied with the
type of food. Details of the manufacture of the pet
foods and sources of ingredients appear to be propri-
etary information.

A subset of samples covering a range of mutagenic
potencies of the samples was analyzed for heterocyclic
amines of the kind formed during the cooking of meat.
Fig. 2 shows the chromatograms and confirming UV
absorbance spectra of a typical sample. MeIQx was
identified in 13 samples, PhIP was identified in 10,
and DiMeIQx was found in three foods. These ratios
are typical for cooked meats, with PhIP and MeIQx

most abundant and always less DiMeIQx found. In-
terestingly, PhIP was more abundant than MeIQx in
all samples in which it was found. IFP was not found
in any sample, although IFP is frequently found in
well-done meats[20]. The heterocyclic amines identi-
fied generally account for only one-fourth to one-half
of the measured mutagenic activity, using the poten-
cies of MeIQx, PhIP, and DiMeIQx of 100, 2, and 320
TA98 revertants per nanogram, respectively. In initial
studies several samples were spiked with nine hete-
rocyclic amines and recoveries were determined, yet
none of the heterocyclic amines other than the three
reported here were detected to explain the higher than
expected mutagenic activity that we measured. This
suggests other known or unknown mutagens are re-
sponsible for some of the activity measured.

The levels of mutagenic activity in pet foods are
comparable to levels reported in the human diet. For
meats cooked by professional chefs and served in
restaurants, levels ranged from undetectable levels for
one sample of 22 tested, up to 720 TA98 revertants
per gram of meat[23]. The pet foods and meats for
human consumption are nearly identical in the range
of mutagenic potencies.

For heterocyclic amines, total levels in restaurant-
cooked meats ranged from 0.5 to 20.2 ng/g for a char-
broiled steak[23]. Pet foods had a similar range of
heterocyclic amines: five samples of the 14 tested had
combined levels over 15 ng/g. We estimate that the
dose of heterocyclic amines that pets receive to be
5-fold higher than the human dose, since the pet food
is the exclusive diet of many pets, and we estimate
cooked meat to be about 17% of the percentage by
weight of the solid human diet based on USDA food
surveys[24].

It appears that the heterocyclic amines are the
products of cooking, but a systematic study of pet
food ingredients and their manufacture would identify
the source and perhaps suggest ways to prevent their
occurrence in the foods. Cooking meat to microbi-
ological sterility can be done without the formation
of heterocyclic amines[25], which are formed at
high temperatures or moderate temperatures com-
bined with long cooking times, factors which could
be controlled during pet food manufacturing[3,4,26].

Since the occurrence of mammary and prostate car-
cinomas is high in sexually intact dogs, it is plausible
that the dietary heterocyclic amines may be involved
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Fig. 2. HPLC chromatograms and UV absorbance spectra of sample 11. A reversed-phase HPLC separation was done with a linear gradient.
SeeSection 2for details.

in this cancer initiation. A study of the factors in-
fluencing canine cancer identified a high intake of
red meat as associated with mammary tumors in a
case/control study in dogs[27]. Breast cancer in dogs
has been investigated and believed to be “caused by
nutritional factors acting early in life”[28]. Colon and
rectal cancers, which are putative endpoints of hetero-
cyclic amines exposures, are much lower in dogs than
in humans[29]. Still, exposure of pets to heterocyclic
amines may provide relevant insight to the effects of
these same heterocyclic amines in humans.

The finding of mutagenic activity and rodent car-
cinogens in pet food may also have implications for
animal studies of carcinogens, particularly in dogs
or cats. Diets for control and experimental animals

may have contained low levels of heterocyclic amine
carcinogens, perhaps affecting experimental results,
for example the 38% of female beagles with malig-
nant complex adenocarcinomas in a control popula-
tion [30].

Pets may be good models for some human cancers,
particularly if a biomarker of exposure or effect is
discovered. Recent discovery of signature gene losses
for PhIP might be such a marker in pets[31]. Breed
differences in response to these heterocyclic amines
may shed light on cancer susceptibility genes utilizing
existing pet populations.

There are likely to be multiple causes for cancer
in humans and pets. A plausible contributing cause
may be lifelong exposure to heterocyclic amines that
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are genotoxic rodent carcinogens in the diets of each.
Pets may not be sentinels of human heterocylic amine
exposure, since human and pet diets differ, but pets
may be sentinels of heterocyclic amine effects.
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