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Abstract
2-Amino-1-methyl-6-phenylimidazo[4, 5-b]pyridine (PhIP) is a heterocyclic aromatic amine
(HAA) that is formed during the cooking of meat, poultry, and fish. PhIP is a rodent carcinogen
and thought to contribute to several diet-related cancers in humans. PhIP is present in the hair of
human omnivores but not in the hair of vegetarians. We have now identified PhIP in the fur of
fourteen out of sixteen healthy dogs consuming different brands of commercial pet food. The
levels of PhIP in canine fur varied by over 85-fold and were comparable to the levels of PhIP
present in human hair. However, high density fur containing PhIP covers a very high proportion of
the body surface area of dogs, whereas high density terminal hair primarily covers the scalp and
pubis body surface area of humans. These findings signify that the exposure and bioavailability of
PhIP are high in canines. A potential role for PhIP in the etiology of canine cancer should be
considered.
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Introduction
2-Amino-1-methyl-6-phenylimidazo[4, 5-b]pyridine is a heterocyclic aromatic amine
(HAA) that is formed by the reaction of creatine and phenylalanine during the high-
temperature cooking of meat, poultry, and fish.1 The concentration of PhIP can reach up to
480 parts per billion (ppb) in well-done cooked poultry,2 and PhIP has been estimated to
comprise about 70% of the daily mean intake of HAAs in the United States.3 PhIP is a
multisite carcinogen in rodents and induces lymphoma, as well as tumors of the colorectum,
pancreas, prostate, and female mammary gland.4 A number of epidemiological studies have
reported that the frequent consumption of well-done cooked meats containing PhIP and
other HAAs increases the risk of developing cancer at some of these target sites in humans.5

Moreover, the National Toxicology Report 11th Edition concluded that PhIP is reasonably
anticipated to be a human carcinogen.6 Therefore, the frequent consumption of well-done
cooked meats containing high levels of HAAs is a public health concern.
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There is a paucity of data on the formation of heat-processed carcinogens in pet foods. There
is one report in the literature on the presence of mutagens and the identification of HAAs in
commercial pet foods.7 PhIP was identified as the major HAA formed in pet foods: it
occurred at levels ranging from less than 1 ppb up to 70 ppb.7 Because the canine diet is
regimented, the exposure to PhIP and its deleterious biological effects in the dog may be
considerably greater than in humans, where the diet is wide-ranging with many foods that do
not contain PhIP. Moreover, dogs are exposed to PhIP in utero, and the exposure to PhIP
continues when the pups are rapidly growing, a time period when the animals may be most
susceptible to mutations induced by PhIP, and the exposure to PhIP remains throughout the
life time of the animal. It is plausible that PhIP may contribute to the etiology of some types
of canine cancers.

Certain drugs and carcinogens, including PhIP, bind with high affinity to proteins and
pigments in the hair follicle and become entrapped within the hair-shaft during hair growth
(Figure 1).8–11 The biomonitoring of PhIP in hair is a potentially more accurate estimate of
chronic dietary exposure9,11,12 than the inferences obtained from food frequency
questionnaires that are often used in molecular epidemiology studies.13 We have previously
shown that PhIP is present in hair of omnivores but not in hair of vegetarians.11 In this
current study, we have examined for the presence of PhIP in the fur of healthy dogs
consuming different brands of commercial pet food.

Experimental Procedures
Caution: PhIP is a carcinogen and should be handled in a well-ventilated fume hood with
the appropriate protective clothing.

PhIP and its trideuterated derivative 1-[2H3C]-PhIP (isotopic purity >99%) were purchased
from Toronto Research Chemicals (Ontario, Canada). Oasis MCX LP extraction cartridges
(30 and 150 mg) were purchased from Waters (Milford, MA), Celite 535 was purchased
from EMD Chemicals (Gibbs Town, NJ). All other reagents and solvents were of ACS
grade or higher.

Dog Subjects and Fur Specimens
Healthy pet dogs were recruited through the Department of Veterinary Clinical Sciences,
College of Veterinary Medicine, University of Minnesota, St. Paul, or from one investigator
at the Wadsworth Center. The only samples obtained from the dogs were fur brushings or
clippings, which were determined to be exempt from IACUC approval. The dog owners
were interviewed for the dietary and health history of the animals. The animals chosen for
participation in this study were on regimented commercial diets for a minimum of three
months and did not consume cooked meats or leftover scraps prepared for human
consumption. Fur samples were obtained by brushing or clipping the dogs’ fur on their back
and close to their hind quarters. The samples (0.25–2.0 g) were collected into plastic zip-
lock bags and stored at 4 °C until processed. White fur samples were also obtained from the
mane of the Bernese Mountain Dogs.

Human Hair Collection
Volunteers from Albany, New York, were recruited and asked whether they eat meat on a
regular basis (“meat-eaters”; n = 6) or not (“vegetarians”, n = 6). The clippings of hair from
volunteers were obtained when the subjects went to their local barbers to get their hair cut.
The subjects were nonsmokers and did not use hair dyes. The hair samples (0.25–2.0 g)
were collected in plastic zip-lock bags and stored at −20 °C until processed. The samples
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were rendered anonymous (designated as meat-eater or vegetarian). This study was
approved by the Institutional Review Board at the Wadsworth Center.

Isolation of PhIP from Canine Fur and Human Hair
The fur or hair samples were minced with electric clippers to lengths of several millimeters.
The minced hair samples (50 mg) were placed in Eppendorf tubes and prewashed with 0.1N
HCl (1 mL) by vortexing for 30 s, followed by centrifugation and removal of the solvent.
This wash procedure was repeated three times. Then, the hair was washed with CH3OH (1
mL) 3 times, using the same procedure. The hair was allowed to dry in a ventilated hood for
30 min to evaporate the residual CH3OH. The hair was mixed with 1N NaOH (0.5 mL) and
100 pg internal standard ([2H3C]-PhIP) and was heated at 80 °C for 1 h (human hair) or 2 h
(canine fur). After the digested hair or fur matrix was cooled, the PhIP was extracted with
ethyl acetate (2 × 0.9 mL). The organic extract was then acidified with CH3CO2H (30 µL).
A Waters Oasis MCX cartridge (30 mg), which was attached to a vacuum manifold under
slight pressure (~5 inches of Hg) to achieve a flow rate of the eluent of approximately 1 mL/
min, was prewashed with 5% NH4OH in CH3OH (1 mL) and 2% CH3CO2H in CH3OH (1
mL). The ethyl acetate extracts were then applied to the MCX cartridge. The cartridges were
washed with 0.1N HCl in 40% CH3OH (1 mL), followed by CH3OH (1 mL), H2O (1 mL)
and 5% NH4OH in 45% H2O / 50% CH3OH (2 mL). PhIP was eluted from the resin with
CH3OH containing 5% NH4OH (1.5 mL), and the eluent was concentrated to approximately
0.1 mL, by vacuum centrifugation. Then, the samples were transferred into silylated glass
conical vials and evaporated to dryness by vacuum centrifugation. The samples were
resuspended in 10% DMSO:90% H2O (40 µL).

Spectrophotometric Characterization of Melanin in Fur or Hair
Fur (1 – 5 mg) was digested in a mixture of the detergent Soluene 350:H2O (9:1 v/v, 1 mL),
by heating at 95 °C for 1 h. Upon cooling, the spectra were recorded over the wavelength
range of 400 to 800 nm with an Agilent 8453 model UV/VIS spectrophotometer. The
absorbance at 500 nm is an estimate of the total amount of melanin (eumelanin and
pheomelanins).14 The estimate of total melanin content was based on the absorbance at 500
nm, assuming 100 µg melanin/mL corresponds to an absorbance value of 1.00 at 500 nm.14

UPLC-ESI/MS/MS Analyses
Chromatography was performed with a NanoAcquity UPLC system (Waters Corporation,
Milford, MA) equipped with a Michrom C18 column (0.3 × 150 mm, 3 µm particle size,
Michrom Bioresources Inc., Auburn, CA). The A solvent was 0.025% HCO2H in H2O, and
the B solvent contained 0.025% HCO2H and 5% H2O in CH3CN. The flow rate was set at 5
µL/min, starting at 95% A increased by a linear gradient to 60% B in 10 min, and then to
99% B at 11 min holding for 1 min. The gradient was reversed to the 95% A over 1 min and
a post-run time of 4 min was required for re-equilibration. The manipulation of UPLC
system was done by MassLynx software (Waters Corp., Milford, MA). The mass-spectral
data were acquired on a Finnigan™ Quantum Ultra Triple Stage Quadrupole MS (TSQ/MS)
(Thermo Fisher, San Jose, CA) and processed with Xcalibur version 2.07 software.

Analyses were conducted in the positive ionization mode and employed an Advance
CaptiveSpray source from Michrom Bioresources. The spray voltage was set at 2000 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, and the scan
width was 0.002 Da. The following transitions and collision energies were used for the
quantification of PhIP and its internal standard: PhIP and [2H3C]-PhIP: 225.1 → 210.1 and
228.1 → 210.1 at 35 eV. The dwell time for each transition was 5 ms. Argon was used as
the collision gas and was set at 1.5 mTorr. Product ion spectra were acquired on the
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protonated molecule [M+H]+, scanning from m/z 100 to 250 at a scan speed of 250 amu/s
using 30 eV ramp energy and the same acquisition parameters as above. The quantification
of PhIP in fur was done with an external calibration curve. The performance of the
analytical method was reported previously.11

Results
Identification of PhIP in Canine Fur

The analysis of PhIP was conducted on fur samples from 16 healthy dogs. The mass
chromatograms of PhIP recovered from the fur of dog 3, a mixed-breed dog, and dog 11, a
Bernese Mountain Dog, are shown in Figure 2. Both white and black-pigmented fur of the
Bernese Mountain Dog were analyzed (Figure 3). The limit of quantification (LOQ) of the
assay, defined as the background noise + 10*SD,15 was estimated at 35 pg PhIP per g fur.
The level of PhIP in the fur of the mixed-breed was below the LOQ value, whereas PhIP
was found at a level of 350 pg/g in the black fur of the Bernese Mountain Dog. The identity
of PhIP was confirmed by its full scan product ion spectrum, which was in excellent
agreement to the spectrum of the synthetic standard (Figure 2D). However, the content of
PhIP was below the LOQ in the white fur of the same dog. PhIP is known to have a high
binding affinity for eumelanin, a pigment that is more predominant in black hair than in
lighter-colored hair.9,16 The presence of PhIP in black fur and its absence from the white fur
of the same animal is consistent with the notion that pigmentation is critical for the binding
of this carcinogen to fur.

Estimates of PhIP in Canine Fur and Human Hair
The levels of PhIP expressed per gram of fur from 16 dogs are reported in Table 1. The
levels ranged from less than 35 up to 505 pg/g fur: 14 out of the 16 dogs were positive for
PhIP. The levels of PhIP are also reported per mg of melanin, since this pigment has high
binding affinity for PhIP.9

We have compared the levels of PhIP found in dog fur to those levels present in hair of
human volunteers on non-restricted diets. The levels of contamination of PhIP in fur and
hair are summarized in Figure 4. All of the human omnivores contained PhIP in their hair,
whereas only 1 out of the six vegetarians contained PhIP in their hair, and that one subject
harbored levels of PhIP just above the LOQ value. Thus, the exposure to PhIP is prevalent
both in dogs and human omnivores, and the levels of PhIP present in canine fur and hair of
omnivores are comparable. It is worthy to note that dog 11 harbored very high levels of PhIP
in his fur at the age of 6 months, and the level of PhIP dropped by 9-fold when he was an
adult (aged 4 years). Anectdotally, the changes in PhIP levels in fur could be attributed to a
change in the dog’s diet over this time period, or possibly due to a change in the efficiency
of the first pass metabolism of PhIP in the liver, where less PhIP is present in plasma and
available to bind to fur. The analysis of PhIP in fur from a larger number of canines at
different stages of their lifetimes with defined diets is required to identify the factors that
influence the binding of PhIP to fur.

Discussion
PhIP is a ubiquitous genotoxicant that is present in many cooked proteinaceous foods.1 The
amount of PhIP and other HAAs formed in cooked meats is highly dependent on the type of
meat cooked, as well as the method, temperature, and duration of cooking; these variable
parameters can lead to differences in the concentration of PhIP by more than 100-fold.1,17,18

In a previous study, 14 pet food samples were analyzed for HAAs and 10 out of the 14 pet
foods were found to contain PhIP.7 The levels of PhIP formed ranged from less than 1 ppb
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up to 70 ppb. Moreover, the heating of a mixture of meat ingredients and grains at higher
temperatures used for the extrusion process to create dried dog food or kibbles may produce
PhIP, which forms directly by heating phenylalanine with creatine.1 Another carcinogenic
HAA, 2-amino-3,8-dimethylimidazo[4,5-f]quinoxaline (MeIQx), was also frequently
identified in pet foods, but the concentrations were lower and ranged from 0.2 to 3.3 ng/g.7

Some processed meat flavors and meat extracts contain mutagenic HAAs at elevated
levels.19–21 These flavoring agents can be used in pet foods and treats and add to the daily
exposure to PhIP and possibly other HAAs. All of the dogs in our study, except for the
mixed-breed (dog 3) and the Gordon Setter (dog 13), consumed a protein-based diet
containing chicken in kibble form. Well-done cooked chicken is known to contain some of
the highest levels of PhIP in cooked meats.1,18 A systematic study of pet food ingredients
and the processing conditions may identify the source(s) and permit ways to minimize the
occurrence of PhIP in pet foods

The pet foods and treats consumed by our dog subjects were highly varied and the intake of
PhIP was likely to have ranged widely. We found that the levels of PhIP present in canine
fur varied by over 85-fold, when expressed as PhIP bound per g fur, and dark-pigmented fur
sequestered higher levels of PhIP than light colored fur. These amounts of PhIP in fur are
comparable to the range in levels of PhIP bound to hair of human omnivores. However, high
density fur of variable length contaminated with PhIP covers approximately 90% of the
body surface area of dogs, whereas high density terminal hair covers significantly less of the
body surface area of humans, encompassing primarily the scalp and pubis. The follicular
binding data suggest that the exposure to PhIP is greater in canines on a regimented diet of
commercial pet food than the exposure to PhIP in humans on a free-choice diet, although
interspecies differences in first pass hepatic metabolism or the intricate vascular system
surrounding the hair follicles may influence the level of binding of PhIP to fur or hair.

Dogs are susceptible to the genotoxic effects of aromatic amines, a class of carcinogenic
chemicals structurally related to HAAs.22 In fact, the dog was the first successful animal
model established for human bladder cancer, where dogs exposed to 2-naphthylamine (2-
NA) developed bladder tumors.23 Subsequent studies showed that N-oxidation of 2-NA
played a critical role in the initiation of bladder cancer in the same animal model.24 The
bioactivation pathway of 2-NA is catalyzed by cytochrome P450, which is the same enzyme
that is involved in the conversion of PhIP into a carcinogenic metabolite.22

Much research has been devoted to assessing the health hazards associated with consuming
heat-processed carcinogens in the diet and human cancer risk.1,4,5 However, knowledge
about the formation of carcinogens produced in heat-processed pet foods is lacking, and
epidemiological studies on dietary risk of factors and consumption of heat-processed pet
foods in the development of canine cancer are largely unexplored.25–27 There are believed to
be multiple causes for cancer in humans and likely for pets as well.28 A lifelong exposure to
PhIP, a genotoxicant and rodent carcinogen,4 may be a plausible contributing cause to
human and canine cancers.
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Figure 1.
The PhIP biomarker in hair /fur.
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Figure 2.
Mass chromatograms of PhIP in (A) fur of the mix-breed dog #3, (B) white fur and (C)
black fur of the Bernese Mountain Dog #11. The trace amounts of PhIP detected in the
mixed breed’s fur and the white fur of the Bernese Mountain Dog are due to the residual
unlabeled PhIP present in the isotopically labeled [2H3C]-PhIP internal standard, which was
99% isotopically pure. The symbol tR represents retention time, and the symbol A represents
area counts. The product ion spectra of PhIP detected in the black fur and synthetic PhIP,
following background subtraction, are presented in panel D.

Gu et al. Page 9

J Agric Food Chem. Author manuscript; available in PMC 2013 September 12.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 3.
The white and black fur of dog #11, Moses, were assayed for PhIP.
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Figure 4.
PhIP levels in hair of human omnivores and vegetarians, and fur of 16 canines. Dog 11 was
assayed for PhIP at the age of 4 months* and at the age of 4 years. The human data was
adapted from reference 11.
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