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This experiment was aimed at determining the bioavailability of three polycyclic aromatic hydro-

carbons (PAHs) in goats: phenanthrene, pyrene, and benzo[a]pyrene. A Latin square design

procedure was carried out involving three alpine lactating goats and three PAH-contaminated

matrices (soil, hay, and oil as a control). Milk and urine samples were collected to assess PAH and

hydroxy-PAH excretion kinetics and to compare the carry-over rates for the different matrices. PAHs

were found to be excreted mainly in urine; metabolite concentrations were about 20 times higher in

urine than in milk. 1-Hydroxypyrene was the major metabolite in both body fluids (8000 ng/mL urine

and 450 ng/mL milk); it may be considered as a valuable indicator of the ruminant exposure to

PAHs. Apparent absorption of PAHs estimated by the metabolite excretion in urine and milk reached

34% for pyrene from soil, and the bioavailability of soil-bound PAHs was found to be similar to the

bioavailability of PAHs from the other matrices.
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INTRODUCTION

Polycyclic aromatic hydrocarbon (PAH) transfer from various
environmental matrices to food products of animal originmay be
considered as a major step to assess food safety (1 ). From an
environmental point of view, plants may be relevant vectors of
PAHs. It has been reported that airborne pollutants in the
atmosphere find their way onto leaf surfaces (2, 3), and PAHs
are known to be located mainly on cuticular waxes (4 ). Dairy
cattle grazing near roads with important vehicle load may ingest
up to 2 mg of PAHs per day (5 ). Soil samples are generally more
contaminated than grass, with PAH content between 2.7 and
18 μg/g of dry matter (DM) (6, 7). Soil tends to trap the
hydrophobic molecules within the clay-humus complex (3 ).
Binding forces between PAHs and soil vary from a simple
adsorption to a covalent binding. Thus, because of these chemical
interactions, the pollutants resist to hydrolysis and microbial
degradations, which occur within soil (8 ). Soil ingestion by
grazing ruminants is estimated between 2 and 18% of the daily
ingestedDM (9-11). Thus, in the case of cattle with their average
intake of soil quantity around 0.5 kg per animal per day (12 ), soil
ingestion could contribute up to 50 mg of PAHs per day (13 ).
From the literature review, it is known that PAHmetabolitesmay
be transferred to milk from parent molecules (14, 15). It is also
known that urine is the principal way of excretion for the
metabolized compounds (16-19).

Concerning PAH bioavailability in ruminants, few data are
available on the mobility of PAHs bound to environmental

matrices, such as soil or grass, and their excretion to milk or urine.
The objective of this study was to determine the bioavailability of
three model compounds (phenanthrene, pyrene, and benzo[a]
pyrene) from contaminated hay and soil. Transfer of the parent
compounds and their major hydroxylated (OH) metabolites
(2-OH-phenanthrene, 3-OH-phenanthrene, 1-OH-pyrene, and
3-OH-benzo[a]pyrene) toward urine and milk was determined.

MATERIALS AND METHODS

Animals, Experimental Design, and Feeding. This study was
carried out with three alpine lactating goats of approximately 50 kg of
liveweight and 2-3 years old.The experimental protocolwas in agreement
with the national and European guidelines (1986, number 86/609/CEE).
Animals were given a period of 22 days to adapt to the facilities and
experimental conditions. During this adaptation period, animals received
feed not fortified in PAHs. The days of the PAH administration, 50 mg of
eachPAH (phenanthrene, pyrene, and benzo[a]pyrene; SigmaAldrich and
Fluka, Steinheim, Germany) was administered once, either through 500 g
of hay, 25 g of soil, or 5 mL of an oil solution (matrix used as a control).
These dosages were chosen to allow for the identification of PAHs
and their metabolites in urine and milk. According to our experience
and previous papers (14, 19), such a dose was necessary to ensure a good
reliability mainly in milk samples, where metabolite concentrations are
rather low.

The experimental procedure was designed as a Latin square (three
matrices, three goats) to study the effect of the differentmatrices (Figure 1).
An interval of at least 1 week was applied between two successive
administrations of contaminated matrices, to prevent the effect of a given
matrix masking that of the following one.

The daily food intake of the goats comprised 500 g of hay (PAH-
contaminated hay was administered once, as indicated in Figure 1) and a
mixture of concentrate containing corn grain (500 g), soy bean (300 g),
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pulps of beet (800 g), andminerals (20 g) tomeet the needs formaintenance
and dairy production of the goats (20 ). Water and salt were provided
ad libitum. Mechanically milking was practiced twice a day (8:00 am and
5:00 pm, local time).

Preparation of PAH-Contaminated Matrices. Oil Solution.
The oil solution used (castor oil polyether) was Cremophor EL (Fluka,
Steinhem, Germany). It corresponded to a formulation that is generally
used to convey hydrophobic substances in pharmacological studies (21 ).
A total of 50 mg of phenanthrene, 50 mg of pyrene, and 50 mg of benzo[a]
pyrene were dissolved in 5 mL of Cremophor EL in a glass bottle the day
before the application. The oral administration was carried out using
a syringe of 10 mL.

Hay. The grass used in this study was contaminated by pulverization
of PAHs. A 10m2 grass area of ameadow (40%Festuca arundinacea, 30%
Dactylis glomerata, 20% Arrenatherum elatius, and 10% Lolium perenne)
was selected and pulverized with the PAH solution on a day without rain
and wind. The day after the pulverization, the treated surface was
harvested and the grass was dried in a climate chamber at 30 �C during
5 days to be transformed into hay.

Soil. The soil used (2.9% organic matter, 34% clay, 52% of silts, 14%
sand) was taken from an experimental field far of any source of pollution
on a surface layer of 10 cm. This soil resulted from a permanent meadow.
To facilitate drying (at 20 �C during 15 days), homogeneity, and its
treatment with PAHs, the soil was crushed and sieved at 5 mm.

Amounts of phenanthrene, pyrene, and benzo[a]pyrene (83 mg of
each PAH) were dissolved in 50 mL of acetonitrile and added to
aluminum small boats each containing 25 g of soil. Possible losses of
PAHs (about 40%) during fortification and maturation were taken
into account (22 ). To integrate PAHs in-depth in soil aggregates (23 ), a
first humidification of the soil samples was carried out at 40% of its
field capacity. Finally, the field capacity was adjusted to 80% by adding
distilled water (24 ). This operation was regularly repeated during the
soil maturation period at room temperature during 4 weeks (25 ).
Volatilization and photodegradation were limited by an aluminum foil
cover. At the end of the maturation period, preparations were divided
into small pellets packed with pure cellulose wadding (Tork, Germany)
and frozen at -20 �C before use to prevent the alteration of the PAHs
in soil (26 ).

Sampling and Treatments. PAH concentrations were determined
in control feed (concentrate and hay) and in contaminated feed matrices
(oil, hay, and soil). Just before the administration of contaminated
matrices (d0), milk and urine samples from each animalwere also collected
for analysis of PAHs and their metabolites. After administration of each
contaminatedmatrix, samplingwas carried out after 9, 24, 33, 48, and 57 h
for milk and 9, 24, 33, and 48 h for urine. Urine samples were collected
using urinary probes (Folatex, Porg�es, Plessis Robinsons, France), which
were fitted just before administration of the PAH-contaminated matrices.
Collected samples (20 mL in glass bottles) of urine and milk were
immediately frozen at -20 �C.

Extraction and GC-MS Analysis of PAHs and Their Major

Metabolites. PAH Determination in Oil, Hay, and Soil. PAH
extraction on oil was carried out bymixing about 100mg of oil with 10mL
of cyclohexane. PAH extraction in hay and soil was performed on 0.5 g of
hay and 1 g of soil, with 40 mL of cyclohexane/ethyl acetate (50:50, v/v).
From the 2400 g of contaminated hay, three samples representing about
300 g were pooled together and grinded to 4 mm size hay samples. From
this homogeneous matrix, 0.5 g was collected for analysis. A similar
procedure was applied for selecting a representative 1 g of soil.

Mixtures were submitted to an ultrasonic bath for 15 min, followed
with mechanical homogenization for 30 min at room temperature. After
centrifugation (3400g at 0 �C for 30min), the supernatant was isolated and
the volume was adjusted to 100 mL with cyclohexane. Then, a volume of
100 μL of extract obtained with oil, hay, or soil was fortified with internal
standards (50 ng of phenanthrene-d10, pyrene-d10 (pyrene-d10), and
perylene-d12) and evaporated under a gentle stream of nitrogen at 40 �C.
The dry residue was dissolved in 6 mL of cyclohexane and poured onto an
Envi-Chrom P solid-phase extraction (SPE) column (Supelco, St-Quentin
Fallavier, France) previously conditioned with water, methanol, and
cyclohexane. Washing was performed with 6 mL of cyclohexane, and
PAHs were eluted with 12 mL of cyclohexane/ethyl acetate (50:50, v/v).
Extracts were evaporated to almost dryness with N2 at 40 �C and
transferred in vials containing 50 ng of chrysene-d12 (external standard).
After evaporation with N2 at 40 �C, residues were dissolved in 100 μL of
toluene before GC-MS analysis. Standard solutions of phenanthrene,
pyrene, and benzo[a]pyrene were prepared at concentrations ranging
between 0.2 and 40 μg/mL of toluene for calibration.

Extraction of PAHs andMetabolites inMilk. PAHs (phenan-
threne, pyrene, and benzo[a]pyrene) and their major monohydroxylated
metabolites (2-OH-phenanthrene, 3-OH-phenanthrene, 1-OH-pyrene,
and 3-OH-benzo[a]pyrene) were extracted and quantified in milk using a
method adapted from Lutz et al. (15 ). Briefly, glucuronide and sulfate
conjugates of PAH metabolites were hydrolyzed with purified Helix
pomatia juice (Biosepra, Villeneuve la Garenne, France) for 15 h at
39 �C. After the addition of internal standards (phenanthrene-d10,
pyrene-d10, perylene-d12, 2-OH-fluorene, and 6-OH-chrysene), liquid-
liquid extraction of PAHs and their metabolites was carried out with
40 mL of cyclohexane/ethyl acetate (50:50, v/v) under horizontal shaking
for 30 min. After centrifugation (30 min at 3400g and 0 �C), the super-
natant was evaporated under automated vacuum control. The residue was
dissolved in 6 mL of cyclohexane and purified using SPE as previously
described.After evaporation of the SPE eluate at 40 �CwithN2, PAHsand
their metabolites were further purified by liquid-liquid extraction with
2 mL of cyclohexane and 2 mL of methanol/water (80:20; v/v). Mixtures
were homogenized by vortex agitation for 10 s and centrifuged at 1400g at
room temperature for 5 min to separate the two phases. The top
cyclohexane phase containing PAHs was transferred to a new tube, and
the bottom methanol/water phase containing purified PAH metabolites
was submitted to a second extraction with 2 mL of cyclohexane.

To purify PAHs extracted in cyclohexane, the cyclohexane phase was
submitted to saponification followedwith a liquid-liquid extraction using
water and cyclohexane. The cyclohexane supernatant was partially
evaporated with N2 at 40 �C and supplemented with external standard
(chrysene-d12). After evaporation at 40 �C with N2, the residue was solu-
bilized in 40 μL of toluene, before gas chromatography-mass spectro-
metry (GC-MS) analysis.

To purify PAHmetabolites extracted inmethanol/water, methanol was
evaporated and the residue was extracted with water and ethyl acetate.
After homogenization and centrifugation, the supernatant comprising
ethyl acetate was sampled, evaporated at 40 �C with N2, supplemented
with external standard (chrysene-d12), and evaporated to dryness. Deri-
vatization of PAH metabolites was performed for 40 min at 60 �C with
20 μL of N-methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA, Fluke,
Buchs, Switzerland) before GC-MS analysis.

Detection (LOD) and quantification limits (LOQ) of PAHs and their
metabolites inmilk are presented inTable 1. LOD is defined as a peakwith
a signal-to-noise ratio of 3. LOQ is defined as a peak (height orwidth)with
a signal-to-noise of 10.

Extraction of PAHs and Metabolites in Urine. Extraction of
PAHs and their metabolites in urine was performed as previously
described for milk samples, up to the end of the SPE purification step
but without further liquid-liquid extraction or saponification. Briefly, a
volume of 5mLof urinewas acidifiedwith 50μLof glacial acetic acid prior
to deconjugationwithHelix pomatia juice. Extractionwas carried outwith
cyclohexane/ethyl acetate, after sample fortification with internal stan-
dards (phenanthrene-d10, pyrene-d10, perylene-d12, 2-OH-fluorene, and
6-OH-chrysene). After centrifugation, the supernatant was evaporated
and the residue was solubilized in 6 mL of cyclohexane and purified
using SPE. SPE eluates were evaporated to dryness, solubilized in 200 μL
of toluene, and supplemented with external standard (chrysene-d12).

Figure 1. Experimental Latin square design. S = sampling.
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After evaporation to dryness with N2, PAH metabolites were derivatized
with 20 μL of N-methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA,
Fluke, Buchs, Switzerland). Extracts were analyzed by GC-MS to
quantify PAHs and their metabolites.

LOD and LOQ determined for PAHs and their metabolites in urine are
presented in Table 2.

Quantification ofPAHsandMetabolites byGC-MS.Analysis
byGC-MSwas performed with a gas chromatograph (HP-6890) coupled
to a 5973 C quadrupole mass spectrometer (Agilent Technologies, Massy,
France). The split/splitless injector was maintained at 280 �C, and the
injection volumewas 2 μL. The column used for separating PAH and their
metabolites was a OV-1 (Ohio-Valley) (30 m � 0.25 mm inner diameter;
film thickness, 0.25 μm). The temperature gradient was 110 �C (4.5 min),
20 �C/min until 160 �C, 15 �C/min until 300 �C (10 min hold), and then
20 �C/min until 320 �C (2 min). Analyte ionization was performed by
electron ionization (70 eV), and signal acquisition was realized in the single
ion monitoring (SIM) mode. Separate analyte determination was
performed for parent PAHs and hydroxylated metabolites.

Calculations and Data Processing. The concentrations of stu-
died PAHs and theirmetabolites inmilk and urine were used to present the
more representative kinetics of excretion in these biological matrices. The
carry-over rates (CORs) from the contaminated matrices (oil, hay, and
soil) to the two biological matrices (urine and milk) were also established
and compared. They were established by the cumulated excreted quantity
of each pollutant between 0 and 24, 0 and 48, and 0 and 57 after ingestion
for milk and between 0 and 9, 0 and 24, and 0 and 48 h for urine. The
formula of COR calculation used was as follows:

COR ¼ Qq

Mm
� 100 ð1Þ

where COR is the carry-over rate (%), Q is the milk or urine quantity
produced (g), q is the pollutant concentration in milk or urine (μg/L),M is
thematrix quantity ingested (g), andm is the pollutant concentration in the
studied matrix (μg/L).

With regard to the metabolites, the CORs were established in the same
way from the corresponding parent compounds.Thus, theCORsof 2-OH-
phenanthrene and 3-OH-phenanthrene were calculated from phenan-
threne; the COR of 1-OH-pyrene was calculated from pyrene; and the
COR of 3-OH-benzo[a]pyrene was calculated from benzo[a]pyrene. An
analysis of variance (ANOVA) was carried out on the COR of each
compound. The MIXED procedure of SAS software (version 9.1, 2004)
and the option of repeated measurements with three controlled factors
were used. The studied factors were the ingested matrix, time, and the
interaction matrix-time. The treatments were compared on the basis
of adjusted average by the Tukey-Kramer multiple test. A 5% threshold
of significance was retained.

RESULTS

PAH Ingestion. Fortification of oil, hay, and soil was carried
out to compare the transfer of around 50 mg of PAHs via these
matrices. The final levels of fortification of the studied matrices
are given in Table 3. They indicate that the mode of fortification
implemented was satisfactory. The average quantities of PAHs
ingested by the animals are presented in Table 4.

Despite 500 g of hay, which were placed at the disposal of the
animals, goats 1, 2, and 3 ingested 102, 319, and 192 g, respectively.

This situation explains the reduced quantity of PAHs introduced
via this matrix (Table 4). Thus, the ingested average quantities of
PAHs from hay were approximately half the quantities ingested
from oil or soil (rate of ingestion hay/oil: 0.48, 0.56, and 0.34 and
rate of ingestion soil/oil: 0.98, 0.86, and 1 for phenanthrene,
pyrene, and benzo[a]pyrene, respectively).

Excretion Kinetics of PAHs and Their Metabolites into Urine

and Milk. 1-OH-Pyrene was the major metabolite in urine for all
three matrices (Figure 2). Generally, excretion of 1-OH-pyrene
was highest between 9 and 24 h and was found to decline after
24 h. The concentration of 1-OH-pyrene reached 8000 ng/mL at
9 h after the ingestion of contaminated soil. The kinetics of the
3-OH-phenanthrene (Figure 3) were similar to kinetics of
1-OH-pyrene but with much lower concentrations (highest con-
centrations of 2000 ng/mL obtained at 9 h after ingestion of
contaminated soil). The concentrations found for 2-OH-phenan-
threnewere evenweaker than those of 3-OH-phenanthrene, while
having similar kinetics (600 ng/mL at 9 h from soil; data not
presented). Finally, from the parent compounds, only pyrene
(<16 ng/mL) could be determined. In fact, the levels of phenan-
threne and benzo[a]pyrene in urine were close to the detection
limits (0.23 and 0.12 μg/L, respectively).

1-OH-Pyrene was also the PAH metabolite with the highest
concentration in milk after soil ingestion (450 ng/mL; Figure 4).
The excretion of 1-OH-pyrene appeared later inmilk compared to
urine, with highest levels observed between 24 and 48 h. After
48 h, the concentrations of 1-OH-pyrene were found to decline
for all studied matrices. Kinetics of 3-OH-phenanthrene and
2-OH-phenanthrene were similar to that of 1-OH-pyrene for
all studied matrices but with much lower concentrations.
Highest concentrations were found at 24 h for 3-OH-phenan-
threne (30 ng/mL) and at 33 h for 2-OH-phenanthrene after
ingestion of contaminated soil (7 ng/mL). Milk concentrations

Table 1. LOD and LOQ Determined for PAHs and Their Metabolites in
Milk (μg/L Milk)

PAH LOD LOQ

phenanthrene 0.74 2.78

pyrene 0.14 0.48

benzo[a]pyrene 7.29 24.00

2-OH-phenanthrene 0.08 0.25

3-OH-phenanthrene 0.04 0.16

1-OH-pyrene 0.04 0.13

3-OH-benzo[a]pyrene 0.07 0.23

Table 2. LOD and LOQ Determined for PAHs and Their Metabolites in Urine
(μg/L Urine)

PAH LOD LOQ

phenanthrene 0.23 0.77

pyrene 0.22 0.75

benzo[a]pyrene 0.12 0.41

2-OH-phenanthrene 1.56 5.20

3-OH-phenanthrene 1.54 5.15

1-OH-pyrene 0.72 2.38

3-OH-benzo[a]pyrene 0.48 1.60

Table 4. Average Quantities (mg) of Ingested PAHs (n = 3)

matrix phenanthrene pyrene benzo[a]pyrene

oil 50 50 50

hay 24 28 17

soil 49 43 50

Table 3. PAH Concentrations in the Studied Matrices (n = 1) Following Their
Fortification (mg/g)

PAH matrix expected concentration real concentration

phenanthrene

oil 11.0 11.0

hay 0.1 0.1

soil 2.0 1.9

pyrene

oil 11.0 11.0

hay 0.1 0.1

soil 2.0 1.7

benzo[a]pyrene

oil 11.0 11.0

hay 0.1 0.08

soil 2.0 1.9
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of 3-OH-benzo[a]pyrene were always lower than the limit of
quantification (0.23 μg/L).

Concerning the parent compounds in milk, concentrations of
phenanthrene and benzo[a]pyrene were below the limits of
detection (0.74 and 7.29 ng/mL, respectively). Kinetics of pyrene
are presented in Figure 5. Excretion of pyrene occurs mainly
during the first 24 h after the administration of the contaminated
matrices, with a peak at 9 h (4.5 ng/mL).

Transfer of the Studied Compounds to Urine and Milk.Over the
0-48 h period and whatever the compounds, significant differ-
ences were found between COR from soil and COR from hay or
chremophor to urine (Table 5). Soil COR was at least 2 times
higher than hay or chremophor COR. The 3-OH-benzo[a]pyrene
CORs were very weak (<0.06%) for all three studied matrices.

Table 5 indicates that 1-OH-pyrene was the most transferred
molecule into urine, with a COR of 32.8%. Generally, COR of
1-OH-pyrene were at least 6 times higher than 3-OH-phenan-
threneCORand at least 27 times higher than 2-OH-phenanthrene
COR. Table 5 also shows significant differences (p<0.05) for the
three studied periods of transfer (0-9, 0-24, and 0-48 h),

demonstrating that transfer of the OH metabolites increased
until 48 h.

COR of parent compounds in urine was extremely weak
(values lower than 0.06%, data not shown). In milk, transfer of
metabolites (except 3-OH-benzo[a]pyrene) were significantly
higher (p < 0.0001) than the transfer of all of the parent
compounds, which was very weak (CORe 0.009%). The highest
COR was found for 1-OH-pyrene, which was almost 10 times
higher than theCORof the othermetabolites. It is also interesting
to note that no significant matrix effect (p< 0.05) was observed
on the transfer of 1-OH-pyrene to milk (the COR ranged from
0.93 to 1.74% for the 0-57 h period).

DISCUSSION

In general, the transfer values obtained in this study reveal a
substantial apparent absorption of PAHs in the organism of
lactating goats. The rate of absorption is at least equivalent to the
sum of the excretedmetabolites in urine andmilk. Thus, apparent
absorption of pyrene reaches 34% (Table 5). This study did not
demonstrate absorption of benzo[a]pyrene in lactating goats.
These findings are in agreement with that of van Schooten et
al. (27 ), who showed that PAHs were largely absorbed by the
gastrointestinal tract in rats exposed to a contaminated industrial
soil (35 mg of pyrene/kg of dry weight). These authors found that
the cumulative urinary 1-OH-pyrene excretion during the first
3 days after fortified soil dosing was 0.2% of the original dose. In
the present study, the cumulative COR found for this metabolite
into urine was 32.8% (Table 5). This difference can be due to
the level of soil fortification, which was 1000 times higher in this
study, and also due to the specificity of the ruminant digestive
tract. In fact, bioaccessibility of the soil contaminants depends
upon the contaminant chemistry, the soil properties, and the
chemical conditions in the gastrointestinal system. Bioavailability

Figure 2. Kinetics (over 48 h) of 1-OH-pyrene excretion in urine (ng/mL)
following the ingestion of the studied matrices.

Figure 3. Kinetics (over 48 h) of 3-OH-phenanthrene excretion into urines
(ng/mL) following the ingestion of the studied matrices.

Figure 4. Kinetics (over 57 h) of 1-OH-pyrene excretion into milk (ng/mL)
following the ingestion of the studied matrices.

Figure 5. Kinetics (over 57 h) of pyrene excretion in milk (ng/mL) following
the ingestion of the studied matrices.

Table 5. Cumulated COR (%) of Metabolites in Urine from the Ingested
Matrices for Studied Periodsa

metabolite matrix 0-9 h 0-24 h 0-48 h

1-OH-pyrene

oil 2.8 b 12.5 a AB 19.2 a B

hay 1.2 b 6.9 ab B 16.0 a B

soil 8.1 c 22.4 b A 32.8 a A

3-OH-phenanthrene

oil 0.8 b 2.0 a B 2.5 a B

hay 0.7 1.7 B 2.0 B

soil 1.7 b 4.1 ab A 5.0 a A

2-OH-phenanthrene

oil 0.2 B 0.3 B 0.5 B

hay 0.1 B 0.3 B 0.4 B

soil 0.5 c A 0.9 b A 1.2 a A

a A and B in the same column and for a given compound: average values with
different letters indicate a significant difference (p e 0.05) between matrices. a, b,
and c in the same line: average values with different letters indicate a significant
difference (p e 0.05) between time periods.
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of soil contaminants primarily depends upon the ability of the
stomach and the small intestine to dissolve the contaminant
(bioaccessibility) and the ability of the intestinal membranes to
absorb the contaminant (28 ). Tang et al. (29 ) found that oral
bioaccessibility of PAHs in the intestinal lumen ranged from
9.2 to 60.5%. Furthermore, in gastric content, bioaccessi-
bility was found to range from 3.9 to 54.9%. Jurjanz and
Rychen (30 ) found that the in vitro bioaccessibility of soil-bound
PAHs in successive digestive compartments in cows range from
2.3 to 24%.

The higher COR found for the used soil compared to hay and
oil (Table 5) is an original result. This finding is interesting given
the fact that soil tends to trap the hydrophobic molecules within
the clay-humus complex (10 ) and that the pollutants resist
hydrolysis and microbial degradations, which occur in soil (8 ).
This suggests that the hydrolytic potential of the ruminal micro-
organisms is such that the release of the PAHs is almost complete
whatever the contaminated matrices ingested. The question
arising was to know whether our soil was representative of a
natural contaminated soil. As described in the Materials and
Methods (24-26), the soil used in this study was fortified
according to validated procedures with adequate storage
and maturation periods. However, Vessigaud (31 ) highlighted
the fact that PAH desorption from aged contaminated soils may
be slower and more difficult than that from artificial contami-
nated soils. In parallel, results of Jurjanz andRychen (30 ) showed
that aging generally reduced the bioaccessibility of soil-bound
PAHs. Van Schooten et al. (27 ) suggest that the soil matrix is
capable of reducing the absorption of at least pyrene in rats
compared to animals that ingested a pure PAHmixture. This is in
contrast to our results; in fact, higher CORs were systematically
found from soil when compared to hay and oil (Table 5).

The form of the excretion curves, similar for all molecules and
all matrices, reveals the capacity of the ruminant to absorb,
transform, and eliminate quickly the PAHs and their metabolites
(Figures 2-4). It appeared that 1-OH-pyrene is by far the
predominant metabolite in urine and milk. Lutz et al. (15 ) obser-
ved a similar profile of metabolite excretion in ruminant milk.
Supporting Chahin et al. (19 ) observations, 1-OH-pyrene seems
to be a good indicator of the PAH exposure of lactating goats as
well as for humans (16, 18). Moreover, in the present study,
we showed that 1-OH-pyrene was a good indicator of this
exposure whatever the ingested matrix. As described by Foth
et al. (32 ), the incomplete absorption of benzo[a]pyrene and the
“first pass effect” before the systemic circulation could explain
why benzo[a]pyrene and 3-OH-benzo[a]pyrene were excreted
in urine and milk in negligible quantities (contrary to pyrene,
phenanthrene, and their metabolites). In addition, Tang
et al. (29 ) showed that bioaccessibility of individual PAHs in
soils generally decreased with increasing ring number in both
gastric and small intestinal conditions. According to these
authors, PAH bioaccessibility decreases with an increase of
Kow, directly dependent upon the ring number.

The excretion kinetics of PAHs and their metabolites in milk
showed that the metabolite concentrations are much more
important than those of the parent compounds (up to 500 times
for 1-OH-pyrene). This fact may be explained by the higher
solubility of hydroxymetabolites compared toparent compounds
and a larger affinity of these compounds to cross the mammary
epithelial barrier (33 ). Parent compounds are very slightly
transferred towardmilkwhatever the administeredmatrices. This
is in agreementwith the results obtainedbyWest andHorton (34 )
in ewes (transfer of 0.012% for 3-methylcholanthrene and benzo
[a]pyrene). These authors indicated that, after 24 h, the hydro-
carbons had beenmetabolized between 33 and 55%. In this study,

metabolites were transferred toward milk with COR lower than
2%. Lutz et al. (15 ) also obtained values of transfer tomilk lower
than 1.5%, following a chronic administration of contaminated
soil to milking cows. To our knowledge, no data are avail-
able concerning the potential toxicity of 1-OH-pyrene, which is
the most transferred molecule.

From this study, it can be concluded that apparent absorption
of PAHs from soil and hay is far from being negligible. Indeed,
the absorption rates, which correspond at least to the urine and
milk excretion rates, have reached values up to 34%. This study
also reveals that bioavailability of soil-bound PAHs is at least
similar to the bioavailability of PAHs from hay or oil. Because
soil is generally more contaminated than fodder with PAHs,
the results presented here suggest that greater attention should be
focused on potential soil ingestion by grazing ruminant animals.
Thus, soil ingestion should be considered for the risk assessment
in the food chain. Further studies onPAH transfer fromnaturally
contaminated matrices should now be carried out.
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