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Polychlorodibenzo-para-dioxins (PCDDs) and Polychlorodibenzofurans (PCDFs) are ubiquitous in
the environment. They are mainly formed as unwanted byproducts during various chemical, industrial,
and combustion processes. Thus, these pollutants can be found in the food chain. The aim of this
experiment was to study the transfer of PCDD/Fs from spiked milk to arterial blood in pigs, which are
considered as valid models for humans. Pigs were fed with 900 mL of milk spiked with a mixture of
17 dioxins. The levels of PCDD/Fs in the serum extracts were determined using HRGC/HRMS prior
to consumption of the milk, and at 3, 5, and 7 h after milk ingestion. Concentrations of PCDD/Fs in
arterial plasma increased from 3 h to 5 h and decreased at 7 h. At time point 5 h, concentrations
were found between 500 and 10 000 pg g~ fat. The transfer ratio < plasma fat/milk fat > was usually
found between 0.7 and 3%. Related to the different milk concentrations, results of this study indicate
a similar behavior of the studied molecules.
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INTRODUCTION Thus, the purposes of this study were to evaluate the ar-
Polychlorodibenzo-para-dioxins (PCDDs) and polychloro- terial appearance of dioxins after ingestion of milk spiked with

dibenzofurans (PCDFs) are ubiquitous in the environment at PCDDIFs.

normally very low concentrationl-10). They are formed as

unwanted byproducts during various chemical, industrial, and MATERIALS AND METHODS

combustion processes ). So, even if therg are some natgral Spiked Milk. Dioxins handling and animal tests were performed in
sources of PCDD/Fs, for example forest fires, the magnitude 4ccordance with French policies. A total of 1000 mL of milk was spiked
of these sources is small in relation to that of anthropogenic with 1 mL of a solution/mixture of native!4C;.) chlorinated dibenzo-
sources (12). p-dioxins (PCDDs) and dibenzofurans (PCDFs) (EPA-8290 STN,
Moreover, because of the persistence and hydrophobicWellington Laboratories, Ontario, Canada). Physical and chemical
character of these environmental pollutants, they are found in properties of the studied PCDD/Fs are giveiTable 1. Concentrations
every level of the food chainl@B—16). In recent years, it has  of PCDD/Fs in the spiked milk are presentedTiable 2.
become clear that cattle represent' through meat and dairy Animals and Diets. The animal protocol was in accordance with
products, the most important source of human exposure tothe general guidelines of the Council of European Communities
PCDD/Fs in Europe and North AmericiY 15—20). The main directive 86/6_09/EC:{0). Two castrat(_ad Large White pigs (body_weight
portion of human exposure originates from the atmosphere via 40 kg) from livestock of a commercial farm were used. The pigs were
. . . fed twice a day during one week in our laboratory with a well-balanced
the pathway airfeed—cow—milk—man (1721). Therefore, it

S . I . diet (800 g/meal) based on wheat and soybean to ensure maintenance
is important to know the bioavailability of PCDD/Fs in humans  gng growing needs of animals according to Henry et 3).(Each

after ingestion of polluted milk or dairy products. The amount animal was fitted with two catheters: one placed in the portal vein
of data available about this subject is limite2R{-27). There and another one placed in the brachiocephalic artery. Anesthesia was
is no standard way of measuring dioxins’ bioavailability. Dif- induced with sodium thiopentone (10 to 15 mg/kg) and maintained
ferent methods exist ranging from intubation with a lumen tube with fluothane inhalation (0.5 to 1.5% as required). The animals were
to dioxins balance procedures. Dioxins bioavailability is linked fitted with a cuffed endotracheal tube and the lungs were mechanically
to subsequent postprandial delivery in arterial blood. Pigs ventilated at a minute volume of 150 mL/kg. Surgery was performed

provide a valid model for conducting such studi28+29). To under strlc_tly aseptic pondltlons. The a_nlmals began to eat the day after
our knowledge no information is available on arterial transfer the operation and rapidly recovered their normal growth rate. To prevent
obstruction by blood clots the cannulaes were rinsed daily with a

of dioxins from polluted milk. heparinized (100 IU/mL) NaCl solution (9 g/L). This was achieved
. . - . - under aseptic conditions to avoid any risk of infection. Throughout
Fax:ngr%s?’pggdgégoit.;thor. E-mail:Guido.Rychen@ensaia.inpl-nancy.fr. o experimental period, the pigs were kept in individual cages allowing
t aboratoire de Sciences Animales. easy access to the cannulae for blood sampling in the portal vein and
* Micropolluants Technologie. in the brachiocephalic artery.

10.1021/jf011217v CCC: $22.00 © 2002 American Chemical Society
Published on Web 02/07/2002



1696 J. Agric. Food Chem., Vol. 50, No. 6, 2002

Table 1. Physical and Chemical Properties of the Studied PCDD/Fs

chlorine  molecular solubility Log
congener number  weight mg/L (25 °C) Kow TEF
2,3,7,8 TCDD 4 32198 1.93x10°° 6.80 1
1,2,3,7,8 PeCDD 5 356.42 6.64 05
1,2,3,4,7,8 HxCDD 6 390.87 4.42x1078 780 0.1
1,2,3,7,8,9 HXCDD 6 390.87 - 0.1
1,2,3,6,7,8 HXCDD 6 390.87 - 0.1
1,2,3,4,6,7,8 HpCDD 7 42531 240x107°° 8.00 0.01
OCDD 8 460.76  0.74 %1077 8.20 0.001
2,3,7,8 TCDF 4 305.98 4.19x1074(22,7°C) 6.53 0.1
1,2,3,7,8 PeCDF 5 340.42 6.79 0.05
2,3,4,7,8 PeCDF 5 34042 236 %107 (22,7°C) 6.92 05
1,2,3,4,7,8 HXCDF 6 374.87 8.25x1076 (22,7°C) 7.30 0.1
1,2,3,6,7,8 HXCDF 6 37487 1.77x107% (22,7°C) - 0.1
1,2,3,7,8,9 HxCDF 6 374.87 0.1
2,3,4,6,7,8 HXCDF 6 374.87 - 0.1
1,2,3,4,6,7,8 HpCDF 7 409.31 1.35x1076 (22,7°C) 7.92 0.01
1,2,3,4,7,8,9 HpCDF 7 409.31 - 0.01
OCDF 8 44476 116 %1078 8.78 0.001
Table 2. PCDD/Fs Transfer Ratio from Milk Fat to Plasma Fat 5
Hours After Ingestion of 900 mL of Spiked Milk by Growing Pigs
milk fat plasma fat ratio
congener pglg MG pglg MG plasma/milk
2,3,7,8 TCDD 90 000 1195.05 1.33
1,2,3,7,8 PeCDD 216 000 2866.46 1.33
1,2,3,4,7,8 HXCDD 213 000 3150.81 1.48
1,2,3,6,7,8 HXCDD 209 000 4976.88 2.38
1,2,3,7,8,9 HxCDD 220000 4692.01 2.13
1,2,3,4,6,7,8 HpCDD 189 000 5410.79 2.86
OCDD 427000 8943.71 2.09
2,3,7,8 TCDF 74000 514.96 0.70
1,2,3,7,8 PeCDF 155 000 2637.75 1.70
2,3,4,7,8 PeCDF 171 000 1914.08 1.12
1,2,3,4,7,8 HXCDF 242 000 3308.05 1.37
1,2,3,6,7,8 HXCDF 235000 6500.12 2.77
2,3,4,6,7,8 HXCDF 244000 3865.75 1.58
1,2,3,7,8,9 HXCDF 278 000 2133.12 0.77
1,2,3,4,6,7,8 HpCDF 174 000 9971.47 5.73
1,2,3,4,7,8,9 HpCDF 202 000 3460.48 171
OCDF 385 000 6524.94 1.69

Experimental Design. Fourteen days after surgery, 900 mL of
dioxins-spiked milk was fed to each animal. Blood samples were
collected as follows: (1) 60 mL of arterial blood prior to the milk
distribution; (2) 60 mL of arterial blood 3 h after milk ingestion; (3)
60 mL of arterial and portal blood 5 h after milk ingestion; and (4) 60
mL of arterial blood 7 h after milk ingestion.

Blood samples were immediately centrifuged for 10 min at 3000
(4 °C). Plasma supernatant was then collected and store@@rC
before analysis of the PCDD/Fs in the blood.

Dioxins Analysis in Blood SamplesSolvents (hexane, methylene

chloride) of Suprasolv quality (pesticide grade) and ethanol (absolute)
were purchased from Merck Eurolab, Darmstadt, Germany. Silica

(silicagel 60, 63—20Q:m), basic alumina (Brockman | 90, 63—200

um), ammonium sulfate (for analyses, ASC, 1SO), and sodium sulfate

Rychen et al.

by Isotope Dilution HRGC/HRMS, October, 1994). We used two
different cleanup columns from among those suggested in the method:
(1) a silica column (from top to bottoyl g of anhydrous sodium
sulfate, 1 g ofactivated silica, 8 g of 30%ulfuric acid impregnated
silica, 1 g of activated silica, ath 4 g of 23% sodium hydroxide
impregnated silica). The PCDD/Fs were isolated from the lipid frac-
tion by eluting this column witlm-hexane. (2) a basic alumina column
(from top to bottom 1 g ofanhydrous sodium sulfate, 15 g of activated
basic alumina, activity 1). A first fraction eluted witim-hexane/
methylene chloride (98:2, v:v) was discarded. A second fraction, eluted
with n-hexane/methylene chloride (1:1, v:v) was collected and con-
centrated.

Just before HRGC/HRMS analysis, purified extracts were reconsti-
tuted by adding 2QiL of a standard solution containingC 1,2,3,4
TCDD and*C 1,2,3,7,8,9 HXCDD (480 pg of each added to the extract)
to monitor recoveries achieved during the HRGC/HRMS analysis.

The levels of PCDD/Fs in the serum extracts were determined using
HRGC/HRMS on an Autoconcept which is a high-resolution double-
focusing mass spectrometer of EB geometry produced by Mass
Spectrometry International (MSI), Manchester, UK. The system was
directly coupled to a high-resolution gas chromatograph (HP6890,
Agilent Tecnologies) fitted with a split/splitless injector. The mass
spectrometer was operated at a resolution of 10000 (10% valley
definition). The system was tuned using the Autotune facility. The
resolution was maintained across all the ions of interest by the use of
they focusing lens. The source was operated at a temperature of 250
°C with an electron voltage of 30 eV at a trap current of 300 uA. The
instrument was pumped by three turbomolecular pumps to provide high
vacuum conditions with no chemical background. Both the mass
spectrometer and the GC were controlled through the Mach3Xe data
system allowing unattended operation of the equipment. The capillary
column for GC separation was a J&W DB 5 MS, 60 m length, 0.25
mm i.d., and 0.2xm film thickness. The identification criteria specified
in U.S. EPA Method 1613 with respect to the GC column performance
and mass spectrometer performance were fully satisfied by the data
obtained in this study (separations, resolution, and sensitivity capabili-
ties). Laboratory blanks were analyzed with the samples, and showed
no contamination (nondetectable PCDD/Fs). The recoveries of labeled
compounds ranged from 60 to 118%.

RESULTS

Pigs have been fed with milk spiked with a solution/mixture
of 17 PCDD/Fs. To study the arterial kinetics of the studied
micropollutants, arterial blood was sampled prior to milk
distribution (0 h) and at 3, 5, and 7 h after milk ingestion.
Arterial plasma concentrations of the studied dioxins and furans
are reported irFigures 1and2. Several peculiar features can
be observed. At time point O h, no traces of dioxins were
detected. Concentrations of PCDD/Fs increased from 3 hto 5
h after spiked milk ingestion and then decreased between 5 h
and 7 h. All studied molecules presented a similar kinetic
behavior and could be detected in arterial blood at 3, 5, and 7
h after milk ingestion Figures 1 and2). At time point 5 h,
concentrations of the different compounds of dioxins in plasma
fat were found between 500 and 10 000 pg tat (Figures 1

(anhydrous, for analyses, ASC, ISO) were also purchased from Merck @1d2, Table 2), whereas in milk fat concentrations were found

Eurolab, Darmstadt, Germany.

Serum samples (30—40 g) were spiked with 16 isotopically labeled

between 50 000 and 450 000 pgldat (Table 2).
Table 2 indicates that plasma fat concentrations of PCDD/

dioxins and furans (480 pg for the tetras, pentas, and hexas, and 960Fs are related to milk dioxins concentrations. Thus, for most
pg for the heptas and octas) and then diluted with water saturated with PCDDJFs, the transfer level from milk to blood could be

ammonium sulfate (50 mL), ethanol (50 mL), and hexane (100 mL).

The mixture was shaken in a separatory funnel for 10 min. The organic
phase was collected, and the remaining aqueous phase was re-extracte
once with hexane (100 mL). The organic combined extract was then

estimated at between 1 and 3%able 2). The transfer ratio
<plasma fat/milk fat>was usually found between 0.7 and 3%
6 dioxins) and appears higher for 1,2,3,4,6,7,8 HpCDF (nearly

evaporated to dryness, and the fat content was determined gravime6%)- These results indicate a quite similar behavior of the

trially. The fat was then redissolved in-hexane and cleaned up

studied dioxins. All molecules are transferred from milk fat to

according to the liquid chromatographic procedures described in U.S. plasma fat at a similar level (Table 2). Figure 3, we report
EPA Method 1613 (Tetra through Octa Chlorinated Dioxins and Furans comparative concentration values of the different dioxins
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Figure 1. PCDDs plasma-fat/milk-fat transfer ratio following growing pigs’ ingestion of 900 mL of milk spiked with 17 dioxins (mean values, n = 2).
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Figure 2. PCDFs plasma-fat/milk-fat transfer ratio following growing pigs’ ingestion of 900 mL of milk spiked with 17 dioxins (mean values, n = 2).
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Figure 3. Comparative concentrations of the 17 PCDD/Fs in arterial blood 5 hours after ingestion of spiked milk (values are related to milk concentrations,
TCDD = 100, mean values + standard deviation).

compared to that of 2,3,7,8 TCDD and related to the different DISCUSSION
milk concentrations. The PCDD/Fs arterial profile is quite . L o
analogous for each animal and indicates a good repeatability The aim of th_ls mvestlgatlon was to study PCDD/Fs transfer
of the measurements. Considering that analytical uncertainties™om polluted milk to arterial blood. The measure of these events
were close to 3040%, taking into account every analytical step, 1S Of great physiological importance because it allows precise
values found between 50 and 150 can be considered asnformation on the bioavailability of dioxins and the transfer
equivalent, so most of the molecules present a behavior similar/evel from food to the organism. For all studied molecules, the
to that of 2,3,7,8 TCDD. There is only one furan (1,2,3,4,6,7,8 highest concentrations were found 5 h after ingestion of the
HpCDF) which appears in blood fat in a concentration higher SPiked milk. This result suggests that PCDD/Fs absorption is
than that of 2,3,7,8 TCDD. connected with milk fat absorption (32), which differs notably
At 5 h after milk feeding, blood was simultaneously sampled from peak absorption of glucose (45 min) and protein (30 min)
in the portal vein and in the brachiocephalic artery in order to (33). Thus, PCDD/Fs absorption appears concomitant with fat
get some information on a possible absorption of PCDD/Fs by absorption. Moser and McLachlaB4), Rohde et al.35), and
the blood pathway (delivery of the dioxins to the organism by Shlummer et al. 36) gave the same suggestion. Considering
the portal vein)Table 3indicates dioxins and furans concentra- portal and arterial concentrations of dioxins were similar at 5 h
tions in both blood vessels. For each studied molecule, portal (Table 3), we could expect that dioxins are not absorbed via
and arterial concentrations were quite similar, suggesting a samethe blood pathway, but via the lymphatic pathw&y. Indeed,
absorption pathway for each molecule. there are two main pathways of nutrient absorption through the
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Table 3. PCDD/Fs Transfer Ratio from Milk Fat to Arterial or Portal
Plasma Fat 5 Hours after Ingestion of 900 mL of Spiked Milk by
Growing Pigs (mean values + standard deviation)

transfer ratio
(portal plasma-fat/

transfer ratio
(arterial plasma-fat/

milk-fat) milk-fat)
2,3,7,8 TCDD 1.33+0.94 1.06 +0.75
1,2,3,7,8 PeCDD 1.33+0.73 137+0.75
1,2,3,4,7,8 HXCDD 1.48 +£0.70 1.37 £0.65
1,2,3,6,7,8 HXCDD 2.38+1.06 2.34+1.04
1,2,3,7,8,9 HXCDD 213+1.39 2.30 +1.50
1,2,3,4,6,7,8 HpCDD 286+211 242+178
OCDD 210+1.36 1.82+1.18
2,3,7,8 TCDF 0.70£0.91 0.92+1.19
1,2,3,7,8 PeCDF 1.70 +0.90 1.80+0.95
2,3,4,7,8 PeCDF 112+1.22 124 +1.34
1,2,3,4,7,8 HXCDF 1.37+051 1.32+0.49
1,2,3,6,7,8 HXCDF 2.77+163 250 £ 1.47
2,3,4,6,7,8 HXCDF 1.58 +1.96 138+1.71
1,2,3,7,8,9 HXCDF 0.77+0.31 0.77+0.31
1,2,3,4,6,7,8 HpCDF 5.73+258 490+221
1,2,3,4,7,8,9 HpCDF 1.71+0.70 1.37+0.56
OCDF 1.69 +0.93 1.62 +0.89

gut: (1) the blood pathway which involves direct transfer of
blood into the portal vein, and (2) the slower blood transfer by
the lymphatic pathway. Lakshmanan et 88) showed that the
transfer of 2,3,7,8 TCDD was primarily via the lymphatic route
and was predominantly associated with chylomicrons. This study
is in agreement with our hypothesis.

To our knowledge, this study presents for the first time the
appearance profile of ingested milk dioxins in arterial blood.
In particular, we observed that the level and profile of dioxins
in arterial plasma seems to be unrelated to the physical or
chemical properties of the molecule$aple 1). The small
variations in responses can be attributed to the analytical
uncertainties (up to 3840%, considering every analytical steps),
more than real differences in the absorption of dioxins and furans
in pig’s blood. Indeed, feeding of the pigs with the fortified
milk, sampling of the blood, and the whole analytical process
from the fat extraction to the analysis by HRGC/HRMS
introduces small deviations at each step. Thus, our results
demonstrate that the pig absorbed all studied dioxins which were
found in similar concentrations in arterial blood. When compared
to milk, PCDD/Fs concentrations in plasma are found between
0.7 and 3%. The absence of concentration differences in arterial
plasma for chemical compounds with different physical and
chemical properties could be explained by the fact that any
molecules could be metabolized or quickly distributed in tissues,

especially fat tissue. These results have also to be discussed

with previous results, and more particularly, those related to
fecal excretion rates of PCDD/Fs in breast fed infa@&<24,
27,44, 45). In these studies absorption was estimated by the
differences between PCDD/Fs ingestion and PCDD/Fs fecal
excretion. In some cases (223,44), PCDD/Fs concentrations

in feces were on a fat basis in the range of the corresponding
concentrations in mother’s milk. In other studied (27, 45)

the lower chlorinated PCDD/Fs were highly absorbed compared
to heptachlorinated or octachlorinated dioxins which were highly
excreted in the feces of the infants. Thus, dioxins absorption is
a very complex mechanism which has to be determined

precisely. However, in several studies it has been suggested that

dioxins absorption is mainly dependent on their physical and
chemical properties, and that the dioxins absorption efficiency
decreases as the degree of chlorination or the lipophilicity
increases(5,27,39,40). In general, these authors suggest that
smaller compounds are more efficiently absorbed than larger

Rychen et al.

molecules. McLachlan et al. (21), Olling et al. (41), and Van
den Berg et al.42) showed in lactating cows that the degree
of chlorination influences the molecules metabolism: lower
chlorinated molecules are probably more metabolized than
higher chlorinated compounds. Regarding these observations,
we have to remember that fece®2(23, 27, 44, 45) or milk

(21, 39, 41, 42) PCDD/Fs concentrations cannot be easily
compared to arterial blood concentrations. Indeed, feces include
PCDD/Fs which have been absorbed and recycled by biliary
salts, and milk includes PCDD/Fs which have been carried by
blood and filtered by the mammary gland. Therefore, it may
be possible that PCDD/Fs arterial profiles are not similar to
PCDD/Fs milk or feces profiles. Thus, further research work
has to be carried out to precisely determine PCDD/Fs metabo-
lism in the monogastric or ruminant animal. It would be of great
interest to study the dioxins distribution in the different organs
and tissues of the animals; particularly in the liver, the kidney,
and the body fat. We should also analyze the digestive content
and feces to get information on PCDD/Fs which have not been
absorbed. This study has also shown the usefulness of the pig
model to precisely determine the bioavailability of dioxins from
contaminated milk.
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