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ABSTRACT

An observational study was designed to assess the bioaccumulation of polychlorodibenzodioxins (PCDD) and

polychlorodibenzofurans (PCDF), dioxin-like polychlorobiphenyls (DL-PCB), and 13 selected polybromodiphenylethers

(PBDE) in autochthonous pigs reared in the Nebrodi Park of Sicily (Italy). Perirenal fat and liver samples were drawn from

animals representative of three different outdoor farming systems and from wild pigs and then analyzed for the chemicals

mentioned previously. The highest concentrations of PCDDzPCDF and DL-PCB were detected in the fat (0.45 and 0.35 pg

World Health Organization toxicity equivalents [WHO-TE] per g of fat base [FB], respectively) and livers (12.7 and 3.28 pg

WHO-TE per g FB) of the wild group, whereas the free-ranging group showed the lowest levels (0.05 and 0.03 pg WHO-TE per

g FB in fat and 0.78 and 0.27 pg WHO-TE per g FB in livers). The sum of PBDE congeners was highest in wild pigs (0.52 ng/g

FB in fat and 5.64 ng/g FB in livers) and lowest in the farmed group (0.14 ng/g FB in fat and 0.28 ng/g FB in livers). The

contamination levels in fat and livers of outdoor pigs had mean concentration values lower than those levels reported for

intensively indoor-farmed animals. In wild pigs, bioaccumulation was associated with their free grazing in areas characterized by

bush fires. The results of this study aid to emphasize the quality of the environment as a factor to guarantee food safety in typical

processed pig meat products, specifically from outdoor and extensive Nebrodi farming systems.

Rural farmed animals may undergo combined environ-

mental exposures to persistent organic pollutants such as

polychlorodibenzodioxins (PCDD) and polychlorodibenzo-

furans (PCDF), dioxin-like polychlorobiphenyls (DL-PCB),

and polybromodiphenylethers (PBDE), which originate

mainly from soil and plants. Within this construct, environ-

ment quality plays a relevant role in determining their

overall bioaccumulation and subsequent carryover to animal

produce (8, 27). Previous studies reported higher levels of

the above-mentioned contaminants in free-ranging hen eggs

(19, 37) and milk of grazing dairy animals (25, 29) than

those levels found in the same foods from intensively

farmed animals fed on commercial feeds (10).
At times, the recorded levels in products from outdoor-

rearing systems exceeded the pertinent cumulative PCDD,

PCDF, and DL-PCB regulatory maximum levels (ML) in

food of animal origin, according to current EU legislation

(Regulation No. 1881/06/EC). For pig meat and livers,

levels have been posed at 1.5 pg World Health Organization

toxicity equivalents (WHO-TE) per g of fat base (FB) and at

12 pg WHO-TE per g whole weight, respectively, as

cumulative values (PCDDzPCDF and DL-PCB). This

could represent a cause for possible concern when

confronted with the general ‘‘healthy’’ claims associated

with the friendly animal welfare and environmentally

benign practices of organic farming (31, 38). As far as pigs

are concerned, very few studies have dealt with exposure

and bioaccumulation of persistent organic pollutants in

outdoor and not intensive farming; the available literature

has mainly focused on toxicokinetics in meat from high-

inbred animals because of exposure to contaminated feed

(13, 15, 18, 28).
Information available is sparse and indicates that

outdoor-farmed pigs might be more exposed than the

corresponding indoor animals might. However, the recorded

PCDD, PCDF, and DL-PCB concentrations in fat and offal

of outdoor animals could not be directly associated with the

characterization of the environment at farm (22, 32).
Therefore, this work’s intent was to study the bioaccumu-

lation of the contaminants mentioned previously in the

autochthonous black pig feeding substantially on natural

pastures and reared under different extensive farming

systems within the preserved area of the Regional Nebrodi

Park of Sicily (Italy). The acquired information could

provide answers to food safety issues for locally processed

meat production and, at the same time, endorse the above-

mentioned sustainable farming practices, i.e., that outdoor
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and wild pigs be recognized as sensitive sentinels to monitor

the overall quality of the environment (36).

MATERIALS AND METHODS

Site description, animals, and sampling. The study was

carried out in the autumn of 2007 within the Regional Nebrodi

Park of Sicily. Within the park (which spans over 85,000 ha

[850 km2] in the Messina District, between the Thyrrenian Sea and

Mt. Etna) (Fig. 1), different traditional rural farming systems were

identified. (i) Outdoor farms, i.e., wild black pigs caught when

young were reared in 1-ha (0.01-km2) paddocks until the

slaughtering age of 18 months (ca. 120-kg body weight) and fed

on natural pastures characterized by the presence of chestnuts and

acorns, and some local cereal and field bean supplements were

provided in periods of low pasture. (ii) En plein air (in the open

air), i.e., wild pigs caught when young were confined in 5-ha (0.05-

km2) allotments and fed as described above. (iii) Free ranging, i.e.,

wild piglets were caught and put in 20- to 40-ha (0.2- to 0.4-km2)

areas where they were free to graze in woods composed primarily

of the genera Fagus and Quercus (beech and oak), with a feeding

practice limited to supplements. (iv) Wild pigs without space

confinement (.1,000 ha [10 km2]) and without external feed

supply were caught just before slaughter.

At slaughter, perirenal fat and liver samples from pigs (n ~

10) representative of each typology were drawn and pooled on an

equal gravimetric basis for the assessment of chemicals of interest.

For the observational study carried out, the perirenal fat was

selected for analysis of persistent organic pollutants to facilitate

sampling and to have a matrix less sensitive to possible short-term

variations of pollutant intake-uptake, thus more representative of

overall long-term exposure (28).
An inventory of possible occasional sources of exposure was

carried out in each farm considered in this study (2).

Standards and reagents. n-Hexane (Carlo Erba, Rodano,

Italy), acetone, concentrated sulfuric acid (International Organiza-

tion for Standardization analytical grade), cyclohexane, dichloro-

methane, sodium sulfate (Riedel de Haen, Seelze, Germany), and

diatomaceous earth (EXtrelut, Merck, Darmstadt, Germany) were of

the best commercial quality. Gases (with purities of 5.5) were

purchased from Rivoira (Turin, Italy). Certified unlabeled and fully
13C-labeled PCDD, PCDF, and DL-PCB standards (purities of 99%)

were obtained from Cambridge Isotope Laboratories, Inc. (Andover,

MA). Certified unlabeled and fully 13C-labeled PBDE standards

(purity of 98%) were provided by Sigma-Aldrich (St. Louis, MO).

PCDD, PCDF, DL-PCB, and PBDE determination. The

analytical procedure was adapted from U.S. Environmental

Protection Agency Method No. 1613 (33) and validated in-house.

In brief, after fortification with 13C-labeled congeners, each 10-g

test portion from a 10-sample homogenate rested for 24 h at 4uC.

After addition of 70 g of anhydrous sodium sulfate, the mixture

was extracted twice with 200 ml of n-hexane after a 90-min

sonication. Each organic extract was collected and prepurified by

eluting it through a column of EXtrelut impregnated with

concentrated sulfuric acid. Then, a Power-Prep apparatus (Fluid

Management Systems, Watertown, MA) was utilized for an

automated cleanup with three sequential chromatographic steps

on columns packed with silica gel, alumina, and graphitic carbon,

respectively, suitable for adequate separation of the analytes of

interest.

PCDD, PCDF, and the non–ortho-substituted DL-PCB were

quantified by high-resolution gas chromatography on a column

60 m long, with a 0.25-mm inside diameter (BPX-DXN, Scientific

Glass Engineering Analytic Science, Ringwood, Victoria, Aus-

tralia), coupled to a high-resolution VG AutoSpec mass spectrom-

eter (Waters/Micromass, Manchester, UK) (HRGC-HRMS) used

in the ‘‘selected ion-monitoring mode’’ (SIM); the mono-ortho-

substituted DL-PCB were determined by HRGC on an HT5

column 60 m long, with a 0.25-mm inside diameter (Scientific

Glass Engineering Analytic Science) coupled to a low-resolution

mass spectrometer (Thermo Fisher Scientific, Waltham, MA)

(HRGC-LRMS[SIM]). In both cases, the analytical values were

converted to WHO-TE units by using the 1997 WHO toxic

equivalency factors (TEF) (34). The selected PBDE congeners (28,

47, 49, 71, 85, 99, 100, 153, 154, 183, 197, 206, and 209) were

determined by HRGC-LRMS(SIM) on a BP-1 column 12 m long,

with a 0.25-mm inside diameter (Scientific Glass Engineering

Analytic Science) (20). Recovery rates for the 13C-labeled internal

standards were within the range of 70 to 110%. All cumulative

results were estimated as upper-bound values affected by an

extended uncertainty within |¡25%|.

Animal welfare. Pigs were transported to the slaughterhouse,

stunned, and slaughtered under the supervision of the appointed

veterinarian officer, in compliance with Regulation No. 882/2004/

EC of the European Parliament and the Council of the European

Union.

Statistics. Observational data from Nebrodi pigs pooled

samples were compared with the PCDDzPCDF and DL-PCB

frequency tables and summary statistics describing the WHO-TE

means and the 25th, 50th, 75th, and 90th percentiles (P25, P50,

P75, and P90), respectively, in pig fat and meat, based on EU

monitoring plans 1998 to 2008, as reported by the European Food

Safety Agency (EFSA) (10).

RESULTS

Slaughter inspection. All recruited animals were

healthy and did not show any anamnesis, pathological

signs, or lesions such as chloracne, hypospadia, cleft palate,

or sex ratio alterations (24) that could be related to high

exposure to persistent organic pollutants at both ante- and

postmortem inspections at slaughter; their meat and offal

were compliant with food consumption regulations.

Inventoried risk factors. The following PCDD, PCDF,

and DL-PCB risk factors were inventoried in the area: (i) use

of pentachlorophenol-treated wood for fencing outdoor

farms; (ii) free-ranging farm proximity to a 1972 electric

transformer, still containing dielectric fluid with PCB; and

(iii) occurrence of spontaneous bush fires within the park

during 2007 (Fig. 1).

Persistent organic pollutants bioaccumulation in
pig perirenal fat and kidneys. The concentrations of

PCDD, PCDF, and DL-PCB congeners in perirenal fat and

liver samples of pigs from the different farming systems are

reported in Table 1. The data available are graphically

reduced in Figures 2 and 3, which exhibit the PCDD,

PCDF, and DL-PCB profiles of detected congeners,

respectively, plotted in analytical and WHO-TE units.

Most of selected PBDEs were not detected in the fat

and liver samples analyzed (Table 2). PBDE 47, usually not

reported as a prevalent congener in products of animal

origin (18), was determined in both matrices in all pig
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groups, and did not show appreciable differences in

bioaccumulation between fat and livers.

DISCUSSION

Impact of the environmental quality on PCDD,
PCDF, and DL-PCB bioaccumulation in the considered
farming systems. All PCDD, PCDF, and DL-PCB TE

concentrations found in perirenal fat samples always

appeared below the pertinent ML for pig meat or fat stated

in Regulation No. 1881/06/EC (1.0 pg WHO-TE per g FB for

PCDDzPCDF and 1.5 pg WHO-TE per g FB as cumulative

values, respectively), and even lower than the alert levels

reported in Recommendation 2006/88/EC (0.6 pg WHO-TE

per g FB for PCDDzPCDF and 0.5 pg WHO-TE per g FB

for DL-PCB, respectively). The PCDDzPCDF and DL-PCB

contamination levels recorded in farmed, en plein air, and

free-ranging pigs are lower than those levels on average

reported for outdoor pig meat in the United Kingdom (0.23

and 0.39 pg WHO-TE per g FB, respectively) (32) and by the

EFSA for intensively farmed pig meat (0.47 and 0.46 pg

WHO-TE per g FB, respectively) and fat (0.92 and 0.95 pg

WHO-TE per g FB, respectively), and on a cumulative basis,

close or even lower than the P25 of the pertinent EFSA

distributions (P25 pig fat ~ 0.20 pg WHO-TE per g FB; P20

pig meat ~ 0.24 pg WHO-TE per g FB) (10). To evaluate the

data summarized in Tables 1 and 2, the ‘‘dilution’’ of

contamination in the fat mass should be taken into account: in

low-inbred black pigs, fat represents an average of 45% of

carcass weight (23) versus a 30% average reported for high-

inbred industrial lines (16).
Liver data highlight better the differences of exposure

between the different groups: wild pigs revealed a

contamination roughly three times higher than the contam-

ination recorded in the livers of outdoor, en plein air, and

free-ranging pigs. Because of their unlimited grazing area,

wild animals could come in close contact with occasional

contamination sources and with recently burned areas

(Fig. 1), where PCDDzPCDF concentrations in topsoil

can be as high as 5 pg international TEF/g dry weight (7), a

target level below which animal grazing is generally

considered to be safe (12) (for clarity’s sake, it is pointed

out that 1997 WHO-TEF and ‘‘international’’ TEF

generally provide similar TE values when the matrix is

soil). In wild pigs, a more efficient induction of aryl-

hydrocarbon receptors of liver cell membranes—receptors

capable of isolating PCDD, PCDF, and DL-PCB from the

fat content of the liver (1)—and the probable occurrence of

starvation periods that require a mobilization of fat from

adipose tissue to the liver could be the main factors

determining the relevant differences recorded in PCDD,

PCDF, and DL-PCB concentrations (FB) in the two selected

matrices. The calculated liver-to-fat ratio concentrations

(FB) for PCDD, PCDF, and DL-PCB congeners yielded the

following figures: 22, 52, 13, and 20, respectively, for

farmed, en plein air, free-ranging, and wild pigs. The

highest value of 52 for the en plein air group could be

because of recent exposures recorded in liver and not yet

transferred to the less perfused perirenal fat (35).
Observational studies from residue monitoring plans in

the United Kingdom (32) provide a liver-to-fat ratio of 33,

based on mean values in outdoor pigs (18.8 and 1.8 pg

WHO-TE per g FB, respectively, for cumulative

PCDDzPCDF and DL-PCB concentrations in livers) and

a liver-to-fat ratio of 12 in indoor pigs (7.3 and 1.6 pg

WHO-TE per g FB for the same chemicals in livers). These

results are consistent with previous reports on other farmed

species such as chicken (30) and cattle (meat and dairy) (11,
25), indicating the liver is the most bioaccumulating organ,

and that observational levels could encroach on the pertinent

alert levels (4 pg WHO-TE per g FB and 4 pg WHO-TE per

g FB for PCDDzPCDF and DL-PCB congeners, respec-

tively) and ML (6 pg WHO-TE per g FB for PCDDzPCDF

and a 12 pg WHO-TE per g FB, as cumulative) in such a

matrix, even when recorded contamination in fat can be

considered at background levels.

The observed patterns in Nebrodi pigs could be

ascribed to a variety of occasional and different exposures

(Figs. 2 and 3); the diversity between the profiles detected

in fat and livers could be explained by the fact that liver is

more sensitive to recent exposures than is the less perfused

perirenal fat. Despite the low contamination levels found

and the relevant number of nondetects—n ~ 12, 15, and 13

in farmed, en plein air, and free-ranging pigs, respectively

(Table 1)—some farmed pig fat samples on analytical bases

have profiles useful for detecting possible exposure

differences in the three farming systems (Fig. 2). In free-

ranging pigs, the predominant hepta-CCD and octa-CCD

contributions among PCDDzPCDF congeners suggest a

possible exposure to pentachlorophenol-treated timbers

(17), as inventoried among possible local farm risk factors,

even if such exposure does not have any effect on the rise of

contamination on a WHO-TE basis (Fig. 3). The higher

contamination levels recorded in the wild pig group

(Table 1) are characterized by the appreciable analytical

contribution of the mono-ortho-substituted DL-PCB. Their

profile could reflect the influence of exposures in areas with

bush and grassland fires, where the PCDF fraction could

represent up to 50% of PCDD and PCDF TE emissions (14,
21). In such a context, we also consider heat-stressed PCB,

FIGURE 1. The Nebrodi Park area (box). The map also shows
the locations where severe (N) and moderate (?) bush and
grassland fires occurred during the summer of 2007, per the
records of the Sicilian Regional Department of Civil Protection.
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i.e., originating from old transformers seated on electric line

poles within fire areas; these should not overlooked as a

possible emission contributor (5). By comparison, the

analytical profile recorded during the Belgian Dioxin Affair

of 1999, and more recently as a follow-up of the

surveillance activity on tainted fat in Irish pork meat, are

both dominated by 2,3,4,7,8-P5CDF and 1,2,3,4,7,8-H6CDF

(9, 15, 26), along with a roughly 70% contribution of the

mono-ortho-substituted DL-PCB, on the total TE (4)
(Fig. 4). However, in the case of Nebrodi wild black pigs,

such contribution of mono-ortho congeners on the cumu-

lative TE in fat does not surpass 10%, thus suggesting the

contamination levels in fat, lower than the regulatory ML

(Table 1), can be ascribed eventually to time-restricted,

occasional exposures to PCB leakages.

Impact of the environmental quality on PBDE
bioaccumulation in the considered farming systems.

The PBDE upper-bound concentrations found in the

perirenal fat of Nebrodi pigs (Table 2) are in agreement

with the data available from literature for meat fat. A U.S.

Food and Drug Administration study based on a food

consumption survey (18) reported an average PBDE

contamination of 2.6 ng/g FB in pig meat for eight selected

congeners, with a range spanning from 0.190 to 16.3 ng/g

FB. In The Netherlands, the average medium bound level

found in pig meat was 1.0 ng/g FB (6), while in background

pig fat samples from Australia, within a context of extensive

forest fires, the average cumulative concentration of PBDEs

47, 85, 99, 100, 138, 153, and 154 was 5.6 ¡ 2.3 ng/g FB

(3). The sparse data concerning PBDE occurrence and

toxicokinetics in food producing animals do not allow

further interpretation of the data obtained. In general, the

presence of PBDEs (which are of strict anthropogenic origin)

in pigs reared within a preserved area could be determined by

the use of recycled foam insulation lining animal pens and/or

FIGURE 2. PCDDzPCDF–detected (left) and DL-PCB–detected (right) congener profiles, expressed as percentages of PCDDzPCDF
and DL-PCB analytical sums, respectively, in the livers and perirenal fat of pigs from selected farms.
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plastic tubing for water, and to the intake of ashes from

discarded plastic containers burned by fires (3).

Statistics. The practicability of the analysis carried out

in field conditions within the Nebrodi Park relied on the

pool approach to fat and livers of 10 animals representative

of well-defined and homogeneously farmed groups; the pool

approach is in line with the common practice used to test

bulk milk on dairy farms, insofar as it is acknowledged that

the homogeneous groups of animals belonging to the same

farm have the same sources of exposure, with almost the

same timing. Such a pool approach, however, limited the

number of the observations; this fact, along with the number

of congeners with nonquantifiable levels, basically ham-

pered the statistical evaluation of data, as well as a principal

component analysis whose potencies rely on the number of

data and variables available. In the near future, when we

amass a significant amount of data on the Nebrodi pigs, we

will do a sound statistical evaluation of our findings, in part

concerning possible time trends of the considered contam-

inants with respect to the assessed geo-referenced back-

ground levels.

In conclusion, a preserved quality of grazing areas

supports reduced exposure to PCDD, PCDF, DL-PCB, and

PBDEs in rural- and outdoor-farmed pigs, with FB levels of

the previously mentioned contaminants lower than those FB

levels reported in intensively indoor-farmed animals fed

commercial feeds. Wild pigs, due to their unrestricted

migration within the Nebrodi Park, represent the group most

sensitive, and their livers a matrix more suitable for the

assessment of the overall environmental quality of this

natural area, where bush and grassland fires could represent

the main source of PCDD, PCDF, and DL-PCB emissions.

Further work is in progress to trace wild pig paths within the

Nebrodi Park, with the aid of a geographical information

system, in an attempt to correlate bioaccumulation data with

FIGURE 3. PCDDzPCDF–detected (left) and DL-PCB–detected (right) congener profiles, expressed as percentages of PCDDzPCDF
and DL-PCB WHO-TE, respectively, in the livers and perirenal fat of pigs from selected farms.
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a more detailed site characterization and subsequent

identification of the occasional source(s) of exposure.
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