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Abstract

Food may be contaminated with many chemical substances at any level along the pro-
duction chain. Chemicals that may be found in food items can simultaneously be present
in other matrices, as air, water, soil and dust; therefore, human exposure to chemicals via
food has to be summed to the exposure through all the other possible routes. The role
played by the food production chain with regard to the population exposure to chemi-
cals assumes amplified proportions when considering contaminated sites. Indeed the
link between environment and food production is undeniable and consequently, when
population chemical exposure is considered, an integrated approach assessing the con-
tribution of the different routes of exposure, including dietary exposure, is needed. Such
integrated approach allows a realistic and comprehensive risk assessment of chemical
substances in order to identify and deploy effective prevention and intervention mea-
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sures to protect human health.

INTRODUCTION

Chemicals can end up in food either intentionally
added for a technological purpose (e.g. food additives),
as residuals of pesticides and veterinary drugs or due
to the contamination arising from environmental pol-
lutants of the air, water and soil, from both natural or
anthropogenic origin. Moreover chemical substances
may be present in food added voluntarily as a result of
an illegal action.

Food, both vegetables and of animal origin, may be
contaminated with many chemicals at the same time,
that pose potential concern for the toxicological con-
sequences in humans. Chemicals that may be found
in food items can simultaneously be present in other
matrices, as air, water, soil and dust; therefore, human
exposure to chemicals via food has to be summed to the
exposure through all the other possible routes. If this
step is not performed, it will not be possible to have a
complete estimate of the total exposure, thus compro-
mising the completeness of the risk assessment.

Food contamination can arise at any level of the food
chain. Contaminations at primary production level are
those that occur directly in the field or in farm due to
contaminated soil and/or water, as well as through pol-
luted air. For example, vegetables cropping along ma-
jor highways represent a serious concern since they are

significantly more exposed to metal accumulation (in
particular lead and cadmium) compared to plants grow-
ing in fields away from highways, thus representing a
consistence route of exposure to metals for consumers
[1]. The problem of chemicals entering the food chain
has become more and more important with the indus-
trialization: in fact the risk of contamination of the food
chain increases proportionally with the concentration of
the chemical substances in the environment.

Apart from primary production, contamination can
occur at any level along the food production, transfor-
mation and distribution. Paradigmatic is the example
of Perfluorooctanoic Acid (PFOA): a long-chain per-
fluorinated chemical of synthetic origin. Animal data
evidenced that PFOA exposure may cause several types
of tumors and neonatal death exerting toxic effects also
at immune, liver, and endocrine systems levels [2]. Due
to its special properties, PFOA is used for hundreds of
manufacturing and industrial applications, in particu-
lar, it is widely used in non-stick coatings (polytetrafluo-
roethylene — PTFEg) for cookware and in paper coat-
ings for oil and moisture resistance. PFOA may leach
from cooking instruments to food, especially when high
temperatures are reached, so that secondary contami-
nation may happen [3]. Since PFOA persist indefinitely
in the environment, environmental contamination at
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primary production level may also occur: indeed PFOA
has been found in water, food of animal origin and
vegetables [4]. Consequently, when estimating dietary
exposure to PFOA both primary and secondary food
contamination should be taken into account.

The scientific awareness that contaminants can enter
the food chain at any step, has led in the last decade
to the development of the so called “farm-to-fork” ap-
proach, which can be described as a holistic concept
including all elements which may have an impact on
food safety throughout the food chain, and conse-
quently, that can represent a risk for public health. This
approach requires the assessment and control of the
major components of the food chain, with emphasis on
primary production. It is evident that such holistic ap-
proach cannot ignore the strong link between environ-
ment and food production: considering that foods are
produced by living organisms, plants and animals, the
environment in which these organisms live is an essen-
tial determinant of the quality of the food [5].

In contaminated sites the relation between quality of
the environment and the food chain assumes amplified
proportions. Bioaccumulation and biomagnification
along the food chain of certain chemical compounds,
as persistent organic pollutants, result in higher con-
centrations in food products than those present in the
environment. The characteristics that each food ingre-
dient has concerning the level of contamination may
impact on the quality of the final food product, there-
fore, within a contaminated site, foods containing lo-
cally produced ingredients may eventually represent an
important exposure route for the population. On the
other hand, it is worth also to highlight the level of com-
plexity that the food chain has reached in the last de-
cades: nowadays it has taken global features, food prod-
ucts are constantly exchanged between continents and
thus may carry chemical contaminants from one part of
the globe in virtually no time. In those countries where
structured food monitoring programs are in place, it
could be extremely useful to integrate these data with
those obtained from environmental monitoring plans,
in order to have a complete vision of chemical presence
and levels of contamination.

In the following sections we will illustrate the rele-
vance of the food production chain with regard to the
population exposure to chemical contamination. Spe-
cific emphasis will be given to the role of food chain
production through the contaminated sites, considered
as polluted environment and production site, as well as
highlighting the possible role of “sentinels” that food
products may have. Some case studies will be discussed.

BIOACCUMULATION
AND BIOMAGNIFICATION

When considering the importance of the food chain
in the context of human chemical risk assessment it is
necessary to introduce the concepts of bioaccumulation
and biomagnification, since humans are at the top of the
food pyramid. Bioaccumulation refers to an accumula-
tion of a substance in an organism and occurs when the
organism absorbs a toxic substance at a higher rate than
that at which the substance is cleared. In parallel, the

term biomagnification indicates the sequence of pro-
cesses in an ecosystem by which higher concentrations
of a particular chemical are reached in organisms higher
up in the food chain, generally through a series of prey-
predator relationships. Biomagnification is the result
of bioaccumulation and biotransfer processes by which
tissue concentrations of chemicals in organisms at one
trophic level exceed tissue concentrations in organisms
in the lower trophic level of a food pyramid.

As mentioned earlier, the persistent organic pollut-
ants (POPs) tend to be extremely stable and thus per-
sistent in the environment, having long half-lives in
soils, sediments, air or biota. For this reason POPs bio-
accumulate and magnify in the food chain with bigger
health impact at the higher levels of the food pyramid,
so in humans [6]. That's why human exposure to most
of the POPs is mainly attributable to foods of animal
origin, which in turn may arise from the presence of
these contaminants in animal feeds. POPs accumulate
mainly in fat, so even extremely low levels of POPs in
feed may become significant over the lifetime of an ani-
mal and result in unacceptable residues in human food
commodities such as meat, milk, and eggs [7].

Also heavy metals may bioaccumulate and magnify in
food of animal origin. Paradigmatic is the case of meth-
ylmercury (MeHg), a highly toxic organic compound of
mercury that derives from industrial processes. Indeed,
MeHg has toxic effects on the nervous, digestive and
immune systems and on lungs, kidneys, skin and eyes
[8, 9]. It is well known that MeHg bioaccumulates and
magnifies in fish and shellfish with concentrations that
can be over a million-fold higher than in the surround-
ing water [10]. A sadly well known historical example is
represented by the accident of Minamata Bay, Japan.
In the 1950’s a chemistry plant dumped an estimated
27 tons of mercury compounds in Minamata Bay. Con-
sidering that local fish and shellfish represented a main
component of the residents’ diet, thousands of people
living in the areas surrounding Minamata Bay started
developing symptoms due to MeHg poisoning. The
chemistry plant actually stopped its production in 1968
and till then it is estimated that over 2000 patients have
been affected by MeHg poisoning, of which more than
half died [11]. In this context, the population’s exposure
through environment to MeHg was irrelevant while the
main route of exposure was in fact represented by food,
primarily fish and shellfish, which had significant higher
MeHg concentrations compared to those measured in
the water.

Bioaccumulation of chemical substances occurs also
in humans just as in other animals and these substanc-
es can be eliminated through different routes includ-
ing milk. This aspect deserves special attention when
breast-fed infants’ dietary exposure is assessed since
they can be exposed through the mother’s milk to con-
taminants. This route must be summed to infants’ other
possible routes of exposure. Perfluorinated compounds
(PFC), polychlorinated biphenyls (PCBs), p,p’-Dichlo-
rodiphenyltrichloroethane DDT and its metabolites, di-
oxins, dibenzofurans, polybrominated diphenyl ethers
(PBDEs), and heavy metals are among the toxic chemi-
cals most often found in breast milk [12]. It is therefore
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extremely important to investigate occurrence and lev-
els of contaminants in human milk, in order to estimate
infants’ dietary exposure.

Plants are also able to absorb and accumulate a num-
ber of elements from soil, some of which are known to
be toxic at low concentrations, such as heavy metals,
contributing to the total human exposure [13, 14]. Well
known is the example of inorganic arsenic which derives
from both natural and anthropogenic sources and is a
well-established human carcinogen [15, 16]. The inor-
ganic arsenic may enter the food chain through plants,
in particular cereals, that absorb it through their roots
according to its bioavailability in the soil. Food is a pri-
mary source of inorganic arsenic for populations not
exposed to elevated concentration though drinking wa-
ter. Indeed, compared to dietary exposure, non-dietary
exposure to arsenic is likely to be of minor importance
for the general population in the European Union [15].

THE LOCAL FOOD CHAIN AS MAJOR
SOURCE OF EXPOSURE IN AREAS
CHARACTERIZED BY PCB, PCDD/PCDF
INDUSTRIAL CONTAMINATION

When assessing chemical exposure of people living
in contaminated sites, it is essential to include also the
dietary route since food may represent an important
source of exposure being also crucial for preventive
action.

In contaminated sites it is important to evaluate the
characteristics of the local environment and analyze the
specific land use. Indeed, the site-specific risk assess-
ment should be different if the land is used for agri-
cultural activities or assigned to other human activities
(industries or urban development). In particular in case
of land addressed to food production, the exposure of
the local population due to food consumption could be
even more important because of local produced foods
could be more contaminated compared to imported
food, and the probability to consume locally produced
foods is higher than imported food items.

The key role played by the local food chain in the ex-
posure of the population living in contaminated sites
has been investigated in the case of Brescia, in North-
ern [taly, declared contaminated site due to a polychlo-
rinated biphenyls (PCBs) producing plant operating in
the period 1958-1983. This plant diffused the contami-
nants in the environment mainly through a water chan-
nel used for irrigation of agricultural fields [17].

PCBs are synthetic organic chemical compounds
that result from the incomplete burning of coal, oil, gas,
wood, garbage, or other organic substances [18]. PCBs
have been demonstrated to cause a variety of adverse
health effects, especially affecting the immune, repro-
ductive, nervous, and endocrine systems. Moreover,
PCBs are considered potential carcinogenic substances
[19]. The study area was characterized by PCBs’ soil
levels far higher than those established as acceptable for
the EU legislation (legal limit: 10 pgTE(I)/g). The ana-
lyzed exposure pathway started by measuring the total
PCBs’ concentration in the forage grown in that area.
The levels varied from 26 to 6 ng/g dry forage, confirm-
ing the capability of the crop to absorb the contaminant

from the environment [20]. Since the study area was
characterized by the presence of small farms produc-
ing meat and milk mostly for familiar consumption, the
following step was to measure PCBs concentration in
cows’ milk and kidney fat. PCB'’s concentrations higher
than background level were found in both the analyzed
matrices [21]. Finally, PCBs exposure assessment in se-
rum samples highlighted that farmers and their families
had significantly higher levels compared to the general
population [17, 22, 23]. The study concluded that the
main source of exposure affecting farmers and their
families was food of animal origin produced at home,
thus highlighting the crucial role of dietary exposure
and putting in evidence that the risk assessment con-
ducted without including this route of exposure would
have been misleading, underestimating the effective to-
tal exposure of such population sub-group.

THE FOOD CHAIN AS VECTOR OF LONG
DISTANCE CHEMICAL DISSEMINATION

Nowadays the food chain is longer and more com-
plex than ever before, in fact demographic, cultural,
economic and environmental developments, along with
globalized trade, travel and migration, have increased
health risks related to food. As declared by Zsuzsanna
Jakab, WHO Regional Director for Europe, “A failure
in food safety at any link in this chain, from the en-
vironment, through primary production, processing,
transport, trade, catering or in the home, can have sig-
nificant health and economic consequences” [24]. The
agriculture and food industries have now joined the
list of “global” sectors, supplying a world-wide market.
Nowadays, food ingredients often come from multiple
countries, with each item having travelled thousands of
kilometers from a field, farm or factory.

The so called “Belgian PCB/dioxin crisis” can be
considered a suitable example of the complexity of the
food chain and how it can contribute to the diffusion of
contaminants. In Belgium, in the latest ‘90, a mixture
of PCBs contaminated with dioxins was accidentally
added to a stock of recycled fat used in the production
of feedstuffs [25]. As a consequence of such contamina-
tion, exceptionally high levels of dioxins and PCBs were
found in feed, meat and eggs. The Belgian authorities
found that the contaminated fat could have been sold
to nine manufacturers of animal feeds which supplied
more than 2500 Belgian farms, including bovines’, pigs’
and chickens’ farms, and some farms in the Nether-
lands, France, and Germany [26-28]. The uncertainty
about the real extent of the contamination resulted in
an embargo on all Belgian food products of animal ori-
gin, and, for a short period, USA banned all European
poultry and pork imports [27]. Belgium economic losses
due to the PCB/dioxin crisis approximated 1.5-2 billion
Euro, to be added to the social and economic conse-
quences of the temporary disturbance of the food sector.
At EU scale, also the additional costs for the controls
carried out by the other member states during the crisis,
in order to identify, and eventually destroy, at risk prod-
ucts directly or indirectly linked to Belgian production,
have to be considered [27, 29]. Since then the Euro-
pean Commission has established a set of instruments,
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including the rapid alert system for food and feed (RAS-
FF), tight control measures, and maximum limit values
in food, feed and raw materials produced within the EU
and imported from non-EU countries [30]. Assessments
of the human health risk caused by this major accident
produced contradictory results. Scientist disagree on the
magnitude of the impact that this event had on the gen-
eral population: several authors sustain that it was too
limited in time and in scale to have increased the PCB/
dioxin body burden of the general population, while
others estimated that the total number of cancer cases
resulting from this accident would have ranged between
40 and 8000 and that neurotoxic and behavioral effects
in neonates were also to be expected but couldn’t be
quantified [25, 26]. This example shows that contamina-
tion from a single source, irrespective of its origin, may
become widespread and have enormous health, social
and economic consequences because of the global trade
of food supplies and the increased complexity of the
food chain. Given the interaction of multiple actors in-
volved in the global food chain that are separated by vast
distances and potentially delayed impacts, multisectoral
and international cooperation is essential. This is why
food safety in general, and chemical food safety in par-
ticular, has become a matter of increasing international
concern [31].

FOOD CHAIN CONTAMINATION: AN
“EARLY ALARM BELL” FOR ENVIRONMENT
CONTAMINATION

The so called “Sacco river valley scandal” may be con-
sidered a paradigmatic example of the use of food and
feed products as bioindicators of environmental con-
tamination, like a “sentinel product”. In Italy, a national
monitoring system has been in place since 1991 for de-
tection of residues of both illicit and authorized sub-
stances and environmental contaminants in feed and
food of animal origin, namely National Plan for Resi-
dues (PNR) [32]. Within the PNR activities, in spring
2005 the analysis of bovine milk from several dairy
farms located in the Sacco river valley, Lazio Region,
showed B-hexachlorocyclohexane (B-HCH) levels far
exceeding the expected values (legislation limit 0.003
mg/kg) [33, 34].

The Sacco river is one of the main rivers of the Lazio
region in Italy and runs north to south in an open and
densely populated valley. Since the beginning of 1900
to the end of the '90s, industrial settlements located
in the north of the Sacco valley produced a wide range
of chemical products, including explosives, industrial
chemicals and pesticides, in particular technical DDT
and Lindane (8-HCH) [33, 35, 36]. The B-HCH is a
persistent chlorinated organic compound, formed as a
reaction product during the synthesis of the insecticide
B-HCH. Plants are able to absorb and bioaccumulate
HCH in their tissues. The extent of bioaccumulation
depends on the concentration of the contaminant in the
soil, plant species, and the physicochemical properties
of each isomer: in particular, B-HCH is the most accu-
mulated in plants [37]. The epidemiological investiga-
tion to trace the source of contamination highlighted
that contaminated milk was mainly from farms that used

forage and feed locally grown in the Sacco river valley.
B-HCH was found in soil samples at decreasing concen-
tration when the distance from the river increased. It
was therefore concluded that the Sacco river served as
the vehicle for the contamination and that the distribu-
tion of the contaminants in neighboring land, and con-
sequently the contamination of the fodder, had occurred
following overflow and/or irrigation with water from the
river [35]. Finally a human biomonitoring study in the
Sacco valley population highlighted that high p-HCH
serum concentrations were strongly associated with the
consumption of locally produced food [34].

Since 2005, Sacco river valley has been classified as a
site of national interest for environmental remediation
and represents an example of how results of the moni-
toring of food products, not only can be used for inte-
grated risk assessment, but can also be a useful “early
alarm bell” for environmental contamination.

CONCLUSIONS

From the examples presented in this work it emerges
that the food chain plays a role of fundamental impor-
tance when it comes to chemical contaminants. We
showed that the bond environment-animals-humans
is undeniable and one of the main interactions among
these three actors is indeed the food chain. This funda-
mental aspect in recent years has been developed in the
concept of “One Health” which, through a collabora-
tive effort among multiple disciplines, aims to obtain
optimal health of humans ensuring in the first place the
healthiness of the environment and thus of the animals
that live in it, since they represent the main source of
nutrition for humans. The awareness that plants and
animals are constantly exposed to chemicals present in
the environment and that foods, both vegetables and
of animal origin, may be an important vehicle of such
chemicals to humans has become increasingly solid. In
the whole food production process the environment in-
fluences the qualities of the final food products and it
is evident that only ensuring a healthy environment it
is possible to guarantee a reduction of chemicals’ di-
etary exposure. In recent years more active cooperation
between actors involved in public health, environment
and food safety has been widely promoted by interna-
tional organizations in order to reach the common goal
of “One Health” [38].

This work highlights how different matrices, air, soil,
water, and foods, very often share the same contami-
nants, thus, a risk assessment based on exposure esti-
mate through one route is incomplete unless scientific
evidence of the absence of that specific substance in
any other matrices is supplied. Once again collabo-
ration between sectors committed to ensure human
health is needed in order to achieve an integrated risk
assessment.

The environment-humans interaction through food
becomes even more complex when considering the
complexity of international food trade. Nowadays foods
originated everywhere are commonly available on the
market and people may be exposed to substances pres-
ent in the environment from which the foods derive,
even if at far distance [24].
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In Italy and other EU member states the food moni-
toring system, is a structured system that provides data
which indirectly describe the environment from which
foods derive. These data have proved their usefulness
also as early warnings of environmental contamination.

Moreover data driven from food controls are a use-
ful tool to ensure dissemination of information to
consumers that are more aware of risks related to the
food chain. Risk communication is indeed a key action
in the support of health protection actions. Consum-
ers express higher concerns about chemicals, as com-
pared with microbial, contaminants mainly because of
potential long-term negative effects on human health
[39]. Nineteen percent of the EU citizens consider
chemicals as the major food related concern, ranking
chemical residues from pesticides, antibiotics and pol-
lutants like mercury and dioxins as the main hazards
[40]. Consumer attitudes toward food related risks may
differ significantly across countries, creating the poten-
tial for trade disputes, which could have huge economic
consequences.
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