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Summary

The cheap availability of chlorine gas, together with the development of industrial chlorinating procedures in the 20th century,
led to the production of a wide range of organochlorine compounds many with a variety of commercial applications, including
usage as insecticides and defoliants and polychlorinated biphenyls (PCBs) used as coolants in electricity supply transformers.

However, it was soon found that many of these technologically valuable chemicals suffered from a major disadvantage in that they
resisted biodegradation and that the continued use of these compounds would lead to their persistence and accumulation in the
environment and thus enter the human food chain. Despite regulatory bans or strict limits on usage being imposed on organo-
chlorine pesticides in most countries, these compounds continue to be detected in measurable amounts in the eco-system including

marine life. In general, organochlorine levels in fish intended for human consumption are low and probably below levels likely to
adversely affect human health. Populations at higher risk than most people are those subsisting largely on fish and other marine life.
Additionally, fish oils obtained from contaminated fish, if consumed in substantial quantities by infants and young children, might

present potential health problems if levels are not continually regulated. Behavioral and neurological effects have been reported in
children and ascribed to the consumption of PCB contaminated diet including fish. Another current major human health concern,
yet to be resolved, about organochlorine contaminants in the human diet relates to the potential ability of many of these chemicals

at low doses to act as ‘‘endocrine disruptors’’. # 2002 Published by Elsevier Science Ltd.
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1. Background

The last century witnessed a massive expansion of the
chemical industry, with the development of a wide range
of new chemical entities of great technological impor-
tance and benefit to mankind. These chemicals include
compounds used as therapeutic agents in human and
veterinary medicine, chemicals used for the protection
of public health and agrochemicals used for pest control
or for increasing crop yield. The Second World War
period provided a further impetus for research leading
to the discovery and synthesis of new chemical entities

with antibiotic or pesticidal properties (West and
Campbell, 1946; Hayes, 1991). The discovery of DDT
and the benefits resulting from its use against insects led
to the recognition of its potential as an insecticide for
the protection of both civilians and the armed forces
from the ravages of malaria and other vector-borne
diseases such as typhus. Organochlorine chemicals in
general made a significant contribution in the develop-
ment of new pesticides, and these compounds together
with DDT were widely and extensively used worldwide
with little or no regulatory control. The benefits in terms
of the control of pandemic infectious diseases such as
malaria, and the increased food production to meet the
needs of the growing world population, were immediate
and obvious (Hayes, 1991). Appreciation by regulatory
authorities and the general public of the gravity and
seriousness of problems related to the development of
pesticide resistance and the persistence of these com-
pounds in the environment with consequent damage to
the ecosystem and to man, was slow to come. Reg-
ulatory authorities were increasingly aware of the accu-
mulating body of scientific evidence showing the
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damaging consequences resulting from the indiscriminate
use of organochlorine pesticides and the urgent need for
control on their use. This review will limit attention to the
contamination of seafood, intended for human con-
sumption, with organochlorine compounds and the
possibility that they may present a health hazard to
man. Particular use has been made of Food Surveillance
documents from the UK Ministry of Agriculture, Fish-
eries and Food and the Food Standards Agency.

2. Organochlorine chemicals in the environment: sources

and distribution

The three main categories of organochlorine com-
pounds present as contaminants in the environment
(Table 1) are insecticides and agrochemicals, as exem-
plified by the hydrocarbon insecticide DDT (Smith,
1991), electricity supply transformer liquid coolants, for
example the polychlorinated biphenyls (PCBs) and the
contaminants polychlorinated dibenzodioxins (PCDDs)
and polychlorinated dibenzofurans (PCDFs) (IPCS, 1989,
1993). PCDDs and PCDFs are complex mixtures present
as adventitious contaminants formed in poorly con-
trolled manufacturing conditions in the production of
various chlorinated compounds and also in combustion
and incineration processes (IPCS, 1989). 2,3,7,8-Tetra-
chlorodibenzo-p-dioxin (TCDD), first detected in com-
mercial formulations of the defoliant 2,4,5-
trichlorophenoxyacetic acid, is the model ‘‘bench-mark’’
compound used for relating other PCDDs, PCDFs and
PCBs.
The main reasons for the increasing presence of these

compounds in the environment are, first, the cheap and
ready availability of chlorine gas on an industrial scale
led to the production of a plethora of chlorinated com-
pounds of technological importance. Secondly, many of
these polychlorinated organic compounds, cyclic in
structure, and highly thermostable in character, were
resistant to biodegradation; and thirdly, the uncon-
trolled use and discharge of these chemicals resulted in
their accumulation and persistence in the environment.
The development of sensitive and specific analytical

methods for their detection led to the growing aware-
ness of their increasing presence in the ecosystem.
Chronologically, the first category of organochlorine

compounds of technological importance, were the
PCBs, synthesized in the late 19th century. The PCBs
are a group of 209 related compounds (known as con-
geners), which differ only in the number of chlorine
atoms attached to the parent biphenyl molecule. These
compounds, found to have high dielectric constants and
heat absorbing properties, readily found application as
heat-exchange coolants in transformers used for elec-
tricity power supply, leading to their manufacture in
bulk. Other applications of PCBs included use in the
manufacture of hydraulic fluids, lubricating oils and
carbonless copy paper. The total world production of
PCBs in 1980 was estimated to be in excess of 1 million
tonnes (IPCS, 1993).
DDT, synthesized in 1874 and first shown in Switzer-

land to be a useful agricultural pesticide in 1939, was
extensively used as an insecticide with amazing success
during the Second World War for the control of vector-
borne diseases such as malaria and typhus, infections
which had produced more casualties than enemy action
during the 1914–1918 World War I. In the 1950s, and
onwards, DDT was being manufactured and used on a
massive scale in agriculture and in public health. Addi-
tionally, research developments gave rise to the com-
mercial production of a spate of new organochlorine
pesticides such as benzene hexachlorides (BHC), con-
taining the active isomer lindane. Other insecticides
were dieldrin, chlordane, heptachlor, toxaphenes, mirex
and chlordecone (Hayes, 1991; Smith, 1991).
The initial enthusiasm for the application of organo-

chlorine pesticides gradually began to wane with the
growing recognition of their declining efficacy with
continued use. Insect pests were developing resistance to
the compounds. Furthermore, the relative chemical sta-
bility of these compounds and their resistance to com-
plete biodegradation under conditions of use, which in
part accounted for their efficacy (Smith, 1991), resulted
in their persistence and accumulation in the environ-
ment. Thus, for example, DDE, a major metabolite of
DDT refractory to further degradation, can often be

Table 1

Organochlorine compounds present as contaminants in the environment and in the human food chain

Insecticides and agrochemicals Transformer coolants, etc. Dioxins and furans

DDT and DDE; methoxychlor;

chlordane; dicofol; dieldrin;

endosulfan; lindane; heptachlor;

hexachlorobenzene

Polychlorinated biphenyls (PCBs)

(commercial products–mixtures of

209 congeners) e.g.

Polychlorinated dibenzodioxins (PCDDs):

e.g. 2,3,7,8-tetra-chlorodibenzo-p-dioxin

(2,3,7,8-TCDD)

2,4-Dichloro- and 2,4,5-trichloro-

phenoxyacetic acids

Aroclor 1254; Aroclor 1260;

Kanechlor 500

polychlorinated dibenzofurans (PCDFs):

e.g. 2,3,7,8-tetra-chlorodibenzofuran

(2,3,7,8-TCDF)
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detected either together with DDT or alone, in crops
and soils sprayed earlier with DDT.
The consumption by birds and other wildlife of orga-

nochlorine pesticide treated food grains and the gradual
leaching away by rainfall and underground streams of
pesticide residues in soil led to the widespread dis-
semination of organochlorine compounds in the eco-
system (Cooper, 1991) and eventually in the human
food chain. Traces of DDT, DDE and other organo-
chlorine residues have been detected in penguins and
seals in places as remote as Antarctica (Sladen et al.,
1966). As regards marine life, the highest levels were
detected in species of fish in coastal waters adjacent to
highly industrialized areas, for example, off the Pacific
rim countries, and in the Baltic and Mediterranean Seas
(Jensen et al., 1969; Burnett, 1971; Young et al., 1976;
Stout, 1980; Yamagishi et al., 1981; Albaigés et al.,
1987; Kannan et al., 1994). The mounting evidence of
the environmental persistence and accumulation of
organochlorine pesticide residues and the observed
carcinogenicity of many of these compounds in experi-
mental animals (Smith, 1991) raised public alarm of the
likely possibility that similar effects might be produced
in humans. This was reinforced by the apocalyptic sce-
nario presented by Rachel Carson in her book ‘‘Silent
Spring’’ (1962). Governments of most countries in the
world were thus compelled to take immediate regulatory
action to ban, or severely restrict, the use of organo-
chlorine pesticides.
Thus far the problem of the bioaccumulation of

organochlorine residues was thought to be restricted to
pesticides. Advances in analytical methodologies
showed that this was not the case; PCBs, which had
been in industrial use for a much longer time than the
organochlorine pesticides, were found to be the major
source of organochlorine residues in some environ-
ments. Jensen et al. (1969) showed that marine life in
Swedish coastal waters contained measurable amounts
of DDT and also PCBs. Many similar findings were
made, for example, by Albaigés et al. (1987) in tis-
sues of fish in the western Mediterranean. Subsequent
to these findings, the distribution of PCBs in the
ecosystem has been intensively investigated (IPCS,
1993; IARC, 1997; see also Risebrough et al. 1968,
1976a). Studies on commercial samples of PCBs have
shown that in addition to containing PCB congeners of
variable composition, some of which are relatively
innocuous, these products contain highly toxic chlori-
nated naphthalenes and PCDFs. The latter compounds
are also formed by the partial decomposition of PCBs at
low temperature. Traces of these contaminants have
been detected in marine life (Oehm et al., 1989). In
recent years, polybrominated biphenyls and poly-
brominated diphenyl ethers, used as flame retardants,
have been detected in marine mammals (De Boer et al.,
1998).

Other sources of organochlorine compounds in the
environment include the herbicides 2,4-dichloro- and
2,4,5-trichlorophenoxyacetic acids, the highly toxic and
non-biodegradable PCDDs, formed inadvertently in the
manufacture of pentachlorophenols, and the chloro-
phenoxyacetic acids, and the fungicide hexa-
chlorobenzene (HCB).The chlorophenoxyacetic acids
and HCB are no longer permitted for use but continue
to be detected in marine life (IPCS, 1997).

3. Accumulation in marine environment and uptake by

aquatic life

The pollution of lakes, inland waterways, rivers and
eventually the seas by chlorinated pesticides, PCBs and
related chemicals follows the dissolving of these sub-
stances present in the atmosphere from burning waste, in
soils and landfills by rainfall, and by the uncontrolled
discharge of contaminated industrial and sewage efflu-
ents. Low-level distillation from the land to the
atmosphere with eventual disposition in the oceans can
also occur. Although these compounds have low water
solubility, particularly in seawater, they are lipophilic
with high octanol/water partition coefficients (log P o/w),
thereby enabling fish and invertebrates to absorb, retain
and concentrate them particularly in fatty tissues
(Cooper, 1991). Organochlorine chemicals adsorbed on
particulates and on underwater sediments (Young et
al., 1976; Ernst, 1986; Lohse, 1991; Elijarrat et al., 2001)
provide a ready source for the intake of these compounds
by crustaceans and bottom feeders (Tanabe and Tasu-
kawa, 1987; Porte and Albaigés, 1993). Disturbance of
sediments can release more pollutants. The uptake and
concentration factor of up to 690,000 has been reported
for DDT in mussels (Risebrough et al., 1976b). The dis-
tribution and uptake of organochlorine compounds
from aquatic environments by marine life is dynamic,
complex and subject to seasonal variations and local
conditions (McDowell Cupuzzo et al.,1989; Vassilopou-
lou and Georgakopoulos-Gregoriades,1993). Fig. 1
depicts the interplay of some of the relevant factors in the
transfer and concentration of these compounds in marine
life. Of particular concern has been the discharge of
industrial effluents into relatively enclosed waters such as
the Norwegian fjords (Oehm et al., 1989), the North
Sea (Lohse, 1991; De Boer et al., 1993) and the
Mediterranean Sea (Porte and Albaigés, 1993). Thus,
fish caught from coastal regions and estuaries close to
regions of industrialization, for instance California, the
north-western Atlantic, Japan and the Baltic and Medi-
terranean Seas, can be particularly at risk of con-
tamination especially those that are non-migratory
(Strandberg et al., 1998). However, deepwater fish can
also have significant levels of contamination that can be
highly variable (Atuma et al., 1996; Ali et al., 1997).
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There is a substantial body of literature on the varia-
tion in the levels of various organochlorine compounds
found in fish and aquatic life from freshwater lakes and
rivers and in the seas (IPCS, 1993). As an example,
Table 2 shows the variation in levels of HCB found in

fish and shellfish obtained from various locations, some
geographically close to each other, and marked differ-
ences between species.
In view of the complexities in the chemical composi-

tions, particularly of PCBs, PCDDs and PCDFs mix-
tures in the environment and in the food chain, and
since the ultimate aim of the analytical data is to facil-
itate the assessment of the health risks posed by these
compounds to man, the concept of Toxic Equivalency
Factor (TEF) was developed by the World Health
Organization (WHO) jointly with the European Centre
for Environment and Health (ECEH). The term TEF
indicates approximately one-half to one of order of
magnitude estimate of the toxic potency of a compound
relative to TCDD.
The WHO–ECEH TEF values of compounds, derived

after careful consideration of all available relevant sci-
entific data, are based on the following four criteria:

� The compound must show structural relation-
ship to PCDDs and PCDFs;

� The compound must bind to the Ah receptor;
� The compound must elicit Ah receptor-mediated

biochemical and toxic responses;
� The compound must be persistent and accumu-

late in the food chain.

The TEF values for some congeners of PCDDs,
PCDFs and PCBs are shown in Table 3.
On the general assumption that the metabolic dis-

position, tissue distribution, body burden and toxicity
of congeners of PCBBs, PCDFs and PCBs operate on
an additive basis, the quantitative levels of these dioxin-
like congeners can be expressed as Toxic Equivalents
(TEQs). The TEQ of a congener is obtained as a pro-
duct of the concentration of the congener � the TEF
value, and the total TEQ value of a dioxin-like mixture
present in a food matrix is obtained by the summation

Table 2

Some levels of hexachlorobenzene (HCB) in fish and shellfish from different locations

Location Fish/shellfish Average HCB content (m/kg) Reference

Clyde, Scotland Herring muscle <1 Kelly and Campbell (1999)

Cod liver <5

Firth of Forth, Scotland Herring muscle 2 Ernst (1986)

North Sea, Germany Cod liver 42

Plaice liver 3 MAFF/HSE (1994)

Greenland Cod liver 30

Coastal waters, England/Wales Cod liver 2–29

Baltic coastal waters Herring muscle 1–39 Hansen (1985)

Friesfjord, Norway Cod liver 16,800 Bjerk and Brevik (1980)

Sogndalfjord, Norway Cod liver 18

Baltic Mussels 200–800a Ostfeldt et al. (1994)

Kattegat Mussels 11–20a

Ebro Delta, Spain Sea bass 0.6 Pastor et al. (1996)

Sea mullet 8.7

a By lipid weight.

Fig. 1. Production and distribution of persistent organochlorine che-

micals in the environment and their accumulation in the marine food

chain to edible shellfish, fish and mammals.
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of each of the individual TEQ values of the congeners
present. The Department of Health in the UK has
endorsed the recommendation of the International
Committee for the Exploration of the Sea that the fol-
lowing PCB congeners should be quantified in marine
fish: PCBs 28, 52, 101, 118, 138, 153 and 180. The choice
of these congeners was based on those that had been
found to be relatively abundant in fish and before the
application of TEFs was applied to PCBs. The TEQ
values of dioxins and PCBs in edible tissues of UK-lan-
ded and imported marine fish and fish products are
given in Table 4. It should be noted, however, that
many of the PCB congeners present in the environment
and which have been measured in fish are not con-
sidered to be ‘dioxin’-like in their action (the so-called
non-coplanar PCBs), but may be implicated in toxicity
to humans associated with low-level exposure. Further
comparisons are required to relate exposure to these
PCBs with risk assessment.

4. Estimates of human intake of organochlorine com-

pounds from seafood

Surveys carried out in a number of countries on the
daily exposure to PCDDs, PCDFs and PCBs in humans
have shown that over 90% occurs through the diet, with
foods of animal origin usually being the predominant
source (see Table 5).
There is conclusive evidence showing that, in general,

fish in the human diet contributes a significant propor-
tion of the total intake of PCBs and related organo-
chlorine compounds, particularly fish with higher fat
levels, the so-called oily fish such as mackerel (Fujiwara,
1975; Westoo and Noren, 1978; Mussalo-Rauhamaa et
al., 1984; Mes et al., 1991; Svensson et al., 1991; Duarte-
Davidson and Jones, 1994; Kannan et al., 1994; Becher
et al., 1995; Anderson et al., 1998; Tsutsumi et al.,
2001). Furthermore, it has been found that levels of
organochlorine compounds in plasma or mother’s milk
provide a reliable marker of human exposure to these
compounds (Kuwabara et al., 1979; Gosset et al., 1989;
Asplund et al., 1994; Grandjean et al., 1995; Johansen et
al., 1996; Grimvall et al., 1997). In elderly Germans,
plasma levels of PCBs, dieldrin and a-hexachloro-
cyclohexane (from usage of impure lindane) correlated

Table 3

Toxic equivalency factors (TEFs) for the risk assessment of PCDDs,

PCDFs and PCBs based on WHO recommendations (Van Den Berg et

al., 2000)

Congener TEF value

Dibenzo-p-dioxins

2,3,7,8-TCDD 1

1,2,3,7,8-PnCDD 1

1,2,3,4,7,8-HxCDD 0.1

1,2,3,6,7,8-HxCDD 0.1

1,23,7,8.9-HxCDD 0.1

1,2,3,4,6,7,8-HpCDD 0.01

OCDD 0.0001

Dibenzofurans

2,3,7,8-TCDF 0.1

1,2,3,7,8-PnCDF 0.05

2,3,4,7,8-PnCDF 0.5

1,2,3,4,7,8

1,2,3,6,7,8-HxCDF 0.1

1,2,3,6,7,8,9

2,3,4,6,7,8

1,2,3,4,6,7,8

1,2,3,4,7,8,9-HpCDF 0.01

OCDF 0.0001

Non-ortho-PCBs

PCB 77 0.0001

PCB 81 0.0001

PCB 126 0.1

PCB 169 0.01

Mono-ortho PCBs

PCBs: 114, 156, 157 0.0005

PCBs: 105, 118, 123, 189 0.0001

PCB 167 0.00001

Toxic equivalency factor (TEF) of a compound, (i.e. toxicity expressed

as one-half to one order of magnitude relative to TCDD=1), based on

the following criteria: Exibits a structural relationship to PCDDs and

PCDFs; Binds to the Ah receptor; Elicits an Ah receptor-mediated

biochemical response and toxic effect; Persists and accumulates in the

food chain.

Table 4

Dioxins and PCBs in marine fish for human consumption and fish

products in UK

Fish type Concentration (ng WHO-TEQ/kg fat)a

Dioxins PCBs Total

Mean Range Mean Range Mean Range

UK landed

Cod 9.0 2.1–24 17 3.3–76 26 7.2–98

Haddock 6.9 1.1–14 7.4 2.2–22 14 5.5–24

Plaice 25 3.6–43 42 9.5–55 67 13–90

Whiting 8.3 2.0–20 23 2.4–91 32 4.4–110

Herring 24 13–38 59 12–110 83 26–140

Mackerel 3.8 1.0–9.0 14 2.5–31 17 3.4–40

Salmon 6.5 4.6–11 19 12–30 25 16–38

Trout 5.7 2.4–14 18 8.7–50 24 12–61

Eels(2) 11–95

Imported

Cod 6.1 1.4–18 9.7 2.0–30 16 6.3–50

Haddock 4.6 1.9–8.5 5.4 1.9–12 10 4.2–19

Plaice 20 16–27 33 21–57 54 37–84

Salmon 3.4 3.4 12 12 16 16

Red fish 14 12; 16 43 42; 44 57 57; 57

Fish products

Fish fingers 0.7 0.3–2.4 1.6 0.3–6.2 2.3 0.9–6.6

a Results are given to 2 significant figures. The exact dioxins and

PCBs measured in this survey can be found in MAFF (1997a, 1999).

They include dioxins to which WHO-TEFs have been assigned

(Table 3) and the ortho and non-orth o PCBs in Table 3 (except for

PCB 81). In addition, PCBs 18,28,31,47,49,51,52,99,101,128,153 and

180 were measured but do not contribute to WHO-TEFs.
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positively with the consumption of salt-water fish
(Devoto et al., 1998). Women who ate more than 100 g
of fish per week had higher levels of PCBs and b-hexa-
chlorocyclohexane in their breast milk than those who
consumed less fish (Schade and Heinzow, 1998). Simi-
larly, in parts of the world where fish, crustaceans and
other marine source of food such as whale, walrus and
seal meat constitute a major part of the human diet,
levels of organochlorine compounds in women’s blood
and breast milk were consistently higher than in control
populations (Anon., 1998). Breast-milk samples
obtained from 109 Inuit women in Arctic Quebec had
3.5-times higher levels of PCBs, PCDDs and PCDFs
than a control group consisting of 96 Caucasians
(Dewailly et al., 1989). Plasma levels of co-planar PCBs
in fishermen living off the Gulf of St Lawrence were
markedly elevated compared with controls (Dewailly et
al., 1994). In a comparison between indigenous Arctic
women in Canada, up to 50% of those Inuit on Baffin
Island who consumed appreciable quantities of meat
and blubber from ringed seal, walrus and narwhal
exceeded the acceptable or tolerable daily intakes of
chlordane-related compounds, toxaphene, PCBs and
dieldrin (Kuhnlein et al., 1995). Far fewer women
exceeded these guidelines in indigenous communities
whose major food sources were caribou, white fish and
duck. In the Faroe Islands, where the normal seafood
diet includes whale meat and blubber, a number of
studies have shown that PCB levels in breast milk were
consistently higher than samples obtained from other
parts of Europe (Grandjean et al., 1995; Weihe et al.,
1996). Similarly, elevated levels of DDT and DDE were
found in breast-milk samples obtained from women
eating bottom-feeding fish from the lower Yakima
River in Washington, USA compared with controls

(Marien and Laflamme, 1995). How seafood is cooked
can influence the amount of contaminants ingested by
consumers (Trotter and Corneliussen, 1989; Zabik et
al., 1992, 1996; Salama et al., 1998). This can arise by
removal of parts likely to contain contaminants before
cooking (e.g. the hepatopancreas of crabs or skin of
fish), by loss into water when simmering (even of PCBs),
and by loss of oils and juice from fish when grilling.
Some chlorinated chemicals that have been detected in
humans and are pertinent to consumption of seafood
are shown in Fig. 2.
In the process of the production of fish oils, organo-

chlorine compounds, together with other lipid soluble
substances present in the fish used, are unavoidably
extracted and concentrated in the final products. Some
samples of cod liver oil obtained from fish in the Baltic
Sea and in north Atlantic waters off the shores of
northern Europe have been found to be contaminated

Table 5

Estimated daily exposure of people to PCDDs and PCDFs, expressed

as toxic equivalents (TEQs), in various countries

Exposure source Canadaa

(pg/day)

Germanyb Netherlandsc USAd

Ambient sources 5.1 4.5 3.2 3.0

Total diet 140 130 115 116

Other sources 0.30 5.0 9.1

Total from all sources 145 140 127 120

Dietary sources

Meat and meat products 61 39 22 66

Milk and dairy products 31.1 41.7 43 42

Fish and fish oil 17 33.9 31.2 7.8

Vegetables+fruit 24.3 6.3 15.8–21

Cereals, etc. 6.3 10.3

(TEQ=sum total of individual congener exposure, pg/day�TEF

value)
a Birmingham et al. (1989).
b Beck et al. (1992).
c Theelen (1991).
d Schaum et al. (1994).

Fig. 2. Examples of some persistent organochlorine chemicals that

accumulate in humans and possibly seafood. (1) DDT; (2) DDE

(dechlorination product of DDT and highly persistent); (3) chlordane;

(4) dieldrin; (5) hexachlorobenzene; (6) b-hexachlorocyclohexane; (7)
2,3,7,8 - tetrachlorodibenzo - p - dioxin; (8) 2,3,7,8 - tetrachloro-

dibenzofuran; (9) 3,4,5,30,40-pentachlorobiphenyl (PCB126); (10)

2,4,5,20,40,50-hexachlorobiphenyl (PCB153).
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with PCBs and related organochlorine compounds
(Falandysz, 1994). Fish oil dietary supplements and
medicinal products containing fish oils intended for
administration to infants and young children have been
found to contain significant amounts of PCBs and rela-
ted organochlorine residues (Jimenez et al., 1996; Strin-
ger et al., 1996; MAFF, 1997b; see Table 6). In certain
instances this could have resulted in some high-level
consumers exceeding the recommended maximum daily
intake for PCBs unless efforts were made to reduce
exposure levels.
Estimates of the daily dietary intake of dioxins and

PCBs from seafood in average and high-level consumers
in adults and in children of various ages are shown in
Tables 7 and 8, respectively.

5. Toxicity characteristics of polychlorinated compounds

Although there is a measure of similarity in the
metabolic disposition of organochlorine compounds in
mammalian species, ascribable to the high lipophilicity
of the compounds, there are distinct differences in their
toxicities in animals and in humans (Guzelian, 1982;
Smith, 1991; Pohjanvirta and Tuomisto, 1994).

5.1. Chlorinated insecticides

At high doses, including dietary administration,
DDT, chlordecone, dieldrin, lindane and toxaphenes are
neurotoxic (Smith, 1991). In addition, many of the
compounds appear to be non-genotoxic liver carcino-
gens following prolonged administration at high doses
to rodents. However, the relevance of these effects in
terms of human exposure levels is questionable (Smith,
1991). There is evidence that some of these insecticides
can adversely affect the reproductive system of experi-
mental animals and humans at occupational exposure

levels (Guzelian, 1982), but again there is little evidence
that this can occur at levels relevant to environmental
exposure (Key and Reeves, 1994; Smith, 2000). Meta-
bolism of these compounds mediated by the mixed-
function oxidase system, centered on cytochrome P450,
is slow, accounting for their persistence and storage in
the adipose tissues of the body.

5.2. PCBs, PCDDs, PCDFs and HCB

A large proportion of the diverse toxic effects pro-
duced by these compounds in experimental animals and

Table 6

Dioxins and PCBs in fish oil dietary and medicinal products

Cod liver oil products (concentration ng TEQ/kg oil)

Bottled Capsules

Mean Range Mean Range

Dioxins 7.5 6.2–9.2 3.6 1.5–6.2

Non-ortho-PCBs 20 17–22 16 11–26

Ortho-PCBs 7.9 6.8–8.5 6.9 3.7–12

Total (TEQs) 36 3138 27 1841

Halibut liver oil capsules (concentration ng TEQ/kg oil)

Dioxins 3.9 1.7–6.1

Non-ortho-PCBs 5.4 3.5–7.3

Ortho-PCBs 1.8 1.5–2.2

Total (TEQs) 11 7.4–15

MAFF (1997b).

Table 7

Estimated upper bound daily dietary consumption of dioxins+PCBs

from types of marine fish by adults in the UK (Total Diet Study con-

ducted in 1992)

Fish type Estimated dietary exposure

(pg WHO-TEQ/kg body weight/day)

Average

consumer

High-level

consumer

White fish

Cod 0.05 0.13

Haddock 0.02 0.04

Plaice 0.29 0.52

Whiting 0.04 0.09

Fish/fingers/cakes

0.04 0.12

All white fish 0.09 0.39

Oily fish

Herring 3.0 6.1

Mackerel 1.0 2.4

Salmon 0.68 4.8

All oily fish 0.82 2.3

All fish 0.47 3.4

Total diet 2.6 5.6

MAFF (1999).

Table 8

Estimated upper bound daily dietary consumption of dioxins/furans

and PCBs from marine fish and the rest of the diet by age group in the

UK (based on Total Diet Study 1992)

Age group PCDDs/PCDFs and PCBs estimated

upper bound dietary exposure

(pg WHO-TEQ/kg body weight/day)

Average

consumers

High-level

consumers

Toddlers 6.5 10

Age: 1.5–2.5 yr 6.0 8.9

2.5–3.5 yr 5.9 8.3

3.5–4.5 yr (boys) 5.5 8.3

3.5–4.5 yr (girls)

School children 2.8 4.7

Age: 10–15 yr

Adults 2.6 5.6

MAFF (1999).
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in man are initiated by a common mechanism. Many
non-ortho-coplanar PCBs and the PCDDs, PCDFs and
HCB act as ligands with the aryl hydrocarbon (Ah)
receptor and thereby trigger the expression of an array
of genes that are responsible for the manifestation of a
variety of adverse effects, including chloracne, thymic
atrophy, liver damage, birth defects, immunotoxicity
and cancers (IPCS, 1989, 1993; IARC, 1997).
As stated above, not all effects of PCBs are attribu-

table to their activity as ligands for the Ah receptor.
There is increasing evidence that some aspects of the
toxicity are mediated by the non-coplanar PCBs by
mechanisms that have not yet been amply detailed. In
recent years, concern has been directed to the potential
ability of PCBs and related polychlorinated compounds
to act as endocrine modulators. Thyroid hormone
homeostasis and development of goitre has been found
to be affected by these compounds in experimental ani-
mals (Smith et al., 1987; IPCS, 1993). The mechanism is
thought to involve the binding of PCB metabolites to
transthyretin, thereby inhibiting the formation of the
protein complex carrying both retinol and thyroxin
(Brouwer and Van Den Berg, 1986). There is also an
accumulating body of experimental evidence that orga-
nochlorine compounds can adversely affect the male
and female reproductive systems by exhibiting oestro-
genic or anti-androgenic activities (Kelce et al., 1995;
Daston et al., 1997; Golden et al., 1998). Immunotoxic
effects of dioxin-like chemicals have been described to
occur at exposures of experimental animals to low levels
(Birnbaum, 1995; Voss et al., 1997/1998; Tryphonas,
1998). Whether these endocrine or immunological
effects can occur at low enough levels relevant to human
environmental exposure is not yet clear.

6. Evidence for toxicity to humans from consumption

of organochlorine chemicals in seafood

Despite the concerns that exposure to organochlorine
chemicals from contaminated fish diets may be a health
hazard, the direct evidence for this is poor. Of con-
siderable debate have been the studies of Jacobson and
Jacobson (1996). Infants born to women who had eaten
fish from Lake Michigan contaminated by PCBs were
followed over more than a decade and appeared to have
reduced IQ scores and reading comprehension at 11
years of age. In utero exposure was calculated from
umbilical cord serum and post-partum exposure from
mothers’ milk. However, exposures were estimated at
only slightly higher than controls. Earlier studies of this
cohort had suggested defects in fetal and postnatal
growth and short-term memory (Fein et al., 1984).
A cohort of fishermen and their wives from the Baltic

coast of Sweden has been compared with a cohort living
near the less-polluted North Sea. Weak associations

were observed between PCB levels in fish, fish con-
sumption and incidence of some cancers and low infant
birth weight (Svensson et al., 1991, 1995; Ryland and
Hagmar, 1995; Rylander et al., 1996). However, causal
relationships were not established. Although high occu-
pational exposure to the insecticide chlorodecone has
been associated with sperm malfunction (Guzelian,
1982), no studies on the influence of organochlorines on
endocrine function associated with fish consumption
have been reported. More general proposals that PCBs
and DDT levels from dietary exposure are associated
with breast cancer are controversial (Key and Reeves,
1994; Smith, 2000). In a series of studies from the
Netherlands, environmental exposure to dioxins and
PCBs has been linked to influence on cognitive devel-
opment and to greater susceptibility to infectious dis-
eases or decreased incidence of allergic disease
(Patandin et al., 1999; Weisglas-Kuperus et al., 2000).
So far though, proof of a causal relationship still
requires more evidence and studies of possible con-
founding factors (CoT, 2001). Hence the proposal that
elevated intake of organochlorine chemicals through
fish consumption might be associated with health risks
is not yet proven. With these chemicals, risk assessment
has therefore been based on experimental animal data
rather than on evidence of human toxicity (Smith,
2000).

7. Risk assessment and regulatory advice

Although DDT, DDE and other chlorinated pesti-
cides continue to be detectable in human plasma or
breast milk, in the last few years concern has mainly
focused on the risks from exposure to the dioxins and
PCBs. Most countries, excepting the USA and Canada,
have accepted the concept of the TDI for assessing the
health risks from dioxin-like compounds and for setting
permitted limits for these substances in foods intended
for human consumption. The TDI for a contaminant, in
a manner analogous to the ADI for a food additive, is
derived on the assumption that there is an experimental
threshold dose level below which no toxic effect is pro-
duced by the compound in an animal model, and the
application of an appropriate uncertainty factor for
extrapolating animal data to man. The TDI for TCDD,
and the TEQs for dioxin-like compounds, PCDDs,
PCDFs and PCBs, have been derived based on this
premise. The WHO Expert Committee recommended a
TDI for TCDD at 10 pg/kg body weight/day and the
use of TEFs for evaluating dioxin-related compounds
and limiting their dietary intake to 10 pg TEQ/kg body
weight/day (WHO/EURO, 1991). At a further meeting
the WHO European Centre for Environment and
Health (ECEH) and the International Programme on
Chemical Safety (IPCS) reassessed the health risks of
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dioxin in the light of the new data (Van Leeuwen and
Younes, 2000). The WHO Committee, in expressing an
opinion on the recommended TDI value for dioxin-like
compounds, stated that, since the TDI represented the
average intake over long periods, occasional short-term
excursions above the TDI probably did not present a
serious health hazard provided the averaged intake was
not exceeded. However, note must be taken of possible
subtle health effects occurring following prolonged
exposure in some sections of the general population.
The at-risk groups thus might include developing fetu-
ses and breast-fed infants of mothers having high intake
of contaminated seafoods. The Committee recom-
mended a TDI of 1–4 pgWHOTEQ/kg body weight/day.
Subsequent assessments by the Scientific Committee on
Food for the European Union (SCF, 2001) and the joint
FAO/WHO Expert Committee on Food Additives
(JECFA, 2001) have proposed a Tolerable Weekly
Intake of 14 pg WHO TEQ/kg body weight and a provi-
sional TolerableMonthly Intake of 70 pgWHO-TEQ/ kg
body weight, respectively. Most recently, using much of
the same toxicity data, the UK Committee on Toxicity
of Chemicals in Food, Consumer Products and the
Environment have recommended a TDI of 2 pg WHO-
TEQ/kg body weight/day (CoT, 2001). All of these
assessments are based on studies showing that the
developing fetus is likely to be at most risk as suggested
from experimental data.
In the USA, the Food and Drug Administration

(FDA) and the Environmental Protection Agency
(EPA) have been using probabilistic models to derive a
Risk Specific Dose (RsD) of a compound. This is the
lowest dose that could result in a specific risk to man,
for example the dose with a lifetime cancer risk of one in
one million. The final results are not yet available.
Whereas on average the UK daily intake of PCBs,

PCDDs and PCDFs from seafood by adults is still esti-
mated to be below the recommended TDI value for
‘‘dioxin-like’’ compounds, concern on the health hazard
posed by seafood centers on two groups in the popula-
tion. The first group consists of young children and
toddlers, particularly those that are on a high dietary
intake of seafood, and possibly additionally receiving
fish oil medicinal preparations (cod liver oil/halibut liver
oil capsules). The estimated upper bound daily dietary
consumption of dioxin-like compounds from seafood in
toddlers, aged 1.5–4.5 years and school children (aged
10–15 years) in average consumers are 6.3–5.5 pg TEQ/kg
body weight/day and 2.8 pg TEQ/kg body weight/day,
respectively; in high-level consumers it is 10–8.3 pg
TEQ/kg body weight/day and 4.7 pg TEQ/kg body
weight/day, respectively. The second group in the
population likely to ingest higher levels of dioxin-like
compounds consists of individuals, who by complying
with recommendations (COMA, 1994) for the con-
sumption of fish twice a week of which one should be

‘oily’, may be exceeding the TDI value for dioxin-like
compounds (see Table 7). Oily fish (particularly herring,
mackerel and salmon) have higher levels than other fish
of dioxin-like compounds. Additionally, in certain parts
of the world there are defined population groups whose
diets consist wholly or mainly of seafood. In the case of
the Inuit Eskimo Indians, whale and seal meat and
blubber constitutes a substantial part of their diet.
These marine mammals are known to be sometimes
relatively rich in dioxin-like compounds. It is not easy to
regulate intake of organochlorine chemicals and thus
their risk, by recommending alternative lifestyles or
diets.
The fact that in many countries the two major sources

of organochlorine chemicals contributing to body bur-
dens of these contaminants in humans are mothers’
breast milk and oily fish could be viewed as proble-
matic. It is difficult to compare long-term cardiovas-
cular advantages in adults from increased consumption
of some polyunsaturated fatty acids (COMA, 1994),
with elevation of the body burden of dioxins. Similarly,
even though young children being breast fed might be
considered to be at greater risk from increased intake of
PCBs and dioxins, this must be set against the obvious
increased immunological advantages and bonding
between an infant and mother. Thus it usually accepted
that the advantages of consumption of polyunsaturated
fatty acids from oily fish by the average consumer and
the benefits of breast feeding outweigh the potential
risks from intake of contaminants by these routes
(MAFF, 1999; CoT, 2001).
In Japan, Yoshida et al. (2000) have used a probabil-

istic approach to determine the risk to Japanese sub-
populations from dioxin/PCBs toxicity. It was
calculated that one-half of the daily intake of dioxins by
the general population came from eating fish. For the
toxicity endpoints considered, the highest risk from
exposure to dioxins was for heavy fish consumers and
their infants and fetuses especially for neurobehavioural
effects. However, since in the immediate future it was
considered to be very difficult to sufficiently lower
exposure to dioxin and PCBs from a fish diet, the bene-
fits of breast feeding and of eating fish were anticipated
to outweigh the risk from the contaminants, but that
this must be examined in more detail.

8. Summary and conclusions

In conclusion, chlorinated pesticides and PCBs
proved of immense benefit to society but are now no
longer used in most countries. The realization that their
poor metabolism and lipophilicity could lead to bioac-
cumulation up the food chain to the detriment of wild-
life and possibly human health has led to a dramatic
decline or halt in their production. Coupled to this was
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the recognition that highly toxic dioxins and dibenzo-
furans were inadvertantly formed either in the manu-
facture of chlorinated products or in their incineration.
However, organochlorine chemicals still constitute a
major source of persistent chemical contaminants pre-
sent in the environment including the sea and fish,
despite the regulatory ban or control on their continued
use and production in most countries. These relatively
stable lipophilic compounds, resistant to biodegrada-
tion, have been found dispersed throughout the bio-
sphere. Their progression through the food chain into
the human diet has been well established. Although
these chemicals have a relatively low water solubility,
their lipophilicity enables crustaceans such as crabs,
mussels, shellfish and other bottom feeders to absorb
and concentrate them in their fatty tissues. Thus the
organochlorine chemicals eventually pass higher up the
marine life food chain to fish and eventually to sea
mammals such as seals and whales, some species serving
as food for humans. Surveys conducted in a number of
countries have shown that the principal source of
human exposure to these organochlorine chemicals
occurs via the diet (well over 90%). Seafood and meat
(including milk) are the major dietary sources of orga-
nochlorine contaminants for many people around the
world.
Much of the current concern about organochlorines is

centred on the dioxins and PCBs, both the dioxin-like
and non-coplanar congeners. The toxicology of dioxin-
like compounds is largely based on data derived from
studies in experimental animals. Much of the limited
human data available have been obtained from studies
carried out following industrial accidents or at the
workplace. As human exposure to these compounds
occurs throughout man’s lifespan from the diet, it is
essential for studies to be directed at elucidating the
long-term consequences of chronic exposure at low
levels. Data generated from appropriate epidemiological
and other studies would clearly be of value for the rea-
listic risk assessment of these compounds to man.
Although the manufacture and use of these com-

pounds is banned or highly restricted, residues of poly-
chlorinated compounds continue to detected in blood
and breast milk of humans, particularly in populations
whose major source of protein intake is from fish, crus-
taceans and sea mammals. Despite the fact that these
chemicals accumulate in the body, so far there is no
clear and unequivocal evidence that, at the levels
encountered in the human diet, they constitute a long-
term human health hazard for the majority of the
population. However, general dietary intake levels in
many countries are close to the new the TDIs estimated
by the EU, UK and WHO, and there are subpopula-
tions that may be at greater risk. For small children or
high consumers of fish the intakes will exceed the
advised TDIs and it is some aspects of impairment of

cognitive development and the developing immune
response that have been of concern. It is important to
remember that TDIs have built-in margins of safety as
judged from experimental evidence. In the short term
there is little that can be done to reduce levels, other
than to continue the policies of restriction of use and
lowering of release into the environment of organo-
chlorine chemicals. In fact there are clear signs that
general levels in food are steadily declining (MAFF,
1997a) and levels in fish consumed probably reflect this
although data are less readily available. Meanwhile,
more information should be gained on potential effects
of these chemicals on humans at low exposure levels,
particularly neurodevelopment.
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