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Abstract

There is extensive evidence that fish from waters with PCB-contaminated sediments accumulate
PCBs and related chemicals, and that people who eat fish from contaminated waters have higher
body burdens of PCBs and PCB metabolites than those who do not. PCBs and their metabolites
are potentially toxic, thus it is important to human health to understand the uptake,
biotransformation and elimination of PCBs in fish, since these processes determine the extent of
accumulation. The intestinal uptake of PCBs present in the diet of fish into fish tissues is a process
that is influenced by the lipid composition of the diet. Biotransformation of PCBs in fish, as in
mammals, facilitates elimination, although many PCB congeners are recalcitrant to
biotransformation in fish and mammals. Sequential biotransformation of PCBs by cytochrome
P450 and conjugation pathways is even less efficient in fish than in mammalian species, thus
contributing to the retention of PCBs in fish tissues. A very important factor influencing overall
PCB disposition in fish is water temperature. Seasonal changes in water temperature produce
adaptive physiological and biochemical changes in fish. While uptake of PCBs from the diet is
similar in fish acclimated to winter or summer temperatures, there is evidence that elimination of
PCBs occurs much more slowly when the fish is acclimated at low temperatures than at warmer
temperatures. Research to date suggests that the processes of elimination of PCBs are modulated
by several factors in fish including seasonal changes in water temperature. Thus, the body burden
of PCBs in fish from a contaminated location is likely to vary with season.
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Introduction

The widespread use of polychlorinated biphenyls (PCBs) in the mid-20t" century has left a
worldwide legacy of pollution. PCBs contaminate the sediments of rivers, lakes, and coastal
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waterways near production and disposal sites, such as the Great Lakes and the Hudson river
in the United States. Although high concentrations of PCBs are found near the sites of
production and disposal, PCBs are known to be dispersed throughout the world through
volatilization then deposition, a process that accounts for contamination of colder northern
latitudes with no nearby sources of production or use of PCBs (Scheringer 2009). In aquatic
environments, PCBs are taken up from sediments and suspended particles by phytoplankton
and enter the aquatic food web. PCBs are then transferred to fish, shellfish and other wildlife
(Bordajandi et al. 2006; Perugini et al. 2006; Rawn et al. 2006; Harvey et al. 2008). Because
PCBs and many of their metabolites are more lipid than water-soluble, they are often
eliminated very slowly from animals, thus PCBs and some metabolites bioaccumulate and
the highest tissue concentrations are reached in top predators (Borga et al. 2001; Kwon et al.
2006; Weijs et al. 2009). Uptake, biotransformation and elimination of PCBs are known to
vary between congeners that have differing positions and numbers of chlorine substituents,
as well as between animal species (Letcher et al. 2000; James 2001).

Understanding factors that affect the amounts of PCBs and PCB metabolites in fish is
important, since ingestion of fish caught from PCB-contaminated habitats is a documented
major source of exposure of people to PCBs (Bjermo et al.; Turyk et al. 2006; Weintraub
and Birnbaum 2008) and may be a source of exposure of people to PCB metabolites such as
PCB-methyl sulfones, hydroxylated PCBs (OH-PCBs) and PCB-quinones, which have
favorable properties for absorption (James 2001). Table 1 shows that people who consumed
fish caught from the Great Lakes had significantly higher concentrations of PCBs and other
persistent organochlorines such as DDE, compared with referents who consumed fish, but
not fish from the Great Lakes (Turyk et al. 2006).

Although many PCB contaminated environments are found in cold latitudes, due to physical
processes of dispersal of the PCBs, there has been relatively little consideration of the role
of water temperature on the uptake, biotransformation, elimination and residue retention of
PCBs and their metabolites from fish. Fish as poikilotherms present some unique responses
to temperature that influence xenobiotic presentation to and processing by dispositional
systems in fish. This review will examine some of the existing studies of this topic in edible
fish and suggest needed further research.

Uptake and tissue distribution of PCBs by fish

PCBs can be taken up from the water, across the gill (McKim and Heath 1983), or from the
diet, through the gastrointestinal tract (Carlson and Hites 2005). Diet is an important route of
uptake of most PCBs by fish, as is true for other poorly water-soluble and highly lipid
soluble xenobiotics, so that the rate and extent of absorption across the intestine largely
determines the body burden (James and Kleinow 1994). There is evidence that fish take up
PCBs from the diet through diffusion across the upper intestine, as would be expected for
lipophilic small molecules (Doi et al. 2000; Nichols et al. 2001). In trout held at 11°C and
fed environmentally relevant concentrations of PCBs in the diet, over 90% of the dietary
dose was assimilated in 24 hours (Nichols et al. 2001).

Environ ci Pollut Res Int. Author manuscript; available in PMC 2015 May 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

James and Kleinow

Page 3

Biotransformation of PCBs by fish

P450

PCBs can be eliminated unchanged from fish, through fecal egestion and diffusion across
the gills (Drouillard et al. 2009), however conversion of PCBs to more water-soluble
metabolites greatly facilitates elimination. Figure 1 summarizes the biotransformation
pathways most likely to be taken by PCBs. The first step in PCB biotransformation is mono-
oxygenation, normally catalyzed by one or more members of the cytochrome P450 (P450)
superfamily (James 2001). The resulting PCB-epoxide or OH-PCB may then be further
metabolized by secondary pathways. PCB-epoxides may be converted to dihydrodiols by
epoxide hydrolase, or to glutathione conjugates by glutathione transferase. The glutathione
conjugate could be further metabolized to the readily excreted mercapturic acid, but another
possibility is conversion in several steps to a methylsulfone metabolite that is more slowly
eliminated (Bakke et al. 1982). OH-PCBs can form glucuronide or sulfate conjugates, both
of which are expected to be readily excreted.

Most studies of PCB biotransformation have been conducted in mammals, including rats and
several wildlife species. These studies showed that some PCB congeners are very resistant
to the first, P450-catalyzed step of biotransformation, while other PCB congeners are better
substrates for monooxygenation (Matthews and Dedrick 1984; Birnbaum 1985). PCBs with
no vicinal H atoms in the phenyl rings are resistant to P450-catalyzed monooxygenation,
whereas PCBs that have vicinal H atoms are more readily biotransformed. The chlorine
substitution pattern is another factor in the ease of biotransformation of PCBs. These
structural features of the PCB congeners affect the shape of the molecule and the reactivity
of the phenyl ring carbons, which in turn determine how readily an individual congener
binds to the substrate-binding site of a particular P450 isoform in a suitable orientation for
monooxygenation. Although there is some evidence from in vitro studies that co-planar
PCBs are metabolized by CYP1 family isoforms (Ishida et al. 1991; Watanabe et al. 2005;
Prasad et al. 2007), and non-coplanar PCBs by CYPs in the 2 and 3 families (Ishida et al.
1991; Ariyoshi et al. 1995; Kania-Korwel et al. 2008; Verreault et al. 2009), this has not
been extensively studied. The fish species studied to date carry out P450-catalyzed
biotransformation of PCBs even more slowly than mammalian species, thus contributing to
the retention of PCBs in fish tissues. It has been difficult to study the first step of the
reaction, catalyzed by P450, in vitro in fish species, because of generally low activity, even
with PCB congeners that are quite readily metabolized in rodent species (James 2001);
Prasad et al. 2007). As an example, PCB 77 (3,3’,4,4’-tetrachlorobiphenyl) is comparatively
easily metabolized in rats and other mammals, especially after induction of CYP1A1l
(McKinley et al. 1993; Chen et al. 2001) but very slowly in fish, even after induction of
CYP1A (White et al. 1997; Doi et al. 2000; Schlezinger et al. 2000; Doi et al. 2006). There
is evidence that PCB 77 docks to fish CYP1A too far from the active site for efficient
catalysis, and this contributes to slow monooxygenation and to uncoupling of the P450 cycle
(Schlezinger et al. 2000; Prasad et al. 2007). In vivo studies have demonstrated that fish can
convert some PCBs, including PCB 77, to hydroxylated metabolites, through the
measurement of OH-PCBs in fish plasma and bile (White et al. 1997; Campbell et al. 2003;
Li et al. 2003; Buckman et al. 2006). In situ studies of PCB 77 uptake and metabolism in the

Environ ci Pollut Res Int. Author manuscript; available in PMC 2015 May 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

James and Kleinow

Page 4

isolated perfused channel catfish intestine showed that small amounts of OH-PCBs were
present in intestinal mucosa and blood after a one-hour perfusion, indicating slow P450-
dependent biotransformation (Doi et al. 2000; Doi et al. 2006). Treatment of trout with a
mixture of ortho-substituted PCBs, known to induce CYP3A and CYP2B isoforms in other
species (Schuetz et al. 1998; Ngui and Bandiera 1999; Petersen et al. 2007; Yang et al.
2008), resulted in increased biotransformation of several PCBs in trout (Buckman et al.
2007), however the form or forms of P450 responsible are not known.

Glucuronidation and sulfonation of OH-PCBs

In vitro studies showed that several OH-PCBs were glucuronidated in catfish hepatic and
intestinal microsomes (James and Rowland-Faux 2003; Sacco et al. 2008). OH-PCBs with
two chlorine atoms flanking the OH group were less efficiently glucuronidated than those
with just one chlorine adjacent to the OH group (Sacco et al. 2008). The efficiencies of
glucuronidation of several OH-PCBs in the catfish liver microsomes were one to two orders
of magnitude lower than the same OH-PCBs in rat liver microsomes (Tampal et al. 2002).
Sulfonation of two hydroxylated metabolites of PCB 77, namely 2-OH-3,3’,4,4’-
tetrachlorobiphenyl and 4-OH-3,3",4’ 5-tetrachlorobiphenyl, was demonstrated in cytosol
from channel catfish intestine although the pathway was not studied in depth (James and
Rowland-Faux 2003). Although glucuronidation and sulfonation of OH-PCBs occur in
catfish, an in situ study of PCB 77 metabolism in catfish intestine showed that unconjugated
OH-PCBs were present in blood and tissues (Doi et al. 2000; Doi et al. 2006). Unconjugated
OH-PCBs were also found in blood of rainbow trout (Buckman et al. 2006). This suggests
that OHPCBs formed in fish are only slowly conjugated by glucuronidation or sulfonation
such that part of the OH-PCBs formed in liver or intestine is transferred intact to blood.

Fish exhibit biochemical, structural and functional changes as a function of

warm and cold water acclimation

Fish experience change in their thermal environment on a regional and seasonal basis. For
strict aquatic poikilotherms, like many fishes, body temperature is determined largely by
water temperature (Linthicum and Carey 1972). Under conditions of gradual seasonal
temperature changes, cellular structure and function are maintained over a defined range of
temperatures through acclimation. As part of this acclimation process, membranes exhibit
changes in composition including the quantity and type of unsaturated fatty acids (Hazel
1988), the types and amounts of lipids (Hazel and Zerba 1986; Hazel and Landrey 1988) and
the cholesterol/phospholipids ratios (Robertson and Hazel 1995). These processes alter
membrane lipid phase behavior through a modification of lipid gel to liquid to gel phase
transition temperatures (Cullen et al. 1971; Rilfors et al. 1984; Yeagle 1985; Glaser and
Gross 1994; Hazel et al. 1998). At colder temperatures more unsaturated fatty acids are
inserted in membranes to lower the lipid melting point, increase membrane fluidity and
maintain membrane functionality. Saturated fatty acids tend to solidify at colder
temperatures. At warmer temperatures more saturated fatty acids with higher melting points
and more cholesterol are present. Cholesterol imparts more rigidity to the membrane.
Unsaturated fatty acids at warmer temperatures become too fluid and the membrane ceases
to maintain segregation of structure and function between the inside and outside of the cell.
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Other adaptive changes occur, which maintain functionality at different temperatures,
including changes in organelle density (Hazel and Zerba 1986; Egginton and Sidell 1989;
Guderley 2004; Tripathi et al. 2005) and organ morphology (Vornanen et al. 2005; Kleinow
et al. 2006). As an example, tissue hypertrophy has been demonstrated with cold acclimation
in goldfish for the gall bladder (Cremaschi et al. 1973) and liver (Das 1967), and for the
intestine of channel catfish (Houpe et al. 1996; Kleinow et al. 2006). In the channel catfish,
these hypertrophic changes in the proximal and middle intestines were accompanied by a 43
% increase in intestinal length (Kleinow et al. 2006). Lateral expansion of membranes is
known to occur with cold acclimation due to incorporation of less tightly fitting unsaturated
fatty acids. For fish muscle, increases in mitochondrial populations (Tyler and Sidell 1984)
as well as the volume of the sarcoplasmic reticulum (Penney and Goldspink 1980) have
been observed with cold acclimation. These ultrastructural changes may serve to counter the
increases in cytosolic viscosity and decreased intracellular diffusion rates by decreasing
diffusion distances to organells and increasing the cytosol/organelle membrane surface area
interface (Sidell and Hazel 1987). Such hypertrophic effects within cells may also result in
an overall increased trans-cellular diffusion distance and associated resistance. These
temperature-based changes subsequently influence higher order physiology such as cardiac
output (Farrell and Jones 1992), bile flow (Curtis 1983); Curtis et al. 1990) and
gastrointestinal clearance rates (Windell et al. 1976), functions that are slowed appreciably
at colder temperatures. The net result is that a fish of a given species acclimated at one
temperature is not physiologically or biochemically the same animal as fish of the same
species acclimated at a divergent temperature.

Membrane bound biotransformation in fish with acclimated temperature change

Temperature induced membrane lipid changes has been shown not only to influence
maintenance of membrane permeability, diffusion and water transfer with temperature
change (Kleinow et al. 2006), but also membrane bound biotransformation in fish. In vitro
P450 biotransformation activities of fish have been shown to exhibit ideal temperature
compensation with changes in acclimation temperature congruent with membrane function.
Studies of a variety of substrates have shown that fish acclimated to different temperatures
have essentially the same in vitro biotransformation activities when assayed at their
respective acclimation temperature (Koivusaari et al. 1981; Koivusaari 1983; Koivusaari and
Andersson 1984; Ankley et al. 1985; Andersson and Koivusaari 1986; Blanck et al. 1989;
Gill and Walsh 1990). Membrane bound biotransformation reactions such as P450 are
dependent on lipid character; optimal fluidity and structure for functional considerations
including steric, catalytic, binding and transport considerations (Strobel et al. 1970; Nath et
al. 2007; Das and Sligar 2009). These biotransformation reactions affect not only
xenobiotics such as PCBs, but also endogenous compounds performing essential functions.
Teleologically membrane compensation may exist because fish as poikilotherms need to be
able to carry out necessary bodily functions over the extent of their thermal range. The range
and extent of a fishes’ ability to compensate by altering the degree of fatty acid

unsaturation / saturation contributes to the determination of a fishes’ thermal range as well
as its optimal environment.
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While conservation of biotransformation activity over a range of temperatures has been well
documented this only occurs if time is afforded the acclimation process. Where temperature
change is acute, membrane-bound biotransformation activities are increased at higher
temperatures up to the point where cellular structure is compromised (James et al. 2012).
Likewise, activities decrease as membranes solidify at lower temperatures. Furthermore,
some biotransformation reactions such as glutathione transferase and sulfotransferase are not
membrane-bound. The temperature sensitivity of these pathways has received little attention
but they may not be subject to acclimatory compensation.

Temperature alters xenobiotic elimination in fish

Temperature has been shown to have a marked effect on the in vivo disposition of PCBs
(Buckman et al. 2004; Buckman et al. 2006; Buckman et al. 2007; Paterson et al. 2007). Fish
acclimated to warmer temperatures possess more metabolites and display shorter compound
half-lives (t,,). Conversely, at colder acclimation temperatures less metabolites are present
and compound t¥%2s are longer. This is consistent with numerous temperature studies
examining a variety of pharmaceuticals and other xenobiotics (Collier et al. 1978; Varanasi
et al. 1981; Salte and Liestol 1983; Kasuga et al. 1984; Jacobsen 1989; van Ginneken et al.
1991; Bjorklund et al. 1992; Kleinow et al. 1994). While these in vivo findings suggest that
warmer temperatures result in greater biotransformation and subsequent elimination, in vitro
studies with membrane-bound systems suggest activity compensation with temperature
change. It is unclear how to reconcile these differences, however, in vitro studies do take the
enzymatic process out of context of other mechanisms integrated in vivo with
biotransformation. For example, in vivo biotransformation rates depend not only on
enzymatic activity, but also on the delivery of substrates and co-factors to the enzymes and
removal of products. Substrate, co-factor and product movement are highly dependent on
temperature-affected processes such as diffusion and diffusion distance. On the organism
level, the apparent xenobiotic parent and metabolite residues in fish rely upon xenobiotic
clearance processes known to be temperature dependent (Kleinow et al. 2008). Slower
cardiac output, bile flow and other temperature dependent processes are likely to be primary
players in the decreased elimination rates observed at colder temperatures. Due to the highly
integrative nature of these processes the relative contribution to the in vivo situation has yet
to be defined. Multiple cellular or physiological mechanisms may be involved in generating
greater PCB residues at colder temperatures.

Lipids, temperature and PCB disposition

Characteristic of PCBs and other non-polar compounds is a close association with lipids in
fish (Elskus et al. 2005). Lipid character, content and mobilization are subject to seasonal
changes and may influence PCB retention and elimination.

Alterations in the lipid solubility of PCBs have been demonstrated in vitro with changes in
chain length and the saturation status of membrane fatty acids (Doi et al. 2000), changes that
can occur with acclimation to various water temperatures. PCB 77 was more soluble in
micelles prepared from unsaturated (18:2) linoleic acid than in micelles prepared from
saturated, shorter chain (12:0) lauric acid (Doi et al. 2000). Similar results were found with
Aroclor 1242, which was more soluble in micelles prepared with linoleic acid or oleic acid
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(18:1) compared with octanoic acid (8:0) (Laher and Barrowman 1983). In vivo PCB
retention in fish lipids may be more complex than just solubility concerns. Fatty acid
packing densities and fluidity are known to change with temperature in membrane lipids.
Saturated fatty acids organize in a tighter membrane packing arrangement than kinked
unsaturated fatty acids with double bonds. The partitioning of hydrophobic chemicals has
been inversely related to lipid packing densities with unsaturated fatty acids exhibiting
greater partitioning (Omann and Lakowicz 1982). In a study of the partitioning of 14 PCBs
of varying structures into vesicles of four saturated phosphatidylcholines of varying chain
lengths, the fluidity of the membrane bilayer appeared to be more important for the
membrane-water partitioning process than the volume of the hydrophobic region, as
determined by the membrane lipids alkyl chain length (Dulfer and Govers 1995). Only for
PCBs with a large molar volume did steric hindrance appear significant. Perhaps central for
times of seasonal temperature variation, significant changes in the partitioning of solutes
into membrane lipids have been demonstrated to occur at the gel to liquid phase transition
temperatures (Davis et al. 1986). How these features relate to seasonal PCB mobilization
and retention, particularly from depot stores is largely unresolved. Several studies have
examined the relationship of PCB burdens in fish and their lipids with feeding and energy
availability. For Arctic charr dosed with PCBs, the normal winter fast and emaciation typical
for this species resulted in a redistribution of the lipophilic PCBs from storage tissues
containing high levels of lipid (muscle) to organs such as the liver (Jorgensen et al. 2002;
Jorgensen et al. 2006). This redistribution of PCBs was accompanied by induction of hepatic
P450 (CYP1A) activities that increased seasonally to maxima in May when lipid
mobilization was near completion. Feeding during this same interval prevented lipid
mobilization and PCB release from lipid stores, which was otherwise released during
fasting. These studies suggest that not only can lipid dynamics mobilize PCBs, but also their
mobilization can influence the biotransformation status of the animal and may result in
greater metabolism, elimination or both.

Temperature effects on in vivo PCB biotransformation

Very few published studies have examined in vivo quantitative and qualitative changes in
PCB biotransformation with temperature in fish. In a study of rainbow trout, it was shown
that fish exposed in the diet to environmental mixtures of PCBs at 8°, 12° or 16°C
accumulated similar amounts in tissues after 30 days on the contaminated diet (Tables 2 and
3), suggesting no effect of temperature on the uptake and tissue distribution of PCBs from
food (Buckman et al. 2007). Table 3 shows the plasma concentrations of PCBs and OH-
PCBs in trout held at the three temperatures immediately after 30 days of feeding control or
PCB-spiked food. In trout fed the PCB-spiked food, the concentration of OH-PCBs in
plasma was significantly higher in fish held at 12°C and 16°C than at 8°C. Sample collection
soon after dosing as performed here is likely to influence profiles in the plasma as compared
to later time points or samples from other tissues that reflect overall exposure, such as bile.
Another consideration relates to conjugation of the OH-PCBs. The method used to
quantitate the OH-PCBs did not specifically include a step to hydrolyze sulfate or
glucuronide conjugates. Thus, the values shown in Table 3 are likely to represent only
unconjugated OH-PCBs. The OH-PCBs measured in plasma are almost certainly formed in
the intestine and liver from the dietary PCBs, in P450-dependent reactions. Once formed,
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the OH-PCBs are subject to glucuronidation and sulfonation in the intestine or liver. Several
factors could contribute to the observed temperature-dependent increase in plasma OH-PCB
concentration. It is possible that transfer of OH-PCBs from the site of formation into the
blood is more rapid at the higher temperatures. Another possibility is that P450-dependent
PCB biotransformation at the higher temperatures is not matched by glucuronidation or
sulfonation of the bioformed OH-PCB. UDP-glucuronic acid (UDPGA) or PAP-sulfate
(PAPS) co-substrates may be reduced in liver at the higher temperatures, thereby reducing
glucuronidation or sulfonation efficiency (James et al. 2008; Sacco et al. 2008). Preliminary
studies in the channel catfish showed that hepatic UDPGA concentrations were 287 £+ 70
nmol/g liver wet weight, mean £ S.D. (n=11 individual fish) in November and December
and 132 £ 34 (n=8) in May and June (James et al. 2008; Sacco et al. 2008). Although it is
not known what caused the seasonal change in UDPGA concentration, water temperatures
were lower in November and December (18-19°C) than in May and June (27-28°C),
suggesting the possibility of an influence of water temperature. If trout show similar changes
in UDPGA with water temperature or season, this could cause changes in the efficiency of
glucuronidation of OH-PCBs formed in the liver.

PCB elimination and temperature effects in fish

The two recent toxicokinetic studies with PCBs, one with rainbow trout (Buckman et al.
2007), the other with yellow perch (Paterson et al. 2007), have both demonstrated
lengthened in vivo PCB mixture t'%s at colder temperatures (Tables 4 and 5). While similar
in general outcome, the magnitude of response and the type of response differed
significantly. The trout study (Buckman et al. 2007) exhibited a smaller change in PCB
component ti,s with the temperature change used (Table 4) than the perch study (Table 5)
(Paterson et al. 2007). Perch eliminated PCBs slowly in fall and spring, not at all in winter,
and more rapidly in the summer. In addition, the Paterson study demonstrated a relationship
of t1,s to temperature as a function of the log K, of the PCBs examined, whereas the
Buckman study did not. While basic differences in study design make rigorous comparisons
between studies impossible and ill-advised, differences in design and results may be
insightful in regards to the future examination of the processing events involved, the factors
determining effect and the magnitude of response expected. Selection of the nature of the
thermal regime and magnitude of thermal change relative to the species may have influenced
the thermal effects seen. Buckman et al. used separate groups of orally dosed trout held at
different, but constant temperatures: 8, 12 or 16°C. Paterson et al. thermally transitioned
yellow perch through natural seasonal changes for one year after intraperitoneal dosing of a
PCB mixture, allowing phase changes with acclimatory processing after dosing. Mean water
temperatures over the year of the Paterson study were 23°C in summer, 10°C in fall, 5°C in
winter and 19°C in spring. During this year groups of perch were periodically sampled for
analysis. Buckman et al. used a cold-water fatty species, trout, over a colder and a tighter
thermal range (8°C) while Paterson et al. used a warmer leaner water species, yellow perch,
over a wider temperature range (18°C). Lipid content, energetics and PCB partitioning and
mobilization are likely to be different for the two species under the two differing thermal
regimes possibly generating the observed differences between these two studies. The static
nature of the trout study would appear to relate best to the effects of temperature directly on
biotransformation and PCB solubility in lipids of different saturation states, while the
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dynamic nature of the perch study would also include seasonal lipid alterations and lipid
phase transitions.

Another possibly informative observation provided by these studies is the relationship of
PCB ty,s with temperature and compound Kg,,. Paterson et al. indicated that for metabolized
PCB congeners ti,s during spring were within a factor of 3 longer than of those calculated
for summer regardless of PCB K,,,. For persistent PCBs a varying relationship with K,
was observed. Persistent PCBs with Kg,s less or equal to 6.5 (relatively more water soluble)
grouped more with metabolized PCBs as the warming trend with summer resulted in
average ti,s 3.2 times less than colder temperatures in the spring. In contrast, persistent
PCBs with K,,s greater than or equal to 6.5 on average exhibited a 9-fold greater
elimination rate for this same thermal transition. These data would suggest that dependent
on compound character or susceptibility to metabolism, relative water solubility does
influence temperature-based changes in PCB retention. However, due to the refractory
nature of persistent high K,y PCBs to metabolism and overall slow elimination the many
fold response of elimination rates to higher temperatures lends support to the concept that
some feature(s) in addition to metabolism is (are) contributing to changes in elimination
rates. The trout study did not show an unequivocal relationship of K, with PCB ty,s
throughout a wider range of Kg,,s (Buckman et al. 2007). For individual temperatures, PCBs
with mid range Kg,, appeared to exhibit longer t.,s as compared with low K, compounds;
however, at higher Kg,s this was not observed.

Conclusions and Implications for Human Health

The mechanisms underlying these dramatic differences in PCB elimination by fish at
different water temperatures and seasons remain to be elucidated in detail. As has been
shown for other xenobiotics in fish, the uptake of PCBs from food does not appear to be
markedly affected by water temperature, however PCB elimination is altered by changes in
acclimation temperature. This suggests that all events important to the dispositional process
are not compensated with acclimatory temperature change and that tissue residues of PCBs
and metabolites can vary with fish holding temperature. To our knowledge, little attention
has been paid to the influence of seasonal variations in assessing the risk of eating fish from
contaminated waters. It is known that fish in polar regions, especially those at the top of the
food chain, carry higher body burdens of PCBs and other persistent pollutants than fish from
warmer regions, but this has been attributed to the presence of airborne pollutants deposited
from the atmosphere under cold conditions. While there is no doubt that volatilization of
pollutants in warm regions and deposition in cold regions contributes to environmental
pollution in cold regions, the persistence of pollutants taken up by coldwater fish is likely to
be greater than in warmer regions, leading to the potential for greater bioaccumulation.
Thus, consumption of fish from polluted cold environments may result in higher exposure of
people to pollutants than consumption of fish from warm-water environments. This is
especially true if fish move from a polluted to a non-polluted region. Fish that are transiently
exposed to polluted environments in cold-water regions will be likely to carry higher body
burdens of pollutants than fish transiently exposed to pollutants in warm-water regions, due
to the faster elimination in the warm water conditions. To better predict those conditions and
species where temperature change results in significant PCB retention, additional studies
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integrating fish thermal physiology, lipid processing, energetics and xenobiotic disposition
are needed.
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Figure 1.
Pathways of biotransformation of PCBs. The enzymes catalyzing each reaction are shown:

CYP, cytochrome P450; EH, epoxide hydrolase; GST, glutathione transferase; DHD,
dihydrodiol dehydrogenase; UGT, UDP-glucuronosyltransferase; SULT, sulfotransferase
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Ingestion of sport-caught fish from the Great Lakes results in increased mean serum concentrations, lipid-

adjusted, of PCBs (adapted from Turyk et al. 2006)

Referents, n =92

Mean value

Great Lakes sport-caught fish-eaters,
n=95

Age (years) 44.9
BMI, kg/m? 26.0
Male gender, percentage 57.6
Total fish meals in previous year 36.7
Total Great Lakes sport-caught fish meals in previous year 0

Years eating Great Lakes sport-caught fish 0

Lipid-adjusted DDE concentration in serum, ppb 411
Lipid-adjusted concentration in serum of non-coplanar PCBs, ppb 208
Coplanar PCBs, ppb 62

45.9
27.3
57.9

51.92
42.82
26.28
6732
6592

1362

aGreat Lakes fish eaters were significantly different, p<0.05 than referents.
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Table 4

Reported elimination half-lives of PCB congeners from trout carcass at three different acclimation
temperatures. Adapted from Buckman et al. 2007

Acclimation 8°C 12°C 16°C
Temperature

Elimination t, (days) 130-263 102-210 94-190

The PCBs were congeners 18, 28, 44, 52, 66, 101, 105, 118, 128, 138, 153, 187, 189, 195, 206, 209.
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Table 5

Effect of season and water temperature on the elimination of PCBs from juvenile yellow perch over an annual
cycle. Adapted from Paterson et al. 2007

Season Mean Water Half-life, days
Temperature
°C
Non-metabolized  Metabolized Range
Summer 23.2 67 49 10 to 180
Fall * 9.5 456 + 125 72 to >1,000
Winter 5.2 No elimination
Spring** 19.1 200 150

*
Water temperature dropped from 24 to 2.7°C.

* %
Water temperature increased from 13 to 21°C
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