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Thyroid functional status of wild fish in relation with the contamination of their environment deserves
further investigation. We here applied a multi-level approach of thyroid function assessment in 87 wild
sea bass collected near several estuaries: namely the Scheldt, the Seine, the Loire, the Charente and the
Gironde. Thyroxine (T4) and triiodothyronine (T3) concentrations in muscle were analyzed by radioimmu-
noassay. The activity of hepatic enzymes involved in extrathyroidal pathways of thyroid hormone metab-
olism, viz. deiodination, glucuronidation and sulfatation were analyzed. Last, follicle diameter and
epithelial cell heights were measured. We observed changes that are predicted to lead to an increased
conversion of T4–T3 and lowered thyroid hormone excretion. The changes in the metabolic pathways of
thyroid hormones can be interpreted as a pathway to maintain thyroid hormone homeostasis. From all
compounds tested, the higher chlorinated PCBs seemed to be the most implicated in this perturbation.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction The thyroid system is a major target of endocrine disrupting
Thyroid hormones are essential for normal development, and for
maintenance of normal physiological functions in vertebrates
(Janz, 2000; Zoeller et al., 2007). In fish, thyroid hormones are
involved in the control of osmoregulation, metabolism, somatic
growth and post-hatching metamorphosis (Janz, 2000; Power
et al., 2001; Yamano, 2005). The regulation of thyroid hormone bio-
availability in tissues and cells represents a very complex and un-
ique web of feedback systems (Zoeller et al., 2007). In fish and
other vertebrates the thyroid cascade involves two components.
First, thyroxine (T4) biosynthesis and secretion are largely under
central control by the brain–pituitary–thyroid axis (Bernier et al.,
2009). Second, there is the conversion of T4 to its biologically active
form 3,5,30-triiodothyronine (T3) and its metabolism and receptor-
mediated actions that seems largely to be under peripheral control
in extra-thyroidal tissues (Eales and Brown, 1993).

The regulatory mechanisms involved in thyroid hormone
homeostasis are numerous and complex. As consequence, environ-
mental chemicals can act at many levels in the thyroid system. The
mechanisms involved in the endocrine disruptor mediated
alteration of the thyroid function have been extensively investigated
but are still not fully understood (Ishihara et al., 2003).
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chemicals. Nowadays there are around 116 environmental com-
pounds which are suspected to disrupt thyroid function (Howde-
shell, 2002). Numerous environmentally relevant chemicals,
including polychlorinated hydrocarbons, polycyclic aromatic
hydrocarbons, organochlorine pesticides, chlorinated paraffins,
organophosphorous pesticides, carbamate pesticides, cyanide
compounds, methyl bromide, phenols, ammonia, metals, acid
loads, sex steroids, and pharmaceuticals, exert acute or chronic ef-
fects on the thyroid cascade in the approximately 40 teleost fish
species tested to date (Brucker-Davis, 1998; Rolland, 2000; Brown
et al., 2004; Blanton and Specker, 2007).

The effects of PCB mixtures on the thyroid system have been
examined extensively in vertebrates. Brouwer et al. have compiled
an excellent review on the interactions of persistent organohalo-
gens, including PCBs, on the thyroid status in mammals and birds.
In general, PCB mixtures increase the metabolism and excretion of
thyroid hormones and lower circulating T4 levels (Brouwer et al.,
1998). Research on fish reported changes in the histology of the thy-
roid gland and in plasma thyroid hormone levels in coho salmon
( Oncorhynchus kisutch), chinook salmon (Oncorhynchus tshawyts-
cha), rainbow trout (Oncorhynchus mykiss) and flounder (Platichthys
flesus) (Leatherland and Sonstegard, 1978, 1980; Leatherland, 1993;
Besselink et al., 1996). Overall, these studies indicate that PCB
mixtures can alter indices of thyroid status in fish but their mode
of action is not well understood.

Organochlorine pesticides including p,p0-dichlorodi-phenyltri-
chloroethane (DDT) and hexachlorocyclo-hexanes, can alter thyroid
ffecting thyroid function of wild sea bass (Dicentrarchus labrax) from Euro-
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function. Tilapia (Oreochromis mossambicus) exposed to DDT
showed greater thyroid epithelial cell height and nuclear diameter
(Shukla and Pandey, 1986), indicative of increased thyroid gland
activity. Mullet (Liza parsia) exposed to DDT displayed opposite
symptoms such as a decrease in thyroid epithelial cell height,
degeneration of epithelial cells, and depletion of colloid (Pandey
et al., 1995). Exposure to lindane, the gamma isomer of hexachloro-
cyclohexane (c-HCH), increased plasma T4 levels but decreased
plasma T3 levels in H. fossilis (Yadav and Singh, 1987), whereas a
similar treatment induced no differences in serum T4 in rainbow
trout (Aldegunde et al., 1999). The b-isomer of hexachlorocyclohex-
ane induced thyrocyte hypertrophyand a diminished colloid con-
tent in the thyroid gland’s follicles, and also an increase in the
number of pituitary thyrotropes in medaka (Oryzia latipes) (Wester
and Canton, 1988). All in all, organochlorine pesticides have
multiple and species-specific effects in teleostean species, and a
general picture cannot, as yet, be constructed.

Our current knowledge is derived mostly from laboratory stud-
ies on the effects of endocrine disrupting chemicals in fish (Adams
et al., 2000; Brown et al., 2004; Boas et al., 2006; Leroy et al., 2006).
Only a very small number of studies have assessed the effects of
the environmental pollution on wild animals, and most of them
concern the influence of PCBs on the thyroid system of Great Lakes
organisms (Leatherland et al., 1989b; Leatherland and Down, 2001;
Raine, 2001). The interpretation of the results from field studies is
proving to be more difficult because of normal variations in thyroid
hormones associated with age, gender, diet, nutritional status, sea-
son and physiological condition (Rolland, 2000).

To our knowledge no comprehensive study has been carried out
in European waters. Concentrations of organic contaminants in
fishes may vary widely in relation to feeding habits, the nature of
the habitat and environmental factors such as coastal marine pol-
lution (Loizeau, 2001; Lewis et al., 2002; Naso et al., 2005). In Euro-
pean waters, PCBs concentration in tissues from juvenile sea bass
varied from 130 ng g�1 (lw) in Gironde to 5380 ng g�1 (lw) in
Scheldt (Schnitzler et al., 2011), with unknown consequences for
their thyroid function (Fig. 1). This study therefore aimed at estab-
lishing a correlation between exposures to contaminants and ef-
fects on the thyroid endocrine system. To this end, we
investigated the thyroid status of wild sea bass collected near ma-
jor estuaries of European coastlines: the Scheldt, the Seine, the
Loire, the Charente and the Gironde. In order to examine the status
of thyroid function at multiple levels, we have studied simulta-
neously different endpoints. The centrally controlled thyroidal
secretion of T4 was monitored from muscular T4 levels and thyroid
Fig. 1. Differences in muscular [7ICES PCB] concentrations in sea bass from coastal
regions near European river mouths.
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gland histology. The peripherally controlled conversion of T4–T3

was monitored by in-vitro deiodination activities, and muscular
T3 levels were measured to reflect peripheral thyroidal (T3) status.
We applied multivariate statistical analysis to identify associations
between chronic exposition to previously described organic pollu-
tants (Schnitzler et al., 2011) and thyroid function in wild sea bass.

2. Materials and methods

2.1. Sampling

Eighty seven sea bass (Dicentrarchus labrax) were collected be-
tween 20th September and 1st November 2007 during different
scientific missions of CEMAGREF (Institut de recherche pour l’ingé-
nierie de l’agriculture et de l’environnement), IFREMER (Institut
Français de Recherche pour l’Exploitation de la Mer) and INBO
(Instituut voor Natuur-en Bosonderzoek) as previously described
(Schnitzler et al., 2011). Sea bass were caught in the coastal regions
of the European rivers Gironde, Charente, Loire, Seine, and Scheldt.

The caught fish were immediately dissected. The length and the
weight of each fish were measured. Gonads were inspected to sex
the fish and to evaluate the macroscopic characteristics of the
maturity stages of the ovary and testes of sea bass. Approximately
30 g of skeletal muscle was excised from the area directly caudal to
the head, dorsal to the lateral line and anterior to the dorsal fin. The
muscle samples were stored at �70 �C until analysis.
2.2. Standards and reagents

Thyroxine (T4), uridine 50-diphosphate glucuronic acid (UDPGA)
and 30-phospho-adenosine-50-phosphosulfate (PAPS), were from
Sigma Chemical Co. (St. Louis, MO). Sephadex LH-20 was pur-
chased from Amersham Pharmacia Biotech Benelux (Roosendaal,
The Netherlands). Outer ring labeled [125I]T4 (23.3 TBq/mmol)
was obtained from Perkin–Elmer Life Science, Inc. (Boston, MA).
All other chemicals were analytical grade and obtained from com-
mercial suppliers. Radiolabeled iodothyronines were purified
shortly before use by Sephadex LH-20 column chromatography.
Radioactivities were measured in a 1272-Clinigamma gamma
counter (LKB/Wallac Oy, Turku, Finland). Protein concentrations
were determined using a Coomassie Brilliant Blue G-250 kit (Bio-
Rad, München, Germany) and bovine serum albumin as a standard.
2.3. Muscular thyroid hormone determinations

Total T3 and T4 concentrations in extracts of muscle samples
were measured by radio immunoassay (Siemens Coat-a-Count,
Brussels, Belgium) according to the manufacturer’s instructions.
Details of extraction methods and the elaborated assay protocol
are described elsewhere (Schnitzler et al., 2008). The accuracy of
the assay was determined by blind analysis of spiked samples at
high, medium and low concentrations. These samples were in-
serted in duplicate at the front, middle and end of the assay and
mean measured concentrations were then compared to actual con-
centrations to determine assay reliability. The assay was accepted
with reliability between 90 and 110%. To determine the efficacy of
the extraction process in recovering thyroid hormones as well as
transfer of samples into different types of tubes, a recovery sys-
tems were used. Unlabeled thyroid hormone was added to the
minced fish muscle prior to homogenization. The samples were
then subjected to the same homogenization, extraction, reconstitu-
tion and thyroid hormone assay procedures as the unknown and
standard curve samples. The percentage of thyroid hormone recov-
ered from each spiked tube was calculated and revealed quantita-
tive recoveries of 92% T4 and 93% T3.
ffecting thyroid function of wild sea bass (Dicentrarchus labrax) from Euro-
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2.4. Tissue preparations for enzymatic activity tests

Liver from sea bass and were homogenized in 3 ml phosphate
buffer [100 mmol/l Na-phosphate (pH 7.2), 2 mmol/l EDTA] in a
glass dounce homogenizer equipped with a tightly fitting Teflon
pestle. Homogenates were stored at �80 �C until further analysis.
Protein was measured with a commercial Coomassie Brilliant Blue
reagent kit (Bio-Rad Laboratories, München, Germany) using BSA
as a reference.

2.5. Sulfotransferase activity

Sulfotransferase activities were measured in duplicate with T4 as
conjugate group acceptors. PAPS was used as the sulfate group donor.
Sulfotransferase activity towards T4 was measured by the incubation
of approximately 50 lg homogenate protein at 37 �C for 120 min in
200 ll buffer composed of 100 mM Na-phosphate buffer and 2 mM
EDTA (pH 7.2), 1 lM 125I-labeled T4 and 50 lM PAPS. The reaction
was terminated with 800 ll ice-cold 0.1 M HCl, and the quenched
incubate was applied to Sephadex LH-20 mini-columns (2 ml of a
10% w/v suspension) to resolve liberated iodide, water-soluble conju-
gates and native iodothyronines, respectively, as described in detail
previously (van der Heide et al., 2002). Radioiodide activities in the
water-soluble fractions were interpreted to have originated from
the presence of sulfated iodothyronines. Control incubations in these
assays were in the absence of PAPS. Net sulfotransferase activities are
expressed as a percentage of the total sum of all fractions of the
Sephadex LH-20 chromatograms.

2.6. UDP glucuronyltransferase activity (UGT)

UGT activities were measured in duplicate with T4 as conjugate
group acceptors. UDPGA was used as the glucuronosyl group do-
nor. The glucuronidation of T4 was measured by the incubation
of 50 lg homogenate protein at 37 �C for 120 min in 200 ll buffer
containing 100 mM Tris/HCl (pH 7.4), 5 mM MgCl2 and 0.05%
Brij56, supplemented with 1 lM 125I-labeled T4 and 5 mM UDPGA.
The reaction was quenched with 200 ll ice-cold methanol, and the
incubate was centrifuged for 10 min at 1500g. To 300 ll of the
supernatant thus obtained 700 ll 0.1 M HCl was added, and the
mixture was subjected to Sephadex LH-20 column chromatogra-
phy as described above. Radioiodide activities in the water-soluble
fractions were here interpreted to have originated from the pres-
ence of glucuronidated iodothyronines. Control incubations were
in the absence of UDPGA.

2.7. Outer ring deiodinase activity (ORD)

50-Deiodinase activities were measured in duplicate as described
in detail elsewhere (Klaren et al., 2005). Briefly, 50 lg homogenate
protein was incubated under saturating substrate conditions of
20 lM T4 in 200 ll of 100 mM Na-phosphate buffer (pH 7.2). Outer
ring labeled [125I]T4 was used as a tracer, and was purified on a
10% (w/v) Sephadex LH-20 mini-column shortly before use. The
reaction was quenched by the addition of 100 ll ice-cold 5% BSA,
followed by 500 ll ice-cold 10% TCA, and centrifuged at 1400g
(15 min, 4 �C). To the obtained 500 ll of the deproteinised superna-
tant, we added an equal volume of 1.0 M HCl, and liberated iodide
was separated from the native iodothyronine using Sephadex
LH-20 column chromatography. Non-enzymatic outer ring deiodin-
ation was determined in the absence of a preparation.

2.8. Thyroid histomorphometric analysis

The thyroid tissues enclosed in the subpharyngeal area were
fixed in 10% salt water buffered formalin for 24 h at room temper-
Please cite this article in press as: Schnitzler, J.G., et al. Environmental factors a
pean coasts. Chemosphere (2011), doi:10.1016/j.chemosphere.2011.11.039
ature. The tissues were randomly mixed and processed together in
order to avoid biases and artefacts due to fixation conditions, dehy-
dration and embedding. The tissue was then decalcified in 5% for-
mic acid and 5% formaldehyde for 1 d and transferred to a 22.2%
sodium sulfate solution for another day. The tissues were dehy-
drated in a graded series of ethanol before being embedded in par-
affin wax. The paraffin blocks were longitudinally sectioned (8 lm)
through all the thyroid tissues. The hematoxylin-eosin stain meth-
od was used for the microscopically diagnostic study of the histo-
logical samples.

The microscopic analyses were done without knowledge of the
fish provenance and contamination burden. Images of 50 randomly
selected follicles per fish at 100 times magnification were ana-
lyzed. Thyroid histomorphometry was measured using Macnifica-
tion� software (version 1.6.1 Orbicule Enhanced Labs). The
different measurements in the thyroid tissue were determined by
manually marking the contours of the follicles in the tissue. The
follicle area, perimeter, diameter, length and width of every follicle
cross section were thus measured. The shapes of the follicles were
described with three dimensionless shape descriptors: roundness,
form factor and aspect ratio, which were calculated as follows:

� Roundness = 4 Area (lm2)/p Diameter2 (lm). A follicle with a
maximum roundness value of 1 perfectly resembles a circle.
� Form factor = 4p Area (lm2)/Perimeter2 (lm). The form factor

expresses the evenness of the follicles outline; as its value
approaches 1, the outline resembles a circle.
� Aspect ratio = maximum length (lm)/maximum with (lm). The

larger the aspect ratio, the more elongated the follicle is; a ratio
of 1 corresponds to a perfectly circular follicle.

2.9. Chemical analysis

Extracts of 10 g of dorsal muscular tissue of each fish were ana-
lyzed for polychlorinated biphenyls (PCBs), dichloro-diphenyl-tri-
chloroethane (DDT), hexachlorocyclohexanes (HCHs), aldrin and
dieldrin by gas chromatography using a Thermo Quest Trace
2000 gas chromatograph equipped with a 63Ni ECD (Thermo
Quest, Trace 2000). Detailed method and results are presented
elsewhere (Schnitzler et al., 2008, 2011).

2.10. Calculations and statistics

Mean values ± standard deviation, (median) and min–max are
presented, unless indicated otherwise. Pollutant concentrations
are normalized for fresh (wet) tissue weight and the thyroid hor-
mone concentrations and metabolic activities are also expressed
on wet weight basis.

Statistical analysis of the data was performed using SPSS for
Mac� software (SPSS Inc., version 16.0.2). The Kolmogorov–Smir-
noff test was used to test for normality of the statistically treated
variables. The non-parametric Mann–Whitney U-test was used to
compare differences in organochlorine compound concentrations
between sexes and correlation tests followed by Fishers Omnibus
post-hoc tests were used to compare differences in organochlorine
compound concentrations in relation to length and weight.

Intersite comparison of the thyroid parameters were realized
using an analysis of variance (ANOVA) to compare means between
the different collection locations followed by Tukey’s multiple
comparisons post-hoc tests. The relationships between thyroid
parameters (follicle histomorphometry, thyroid hormone concen-
trations and enzyme activities) and toxicological data were ana-
lyzed in two steps. First, a correlation test was used to identify
the contaminants related to the thyroid parameters. Then a corre-
lation-based principal component analysis (PCA) was performed to
reduce the 24 identified contaminant variables in order to avoid
ffecting thyroid function of wild sea bass (Dicentrarchus labrax) from Euro-
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misleading results due to correlating independent variables (‘mul-
ti-collinearity’) in subsequent analysis. Thereafter a correlation
test, with the four factor scores revealed by the PCA as independent
variables and thyroid parameters as dependent variable, was
applied. Results were considered significant when p < 0.05.
3. Results

3.1. Sampling

Overall mean body length of the collected sea bass was
31 ± 4.6 cm (n = 87). There were no significant differences in mean
body length and weight between sampling locations. Based upon
available length and age data, all sea bass were estimated to be
juveniles 1–2 years of age. Inspection of the gonads confirmed that
all sea bass were sexually immature. The overall sex ratio was 1:1
male:female. Neither size (length and weight) (Spearman correla-
tion tests followed by Fisher Omnibus post-hoc test; p > 0.05), nor
sex (Mann–Whitney; p > 0.05) had a significant interaction with
any of the toxicological and endocrine parameters in this study.

3.2. Organochlorine compound analysis

The complete toxicological analysis including contamination
levels, intersite comparisons, profile analysis and an estimate of
risk for human consumption is published separately (Schnitzler
et al., 2011). This study shows that juvenile sea bass from Scheldt
and Seine had higher levels of organochlorine pesticides compared
to sea bass collected near the Loire, Charente and Gironde (Fig. 1).

3.3. Intersite differences in thyroid parameters

Thyroid hormone tissue levels varied significantly between
locations (ANOVA, p < 0.001 in both cases, Table 1). The highest
T4 and T3 concentrations were observed in sea bass from Charente
and Loire coastal regions whereas the lowest levels were measured
in sea bass from the Seine and the Scheldt.

Analysis of thyroid gland tissue by light microscopy revealed
irregular or oval follicular lumens surrounded by follicular epithe-
lial cells. The epithelial cells were flattened, cuboid or columnar
(Fig. 2). The histomorphometrical analysis of the thyroid tissue re-
vealed differences in epithelial cell heights (ANOVA, p < 0.05). The
follicles observed in sea bass from the coastal region near the rivers
Charente and Loire were larger and surrounded by higher epithelial
cells than those measured in sea bass from the coastal regions near
the Seine and the Scheldt. However, follicle size, roundness, form
factor and aspect ratio remained similar between locations
(ANOVA, p > 0.05) (Table 1).

Outer ring deiodination (ORD) activities were detected in sea
bass livers samples and differed significantly between locations
(ANOVA, p < 0.001). The activity of ORD was significantly lower
in sea bass from Charente and Loire coastal regions whereas the
highest activities were measured in the liver of sea bass from the
Seine and the Scheldt (Table 1). Glucuronidation and sulfatation
were similar between locations (ANOVA, p > 0.05).

3.4. Relationships between thyroid endocrine status and contaminant
exposure

Environmental levels of higher chlorinated PCB congeners (IU-
PAC nos. 112, 153, 170, 180, 183, 194 and 195) correlated nega-
tively with the T4 and T3 concentrations in skeletal muscle
(R = �0.220 to �0.310 and R = �0.212 to �0.369 respectively).
Levels of CB congeners 52 70, 87, 95, 101, 110, 118, 128, 138,
153, 156, 170, 180, 183, 187, 194 and 195 correlated positively
Please cite this article in press as: Schnitzler, J.G., et al. Environmental factors a
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with hepatic ORD activity (R = 0.228–0.551). Levels of DDD metab-
olites correlated negatively with skeletal muscle T3 concentrations,
and positively hepatic ORD activity (R = �0.358 and 0.351 respec-
tively). HCHs concentrations correlated positively with muscular
T4 and T3 concentrations and negatively with the hepatic ORD
activity (R = 0.224–0.381 and 0.426–0.502 respectively. Finally
we observed a negative correlation between the muscular T3 con-
centration, and a positive correlation between hepatic ORD activity
and dieldrin levels, whereas aldrin has no effect on any thyroid
parameter measured (R = �0.273 and 0.551 respectively). With re-
spect to the other thyroid parameters (i.e., thyroid gland morphol-
ogy, glucuronidation and sulfatation) no relationship with
environmental contaminants could be revealed in this study.

A principal component analysis permitted us to reduce the 24
organochlorine compound variables (18 PCB congeners IUPAC
nos. 52, 70, 87, 95, 101, 110, 118, 128, 138, 153, 156, 170, 180,
183, 187, 194 and 195 and the pesticides pp0-DDT, pp0-DDE, pp0-
DDD, aHCH, bHCH, vHCH and dieldrin), identified to have an effect
on the thyroid system, to four principal components. The four com-
ponents explain 77.7% of the total variance. The first component
represents the PCB congeners with a lower degree of chlorination
(tetra-, penta- and hexa-chlorobiphenyls), whereas the second
component represents higher chlorinated PCB congeners (hepta-
and octa-chlorobiphenyls) and pp0-DDT and pp0-DDE. The third
component regroups the three HCH isomers and the fourth repre-
sents mainly the pp0-DDD metabolite (Table 2).

Correlation tests were used to evaluate the effects of the differ-
ent components on the thyroid parameters. No significant relation-
ship could be revealed between the first component and the thyroid
parameters. The second component revealed several significant
relationships, a negative correlation with the muscular T3 concen-
tration (R = �0.23, p = 0.030), a strong positive correlation with
the hepatic ORD activity (R = 0.42, p < 0.001) and a negative corre-
lation with the sulfatation activity (R = �0.48, p = 0.045) (Fig. 3).
Significant positive correlations were observed between the third
component and the muscular T4 and T3 concentrations (R = 0.39
and 0.49 respectively p < 0.001) and a negative correlation with
the hepatic ORD activity (R = �0.33, p = 0.002). Finally the fourth
component could be associated to the muscular T3 concentration
(R = �0.31, p = 0.004), the epithelial cell height and follicle round-
ness (R = �0.30 and R = 0.35 respectively p < 0.05) (Table 2).
4. Discussion

Sea bass can accumulate various PCB congeners and other chlo-
rinated compounds in their tissues. The levels measured in sea bass
are generally the highest measured in edible marine fish species
(Naso et al., 2005). This probably reflects their feeding habits and
the nature of the habitat of these benthic and euryhaline species
which usually inhabits shallow waters with sandy or muddy bot-
toms along the coast, and ports and estuaries, which are generally
considered to be more heavily polluted than open waters (Loizeau,
2001; Lewis et al., 2002). Recently, we showed that pesticide levels
in juvenile sea bass from Scheldt and Seine are higher than in sea
bass collected near the Loire, Charente and Gironde (Schnitzler
et al., 2011), and it can be concluded that sea bass tissue pesticide
concentrations reflect the environmental pesticide load.
4.1. Intersite differences in thyroid parameters

The muscular thyroid hormone concentrations are in the same
range as those observed in previous studies on sea bass (Schnitzler
et al., 2008), and are comparable to other investigations into tissue
thyroid hormone concentrations. Total T4 and T3 concentrations
have been measured in extracts from whole eggs, yolk, larvae and
ffecting thyroid function of wild sea bass (Dicentrarchus labrax) from Euro-
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Table 1
Muscular thyroid hormone levels, histomorphometric analysis of thyroid tissue and mean hepatic enzymatic activity in European sea bass collected in several coastal regions
(results are presented in mean ± standard deviation, (median), range).

Coastal region near Gironde Charente Loire Seine Scheldt ANOVA

n 8 8 34 26 11

T4 (ng g�1) 12.0 ± 4.1 15.2 ± 2.5 14.0 ± 5.1 7.3 ± 5.5a 5.3 ± 3.1a F(4,83) = 12.4
(11.9) (14.8) (15.4) (5.4) (4.7)
3.6–17.1 12.7–18.2 2.5–20.3 0.6–18.6 1.7–11.4 p < 0.001*

T3 (ng g�1) 0.83 ± 0.54 1.52 ± 0.45a 1.68 ± 0.50a 1.29 ± 0.42a 0.95 ± 0.10 F(4,83) = 10.1
(0.56) (1.51) (1.61) (1.23) (0.94)
0.47–1.78 0.88–2.15 0.79–2.62 0.49–2.25 0.86–1.17 p < 0.001*

Follicle diameter (lm) 74 ± 15 85 ± 24 75 ± 20 64 ± 14 58 ± 12 F(4,40) = 2.1
(74) (83) (72) (63) (56)
63–85 64–111 45–124 43–84 43–75 p = 0.099

Cell height (lm) 17 ± 3 17 ± 4 16 ± 2 14 ± 4a 13 ± 4a F(4,40) = 2.6
(17) (16) (17) (14) (13)
15–19 14–23 12–22 8–19 8–19 p = 0.045*

Roundness 0.81 ± 0.01 0.83 ± 0.02 0.79 ± 0.03 0.80 ± 0.03 0.81 ± 0.04 F(4,40) = 1.2
(0.81) (0.83) (0.79) (0.81) (0.81)
0.80–0.82 0.81–0.85 0.72–0.84 0.74–0.85 0.74–0.85 p = 0.308

Form factor 0.83 ± 0.01 0.84 ± 0.02 0.81 ± 0.03 0.82 ± 0.03 0.82 ± 0.04 F(4,40) = 1.0
(0.83) (0.84) (0.81) (0.82) (0.82)
0.82–0.84 0.82–0.86 0.76–0.86 0.75–0.86 0.75–0.86 p = 0.416

Aspect ratio 1.20 ± 0.20 1.33 ± 0.11 1.28 ± 0.22 1.01 ± 0.19a 0.91 ± 0.14a F(4,40) = 6.3
(1.20) (1.34) (1.23) (0.90) (0.89)
1.06–1.35 1.20–1.46 0.95–1.72 0.79–1.35 0.79–1.18 p < 0.001*

Deiodinase activity (fmol min�1 lg�1) 23.2 ± 10.4c 5.8 ± 2.7a 11.5 ± 6.3b 17.6 ± 7.0b 15.1 ± 3.9b F(4,83) = 9.4
(25.9) (5.0) (9.7) (15.4) (13.3)
9.9–38.0 3.3–11.2 2.8–33.7 8.6–39 11.3–22.1 p < 0.001*

Sulfation activity (fmol min�1 lg�1) 0.3 ± 0.3 1.5 ± 1.2 1.5 ± 1.4 1.3 ± 0.6 1.0 ± 0.7 F(4,16) = 1.1
(0.3) (1.1) (1.4) (1.4) (1.0)
0.01–0.71 0.40–3.16 0.04–3.16 0.45–1.76 0.46–1.74 p = 0.392

Glucuronidation activity (fmol min�1 lg�1) 6.9 ± 2.5 8.3 ± 3.8 9.9 ± 3.3a 3.3 ± 2.2 6.1 ± 1.4 F(4,16) = 2.9
(6.4) (8.9) (10.6) (2.2) (6.0)
3.1–8.3 3.6–11.6 6.6–11.6 0.2–8.7 4.6–7.9 p = 0.057

abcsignificant after Tukey’s multiple comparisons.
* Significant ANOVA at the 0.05 level.

Fig. 2. Longitudinal section of European sea bass thyroid tissue in subpharyngeal
area (H.E. staining; BV = ventral aorta ; F = follicle ; M = muscle; CT = connective
tissue).
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fry of salmonids (Tagawa and Hirano, 1987; Leatherland et al.,
1989a,b; de Jesus and Hirano, 1992), flounder (Tagawa et al.,
1990a), striped bass (Morone saxatilis, Percichthyidae) (Parker and
Specker, 1990), the conger eel (Conger conger, Anguillidae) (Yamano
Please cite this article in press as: Schnitzler, J.G., et al. Environmental factors a
pean coasts. Chemosphere (2011), doi:10.1016/j.chemosphere.2011.11.039
et al., 1991), the tilapia (O. mossambicus, Cichlidae) (Weber et al.,
1992) and other species (Tagawa et al., 1990b). The concentrations
vary between the different species, but they do support the roles
of thyroid hormones in early development and during metamorpho-
sis. Muscle contains low amounts of T3, but owing to its large mass
comprises a total tissue pool representing about 80% of all the T3

in the rainbow trout (Fok et al., 1990). The muscular thyroid hor-
mone concentrations should thus provide a good index of the thy-
roid hormone reserves in fish.

Thyroid parameters differed between sampling locations sug-
gesting environmental influence on endocrine activities. Sea bass
from the more contaminated locations, showed lower muscular
thyroid hormone concentrations, smaller follicles surrounded by
epithelial cells with a less pronounced cell height, and with a
higher hepatic ORD activity. Levels of thyroid hormones can be
influenced by many other factors including age, gender, diet, nutri-
tional status, season and physiological condition (Rolland, 2000).
We therefore designed the study to control for these variables,
i.e., sampling was carried out in a short period of time in autumn
when the weather conditions were fairly stable. As neither body
size (length and weight) nor sex had a significant interaction with
any endocrine parameters in this study, endocrine disrupting
chemicals are likely to be a causative independent variable.

4.2. Relationships between thyroid endocrine status and contaminant
exposure

Multivariate analysis revealed complex interactions between
previously published pollutant concentrations (Schnitzler et al.,
ffecting thyroid function of wild sea bass (Dicentrarchus labrax) from Euro-
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Table 2
Principal component analysis, with the explained variance by the principal components, the classification of the different contaminants into the four principal components and
the results of the multivariate correlation tests (significant p-values are in bold).

Fact. 1 Fact. 2 Fact. 3 Fact. 4

% of total variance 30.3 27.0 11.5 8.9
Cumulative variance % 30.3 57.3 68.8 77.7

IUPAC#52 0.47 0.37 �0.20 0.37
IUPAC#70 0.83 0.16 0.05 0.41
IUPAC#87 0.69 0.17 �0.07 0.57
IUPAC#95 0.84 0.28 0.02 0.32
IUPAC#101 0.83 0.36 �0.26 0.17
IUPAC#110 0.81 0.30 0.00 0.00
IUPAC#118 0.86 0.25 �0.05 0.08
IUPAC#128 0.79 0.41 �0.12 �0.12
IUPAC#138 0.58 0.74 �0.01 �0.15
IUPAC#153 0.56 0.24 �0.55 �0.40
IUPAC#156 0.67 0.53 0.03 0.13
IUPAC#170 0.24 0.88 �0.14 0.27
IUPAC#180 0.16 0.92 �0.06 0.20
IUPAC#183 0.39 0.85 �0.05 0.04
IUPAC#187 0.49 0.78 0.00 �0.14
IUPAC#194 0.27 0.83 �0.21 0.13
IUPAC#195 0.20 0.76 �0.31 0.32
p0p-DDT 0.30 0.62 �0.18 0.48
p0p-DDE 0.16 0.38 0.22 0.05
p0p-DDD 0.21 0.24 �0.10 0.78
a-HCH �0.16 �0.12 0.82 0.01
b-HCH 0.04 �0.04 0.74 �0.18
c-HCH �0.09 �0.04 0.88 �0.05
dieldrine 0.77 0.24 �0.27 0.17

T4 (ng g�1) R = �0.076 R = 0.055 R = 0.391 R = �0.026
n = 87 n = 87 n = 87 n = 87
p = 0.482 p = 0.613 p < 0.001 p = 0.811

T3 (ng g�1) R = 0.059 R = �0.232 R = 0.490 R = �0.307
n = 87 n = 87 n = 87 n = 87
p = 0.588 p = 0.030 p < 0.001 p = 0.004

Follicle diameter (lm) R = �0.101 R = 0.027 R = 0.115 R = �0.232
n = 44 n = 44 n = 44 n = 44
p = 0.515 p = 0.861 p = 0.459 p = 0.129

Cell height (lm) R = �0.094 R = 0.103 R = 0.180 R = �0.300
n = 44 n = 44 n = 44 n = 44
p = 0.543 p = 0.507 p = 0.242 p = 0.047

Roundness R = 0.120 R = �0.116 R = �0.039 R = 0.161
n = 44 n = 44 n = 44 n = 44
p = 0.404 p = 0.454 p = 0.802 p = 0.307

Form factor R = �0.193 R = �0.027 R = 0.266 R = �0.088
n = 44 n = 44 n = 44 n = 44
p = 0.210 p = 0.863 p = 0.081 p = 0.578

Aspect ratio R = 0.059 R = �0.232 R = 0.490 R = �0.307
n = 87 n = 87 n = 87 n = 87
p = 0.588 p = 0.030 p < 0.001 p = 0.004

Deiodinase activity (fmol min�1 lg�1) R = 0.179 R = 0.424 R = �0.334 R = 0.046
n = 87 n = 87 n = 87 n = 87
p = 0.106 p < 0.001 p = 0.002 p = 0.682

Sulfation activity (fmol min�1 lg�1) R = 0.435 R = �0.478 R = �0.092 R = �0.072
n = 20 n = 20 n = 20 n = 20
p = 0.071 p = 0.045 p = 0.715 p = 0.775

Glucuronidation activity (fmol min�1 lg�1) R = 0.119 R = �0.100 R = 0.401 R = 0.433
n = 20 n = 20 n = 20 n = 20
p = 0.639 p = 0.693 p = 0.099 p = 0.073
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2011) and thyroid parameters. The current study demonstrates that
exposure to a mixture of organochlorine compounds has effects on
thyroid hormone status in juvenile sea bass. The muscular T3 and
T4 concentration were lower in sea bass from more polluted areas
(coastal regions near river Seine and Scheldt) (Fig. 4A–C). This obser-
vation correlates with the chlorination level of PCB congeners and
the DDTs concentrations. In vertebrates, thyroid gland activity is
homeostatically regulated by the brain (hypothalamus)–pituitary–
thyroid axis. A key thyrotropic signal is thyroid stimulating hormone
Please cite this article in press as: Schnitzler, J.G., et al. Environmental factors a
pean coasts. Chemosphere (2011), doi:10.1016/j.chemosphere.2011.11.039
(TSH) from the pituitary pars distalis, which controls synthesis, stor-
age and secretion of T4 in a classical negative feedback system
(Brown et al., 2004; Blanton and Specker, 2007; Zoeller et al.,
2007). Measurements of follicular diameter and epithelial cell
heights showed that higher contamination levels were capable of
temporarily inducing a mild hypertrophy, indicating an increase of
synthesis and secretion activity of the gland.

The dynamic relationship among hormones secreted by the HPT
axis has the effect of maintaining thyroid levels within a narrow
ffecting thyroid function of wild sea bass (Dicentrarchus labrax) from Euro-
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Fig. 3. Correlation between REGR factor score 2 (reflecting concentration
lg g�1 ww of highly chlorinated PCB congeners (Schnitzler et al., 2011)) and the
hepatic deiodinase and sulfatation activity.

Fig. 4. Differences in muscular thyroid hormone concentrations (A: mean T4

(ng g�1), B: mean T3 (ng g�1), and C: T3/T4 ratio; all with standard deviation) in sea
bass from coastal regions near European river mouths.
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range. Both, T4 and T3 have a negative feedback effect on TSH secre-
tion by the pituitary in teleost fish species (Yoshiura et al., 1999).
Plasma levels of TSH are difficult to measure and rarely reported in
fish studies (Kumar et al., 2000). Because of the species differences
in the primary structure of TSH and the degree of glycosylation,
mammalian antibodies typically do not recognize non-mammalian
TSH and homologous antisera are not available for the majority of
teleost species. In our field study a certain thyroid homeostasis could
be maintained, even when a slight decrease of T4 could be observed
in higher contaminated wild sea bass. Serum half-life of thyroxin
(T4) is controlled in part by serum binding proteins like Thyroxin-
Binding-Globulin (TBG), Transthyretin (TTR) and albumin. PCBs
and related compounds are structurally similar to thyroid hormones
and are well known to displace T4 from serum binding proteins (Lans
et al., 1994; Brouwer et al., 1998; Brucker-Davis, 1998; Funkenstein
et al., 2000; Marino and McCluskey, 2000; Ishihara et al., 2003; Boas
et al., 2006; Kashiwagi et al., 2009). This may cause a decline in ser-
um thyroid hormone concentration by biliary clearance, inducing a
release of TSH provoking the observed increase of synthesis and
secretion activity of the gland. This observation has led to the
concept that the negative feedback loop of the HPT axis can compen-
sate for dysfunction of the thyroid gland (Zoeller et al., 2007).

Peripheral T3 levels in teleost fish are largely controlled by enzy-
matic 50-deiodination activities in extra-thyroidal tissues (such as
liver, brain, kidney and gill) that control the conversion of T4 to
the biologically active form T3, and other enzymes involved in ex-
tra-thyroidal metabolism (Brown et al., 2004). Fish liver expresses
the highest T4ORD activity, which support the notion that liver
could play a dual role, contributing to both the local and systemic
supply of T3 (Blanton and Specker, 2007). A slight depression in
deiodinating activities can have severe consequences, as kinetic
studies showed that about 80% of the T3 in salmonids reside in a
slowly exchanging reserve pool, mainly represented by skeletal
muscle (Brown et al., 2004). Exposure of rats to PCBs resulted in
an inhibition of hepatic deiodinase activity (Visser et al., 1993;
Morse et al., 1996; Brouwer et al., 1998). Our findings support the
hypothesis of the disturbance of the peripheral control of thyroid
hormone homeostasis. Higher chlorinated PCB congeners and DDTs
increased hepatic T4ORD activity while decreasing the hepatic sul-
fatation activity. Similar observations have been made in American
plaice (Hippoglossoides platessoides) (Adams et al., 2000). It was
concluded that the PCB-induced changes in deiodinating activity
Please cite this article in press as: Schnitzler, J.G., et al. Environmental factors a
pean coasts. Chemosphere (2011), doi:10.1016/j.chemosphere.2011.11.039
likely represents compensatory responses to disrupting effects that
might otherwise have depressed the plasma T3 levels. The different
responses between mammalian and fish species rests on the fact
that in fish the T3 levels are primarily under peripheral control.

Thyroid hormones are conjugated by sulfatation and glucuron-
idation. These Phase II reactions are usually detoxificating in nat-
ure, and involve the interactions of the polar functional groups of
phase I metabolites (Schuur et al., 1999). Sulfotransferases inacti-
vate thyroid hormones and facilitate their excretion in bile and
urine. Furthermore, thyroid hormone sulfates do not bind to T3

receptors and are thus unable to mimic T3 activity and are rapidly
degraded by inner ring deiodinases (Brouwer et al., 1998; Schuur
ffecting thyroid function of wild sea bass (Dicentrarchus labrax) from Euro-
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et al., 1999). We observed a slight decrease of SULT activity in liver
of sea bass from higher contaminated regions. This is in accordance
with in vitro studies using rat and human hepatoma cell lines that
related a strong inhibition of thyroid hormones sulfatation by
hydroxylated metabolites of PCB (Brouwer et al., 1998; Schuur
et al., 1999).

DDT metabolites exert the same effects on muscular thyroid
hormone concentrations and deiodination activity, but especially
the DDD metabolite seem to induce changes in thyroid histological
appearance. Sea bass from higher DDD contaminated regions
showed a decrease in thyroid cell height. Similar effects are
reported in mullet (L. parsia) exposed to DDT (Brown et al., 2004).

The isomers of hexachlorocyclohexane (HCH), had opposite ef-
fects on the thyroid system. Similar results are reported from cat-
fish (H. fossilis), HCHs induced an increase of muscular T4 and T3

levels while the hepatic T4ORD activity was reduced and no
changes in histological appearance could be related (Yadav and
Singh, 1987). No effect on thyroid hormone levels could be re-
ported from rainbow trout ( O. mykiss) (Aldegunde et al., 1999)
and thyroid hypertrophy was reported in medaka (O. latipes) (Wes-
ter and Canton, 1988) in association with an HCH exposure. The
HCHs contribute only for less than 0.5% of the total muscular orga-
nochlorine contamination of the tested fish.

5. Conclusions

This study was designed to control factors known to influence
thyroid hormones, including age, gender, diet, nutritional status,
season and physiological condition. We established correlations
between contaminant concentrations and effects on the thyroid
endocrine system in sea bass from the major European coastal re-
gions. Fish from polluted sites carrying high levels of contaminants
showed significant differences in thyroidal status. The enzymatic
activity of hepatic T4 outer ring deiodinase and T4 sulfatation
was altered whereas T4 glucuronidation was not affected. Muscular
T4 levels were preserved despite a slight diminution in T3 concen-
tration. These observations suggest specific effects of highly chlori-
nated PCB congeners. The preservation of thyroid hormone levels
probably reflects a tight homeostatic control of T4. Changes in hor-
monal dynamics lead to an increased conversion of T4 to T3 and a
reduced excretion of thyroid hormones. These results support the
hypothesis that adaptations of metabolic pathways of thyroid hor-
mones can be interpreted as a pathway to homeostatically main-
tain thyroid hormone status.
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