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Abstract

Brown trout (Salmo trutta) from Lake Mjgsa, Norway, contain very high levels of
polybrominated diphenyl ethers (PBDEs), in addition to elevated levels of other
persistent organic pollutants (POPs) and trace metals, including mercury (Hg). By
contrast, the levels of Se in brown trout are low. This study investigated whether the
plasma thyroid hormone (TH) levels of free-ranging trout in Lake Mjgsa were affected
by the various contaminants and oxidative stress. Both plasma thyroxine (T4) and
triiodothyronine (T3) levels were affected by the contaminants investigated. Selenium
variables in muscle were positively correlated with both TT3 and the total to free T3
(TT3:FT3) ratio, where the Se:Hg molar ratio was the best predictor of TT3, and Se was
the best predictor of TT3:FT3. The Se:Hg ratio in muscle tissue also was an important
predictor of total T4, and a weaker predictor of FT4 levels in the trout. Furthermore, Hg
alone also correlated negatively with several T4 variables. It is suggested that Se acts as
an antagonist against Hg induced TH disruptive effects, and that trout from Lake Mjgsa
may be susceptible to effects due to low Se levels in the lake. Hepatic concentration of
several heavy metals, especially cadmium and chromium, were also negatively related to
T3 levels. Plasma THs were not well correlated with the POPs, but weak negative effects
on TT4 and total to free T4 (TT4:FT4) were observed for several PBDEs and
polychlorinated biphenyls (PCBs). Biomarkers of increased hepatic oxidative stress (the
glutathione system) were not linked to depleted TH levels, but associated with
bioavailability of Se, which likely accounted for the positive correlation between
oxidized glutathione and T3 in the trout. Since relationships between THs and trace
elements were stronger than relationships between THs and POPs, it is suggested that
measurements of both POPs and trace elements should be included in studies that aim

to investigate TH disruptive effects in free-ranging freshwater fish.
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1. Introduction

Several classes of environmental contaminants, such as persistent organic pollutants
(POPs) and heavy metals, have the ability to disrupt the hypothalamus-pituitary-thyroid
(HPT)-axis in a range of organisms (Boas et al., 2006), including fish (see reviews by
Brown et al., 2004a; Carr and Patifio, 2011). Even though the precise mechanisms are
yet to be identified (Carr and Patifio, 2011), it is widely recognized that contaminants
can disrupt the HPT-axis at several steps during the synthesis, regulation, metabolism
and action of thyroid hormones (THs) (Brown et al.,, 2004a). Whereas the disruption
mechanisms of POPs are generally attributed to enzyme induction (metabolism of THs)
and/or structural similarity to THs (e.g. binding to transport proteins and interference
with deiodinase activities) (Boas et al., 2006; Carr and Patifo, 2011), effects of metals
such as cadmium (Cd), mercury (Hg) and lead (Pb) have been attributed to enzyme
inhibition due to their affinity for thiol groups, which are found in many enzymes (e.g.,

deiodinases) (Brown et al., 2004a).

Thyroid hormones are important for development, metabolism, somatic growth and
reproduction in fish (see reviews by Blanton and Specker, 2007; Power et al., 2001), and
are therefore crucial to their ecological fitness. The active thyroid hormone, 3,5,3’-
triiodo-L-thyronine (T3) is derived from its precursor, L-thyroxine (T4), by means of
outer-ring deiodination catalysed by microsomal iodothyronine 5’-monodeiodinases.
Thyroid glands in teleost fish mainly excrete T4, whereas T3 is primarily produced in
peripheral tissues (Brown et al, 2004a). Thyroid hormones in plasma are bound to
transport proteins causing only minute fractions to exist as free hormones, i.e., free
thyroxine (FT4) and free thriiodothyronine (FT3). Free T3 binds to thyroid hormone
receptors (TRs) with the highest affinity and elicits biological responses (Eales and
Brown, 1993). The hypothalamus-pituitary-thyroid (HPT)-axis is highly regulated
through a negative feedback system, and it is FT4 that primarily seems to mediate this
feedback in teleost fish (Brown et al., 2004a; Eales and Brown, 1993). However, there
still is some contradiction around this topic (Brown et al., 2004a; Leiner and Mackenzie,

2003).

Selenium (Se) is a trace element that constitutes an essential part of physiologically

important selenoenzymes such as deiodinases and glutathione peroxidase (GPx). The
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latter enzyme plays an important role in antioxidant activities in organisms. Evidence
suggests that Se has the ability to antagonize toxicity of several heavy metals, especially
methylmercury (MeHg), presumably by forming biologically inert SeHg complexes
(Ralston et al., 2007). The molar ratio between Se and Hg, rather than the Hg level per se,
therefore has been suggested as a more appropriate measure of harmful effects of Hg in
fish tissues (Peterson et al., 2009). Possible effects of a Se:Hg ratio < 1 is the disruption
of deiodinases and GPx due to a molar deficiency of Se (Bell et al., 1987; Bell et al., 1986;
Soldin et al., 2008). On the other hand, when present in high concentrations, Se may

cause toxicity through oxidative stress (Spallholz, 1994; Spallholz and Hoffman, 2002).

Oxidative stress is a state where reactive metabolites (e.g. reactive oxygen species
(ROS)) exceed the capacity of the antioxidant defence system (Sies, 1997). This state
causes damage to lipid membranes, cellular proteins and DNA, and may ultimately result
in necrotic and apoptotic cell death (Oliveira et al., 2008). An important antioxidant
system is the glutathione system, where reduced glutathione (GSH) is converted to
oxidized glutathione (GSSG) by means of GPx (Evans and Halliwell, 2001). An increase in
GSSG levels with concurrent decreases in the GSH:GSSG ratio points to oxidative stress
(Lange et al., 2002). Several metals are known to induce oxidative stress through redox
cycling (e.g. chromium [Cr], copper [Cu] and iron [Fe]) and by binding to glutathione and
protein-bound sulfhydryl groups (Hg, cadmium [Cd], lead [Pb] and nickel [Ni]) (Stohs
and Bagchi, 1995). Although Se is considered an antioxidant, excess levels of Se may
induce oxidative stress by increasing hepatic GPx activity and decreasing GSH:GSSG
ratios, ultimately resulting in elevated levels of hepatic lipid peroxidation (Elia et al.,
2011; Hoffman, 2002). Evidence from laboratory studies suggest that also POPs may
induce oxidative stress in rats (Lai et al., 2010; Twaroski et al., 2001), birds (Fernie et al.,
2005) and fish (Palace et al., 1997; Shao et al., 2010; Zhang et al., 2008). Some studies
have indicated that endocrine disruption may be mediated by oxidative stress.
Chaurasia and Kar (1999) suggested that deiodinase functionality in fish is disrupted by
Pb through lipid peroxidation and oxidative stress. Furthermore, a relatively recent
study on white sucker (Catostomus commersoni) in a part of the Yukon River (Alaska)
affected by agricultural contaminants provided a novel link between variables of

oxidative stress and thyroid disruptive effects in the field (Dorval et al., 2005).
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Lake Mjgsa, the largest freshwater lake in Norway (365 km?), has a long history of
pollution. The brown trout (Salmo trutta) from Lake Mjgsa is a piscivore that has been
found to have the highest concentrations of polybrominated diphenylethers (PBDEs) in
muscle ever reported for salmonids (Mariussen et al., 2008). The congener pattern in
these trout indicated exposure to a technical penta-BDE mixture, which was later found
to be discharged into Mjgsa by a local textile factory in the town of Lillehammer until
2003 (Mariussen et al., 2008). Other contaminants that are found at elevated levels in
fish from Mjgsa are hexabromocyclododecane (HBCD), polychlorinated biphenyls
(PCBs), dichlorodiphenyltrichloroethane (DDT) and its metabolites, as well as the heavy
metal Hg (Fjeld et al,, 2011). Because of the high levels of PCBs and Hg in muscle tissue,
dietary advices are given for the Mjgsa trout by the Norwegian Food Safety Authority
(www.mattilsynet.no). These high levels of pollutants may also represent a risk to
aquatic top predator species in Mjgsa, accumulating the higher contaminant levels. Thus,
Lake Mjgsa represents a unique opportunity to elucidate effects of elevated levels of
POPs and metals on THs in free-ranging fish. Previous findings suggest Hg levels in
molar excess over Se in brown trout from Lake Mjgsa (Frgslie et al.,, 1985), potentially
disturbing their Se-dependent thyroid functioning and antioxidant activity.
Furthermore, although laboratory studies have indicated interference of BFRs with the
HPT-axis in several species, including fish (e.g. Tomy et al., 2004), few if any field studies

have documented TH disruptive effects of BFRs in free-ranging fish.

The aim of the present study was to investigate whether BFRs and other POPs, trace
metals and oxidative stress disrupt TH levels in brown trout from Lake Mjgsa. It is
hypothesized that THs in brown trout of Lake Mjgsa are negatively affected by POPs, in
particular by BFRs due to high levels. Furthermore, a negative effect of Hg and other
toxic metals on thyroid hormones is expected. By contrast, Se and other essential
elements may have positive effects on THs. Furthermore, due to Hg in molar excess over
Se in the trout, special emphasis is given to the relationship between Se:Hg molar ratios
and TH levels. Finally, it is investigated if oxidative stress, represented by the GSH

system in liver, depletes TH levels in the trout.
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2. Materials and Methods
2.1 Sampling

Brown trout (females, N=26) were captured in the northern parts of lake Mjgsa, Norway
(May 2008), close to Lillehammer City, using fishing rods from boats. Fish were kept
alive onboard in buckets. Water was changed every 5-10 minutes to keep it oxygen rich.
Biometric measurements and tissue sampling were performed onshore no less than 30-
45 minutes after capture offshore. Immediately after arrival onshore, blood was
sampled (within 15 min) from the caudal vein using a heparinized syringe. Plasma was
prepared (centrifugation at 3500 rpm for 10 min) and stored at <-20°C in 2 mL
cryovials. Following blood sampling, the fish were killed by a blow to the head. Pieces of
muscle and liver tissue were cut out immediately post mortem, wrapped in aluminium
foil and stored in liquid nitrogen, later transferred to a freezer (-80°C) until further
analysis. Handling time of the samples, i.e., from death of the fish to samples were on
liquid nitrogen was <10 min. Animals were sacrificed according to national legislations,
and conducted by certified researchers (Dr. Eugen Gravningen Sgrmo and Dr. Tomasz

Ciesielski, Department of Biology, NTNU).

The condition factor (CF) of the fish was calculated according to Fulton’ s condition
factor K (Weight [g]*10°/length[mm]3) (Ricker, 1975). Also the gonadosomatic index
(GSI) (gonad mass [g]/body mass [g]*100) and hepatosomatic index (HSI) (liver mass
[g]/body mass [g]*100) were calculated.

2.2 Age determination

The approximate age of the sampled trout was determined using scale and otolith
samples from each trout. Concentric circles on the scales, circuli, were used to determine
the age of each individual. One summer zone plus one winter zone was defined as one
year of growth. A Micron 760 microfiche reader (Micron corp., MA, USA) was used to

count these growth layers and thus determine the age of the scales.

2.3 Determination of thyroid hormone levels in trout plasma

Plasma samples were analyzed for total T4 (TT4), total T3 (TT3) free T4 (FT4) and free
T3 (FT3) plasma concentrations using commercial radioimmunoassay kits with coated

tubes (Coat-A-Count TT4, TT3, FT4 and FT3, Siemens Medical Solutions Diagnostics, Los
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Angeles, CA, USA) at NTNU. A gamma scintillation counter (Cobra Auto-Gamma, model
5003, Packard Instrument Company, Dowers Grove, IL, USA) was used to detect the
bound radioactive antigen in the samples. Calibration curves and concentrations of TH
in the samples were calculated by the software for the gamma counter (Spectra Works
Spectrum Analysis Software). Samples were analyzed in duplicates (TT3, FT3) or
triplicates (TT4, FT4). The kits had analytical sensitivities of 0.31 pmol L-! for FT3, 0.13
pmol L1 for FT4, 0.11 nmol L1 for TT3 and 3.2 nmol L for TT4. The inter- and
intraassay variance was calculated with the laboratory’s own reference material (bovine
plasma, Bos primigenius) and the standard reference material in the kits (SRM2). Both
intra- and interassay CV% values of the reference materials were below 15% for TT3,
FT3, TT4 and FT4, respectively. For TT3, CV% ranged from 0.1-7.5% in sample
replicates. For FT3 this was 0.02-14.3%. Very low levels of TT4 and FT4 resulted in
large variation of the hormonal concentrations predicted for each sample. The CV%
exceeded 35% for 6 of the samples for TT4 (35.0-44.4%), and 5 of the samples for FT4
(35.1-51.0% and 121.3%). However, the levels of TT4 and FT4 in these individuals were
very low compared to the others. Thus, although reproducibility was low between
replicates from these specimens, analysis predicted their lower T4 concentrations in the
population. Indeed, statistical analysis revealed a high degree of correlation between the
TT4 and FT4 concentrations (p<0.001, r=0.889) in the population. Data of TT4 and FT4
from all specimens were therefore included in the further statistical analyses. The
results regarding the T4 variables, particularly that of the TT4:FT4 ratio, should

nonetheless be regarded with some caution.

2.4 Analysis of pollutant levels in muscle tissue of brown trout

The analysis of organohalogenated contaminant (OHC) levels was performed at the
Laboratory of Environmental Toxicology at the Norwegian School of Veterinary Science

(NVH), Oslo, Norway, and is based on a method originally described by Brevik (1978).

All glassware used at the laboratory was cleaned with a 1:1 mixture of cyclohexane and
acetone prior to use. Solvents were provided by Rathburn Chemicals Ltd. (Walkerburn,
Scotland)- Evaporation of extracts was performed with nitrogen gas (N, purity: 99.6 %,

AGA, Oslo, Norway).
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Muscle tissue (2-3 g) was cut into fine pieces with a scalpel and added to 80 mL glass
centrifugation tubes. A mixture of internal standards (I.S.) was added to the samples:
PCB internal standard (PCB-29, -112 and -207, Ultra Scientific, RI, USA); BFR internal
standard (BDE-77, -119, -181 and -13C12-209, Cambridge isotope laboratories, Andover,
MA, USA), toxaphene internal standard (USL-409 (2-endo,3-exo,6-€x0,8,9,10-
heptachlorobornane), LGC Promochem GmbH, Wesel, Germany). Samples were
homogenized and extracted twice with cyclohexane and acetone (3:2). Lipid extracts
were concentrated and an aliquot of 1 mL was used for gravimetric lipid determination.
Subsequently, extract aliquots of approximately 2.5 mL were cleaned up with 6 mL
sulfuric acid (H2S04, 96%; ChemScan AS, Elverum, Norway), and its supernatant with 4
mL sulfuric acid. For further details on the extraction and clean-up method, see Sgrmo et

al. (2006) and Murvoll et al. (2006).

Contaminants in cleaned-up extracts were quantified using a gas chromatograph
(Agilent 6890 Series GC system, Agilent Technologies, Santa Clara, CA, USA) coupled to a
63Ni p-electron capture detector (ECD, Agilent) for organochlorines (OCs) or a mass
spectrometer (MS, 5973 network Mass Selective Detector, Agilent) for BFRs, toxaphenes,
and OH-metabolites. The following POPs were quantified: Brominated diphenylether
(IUPAC numbers) (BDE)-28, -47, -99, -100, -153, and 154, hexabromocyclododecane
(HBCD), polychlorinated biphenyl (IUPAC numbers) (PCB)-28, -47, -52, -66, -74, -87, -99,
-101, -105, -110, -114, -118, -128, -136, -137, -138, -141, -149, -151, -153, -156, -157, -
170, -180, -183, -187, -189, -194, -199 and 206, the chlordanes (CHL) oxychlordane, cis-
nonachlor, trans-nonachlor, 1,1,1-trichloro-2,2-bis(4-chlorophenyl)ethane (DDT) and its
metabolites: p,p-DDT, op-DDT ,1,1-dichloro-2,2-bis(4-chlorophenyl)ethylene (p,p’-
DDE), 1,1,dichloro-2,2-bis(4-chlorophenyl) ethane (p,p-DDD and op’-DDD), and
toxaphenes (Parlar numbers): chlorinated bornane (CHB)-26, -40, -44, -50 and -62.

To separate and detect OCs, a volume of 2 pl was injected on a non-polar Fused Silica
precolumn (length 1 m, 0,25 inner diameter; Varian) which was split into two separate
columns (SPB-5, 60 m, 0,25 mm inner diameter, film thickness 0,25 um and SPB-1701,
60m, 0,25 inner diameter, film thickness 0,25 um; Supelco Inc.). Hydrogen (Hz; purity:
99.999 %, AGA) was used as a carrier gas with a constant flow of 1.2 mL/min. The

injector had a temperature of 270 °C when the sample was injected in the pulsed
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splitless mode. The oven’s temperature program was as follows: 90 °C (hold 2 min),
increase by 25°C/min to 180°C (hold 2 min), increase by 1,5°C/min to 220°C (hold 2
min), increase by 3°C/min to 275°C (hold 15 min). Total run time was 69.6 minutes. The
two pECDs (one for each column) with a 63Ni source had a temperature of 300°C and a
95% argon + 5% methane mixture (AGA) was used as make-up gas (60 mL/min)

(Murvoll et al.,, 2006).

For separation and detection of BFRs, a volume of 1 pL was injected on a DB-5MS
column (30m, inner diameter 0,25 mm, film thickness 0,25um, J&W Scientific, Agilent
Technologies). The injector had a temperature of 250°C and was used in a pulsed
splitless mode. Carrier gas was helium (He, purity: 99.999 %, AGA) with a constant flow
of 1.6 mL/min. The temperature program of the oven was set to 90°C (hold 2 min)
increase by 25°C/min to 190°C (hold 1 min)- increase by 15°C/min to 250°C (hold 5
min)-increase by 15°C/min to 320°C (hold 4 min). Run time was 24.67 minutes. The MS-
detector was used in NCI and SIM mode. The ion source had a temperature of 250°C and
the quadrupole was 150°C. The following target ions were used: BDE-28, -47, -77, -119,
-100, -99, -154, -153, 181, HBCD: m/z 79.0-81.0 (Sgrmo et al., 2006).

For separation and detection of toxaphenes, a volume of 2 pL was injected on a DB-5
column (60m, inner diameter 0,25 mm, film thickness 0,25um (J&W Scientific). The
injector had a temperature of 210°C and was used in a pulsed splitless mode (60 psi,
1min pulse time). The purge flow was 50 mL/min and the purge time 1 min. Carrier gas
was helium (He, purity: 99.999 %, AGA) with a constant flow of 2 mL/min. The
temperature program of the oven was set to 90°C (hold 3 min)-increase by 40°C/min to
210°C (hold 2 min)-increase by 15°C/min to 275°C (hold 12 min). Run time was 24.33
minutes. The MS-detector was used in NCI and SIM mode. The ion source had a
temperature of 150°C and the quadrupole was 150°C. The following target ions were
selected: CHB-26: m/z 374.8-376.8-378.8, USL-409: m/z 342.8, 374.8, 376.8, CHB-40,
CHB-41, CHB-44: m/z 374.8-376.8-378.8, CHB-50: m/z 410.7-412.7-414.7, CHB-62: m/z
374.8-376.8-378.8 (Andersen et al., 2006).
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Chromatographic data were calculated using either GC Chemstation (Rev. A.10.02,
Agilent) or MSD Chemstation (Rev. E.02.00). Calibration curves for each analyte with a

minimum of five calibration points were created from standards in solution.

The Laboratory of Environmental Toxicology was first accredited by Norwegian
Accreditation (Kjeller, Norway) in 1996 for measurements of OCs, BFRs, toxaphenes and
lipid content in biological matrices according to the requirements of the NS-EN ISO/IEC
17025 (test 137). The method is not accredited for OH-metabolites, but they were
validated according to the same procedures. The analytical quality of the laboratory has

been approved in several international intercalibration tests.

To ensure the quality of the results, a series of control parameters were measured
according to the standard procedures of the laboratory. Matrices of uncontaminated
trout fillet spiked with all analytes had relative recoveries between 69 and 134 % for
organochlorines, 90-129% for BFRs and 96-139% for toxaphenes. Reproducibility and
repeatability was validated with the laboratory’s own reference material, seal blubber
(for OCs and BFRs) and whale blubber (for toxaphenes), which were analyzed in each
series (12-24 samples). Drift was controlled by analyzing standards for every tenth

samples.

Blank samples were below the detection limit for most analytes. However, because of a
varying degree of contamination of BDE-153 and BDE-154 in blank samples, a method
limit of detection (MLOD) was set for these compounds (average of the blank samples
(n=9) + 2 SD). The detection limits were as follows: organochlorines ranged from 0.02
to 0.07 ng/g ww, brominated flame retardants ranged from 0.01 to 0.31 ng/g ww and
toxaphenes from 0.02 to 0.04 ng/g ww. Analytes below LOD were in statistical analyses
replaced with %2*LOD. Analytes where more than 40% of the data were below LOD were
omitted from further statistical analyses. This included PCB-31 and PCB-199. The HCHs
and the congeners cis-Nonachlor, op-DDT and CHB-62 represented some
chromatographical challenges, and were therefore excluded from the results. No OH-

metabolites were detected (unpublished data).
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The following congeners were included in the different sum of POP groups: }PBDE
includes BDE-28, -47, -99, -100, -153, -154, YPCB includes the 31 polychlorinated
biphenyl (PCB) congeners -28, -47, -52, -66, -74, -87, -99, -101, -105, -110, -114, -118, -
128, -136, -137, -138, -141, -149, -151, -153, -156, -157, -170, -180, -183, -187, -189, -
194, -199 and 206, }.dI-PCB includes the dioxin-like polychlorinated biphenyl (PCB)
congeners -105, -114, -118, -156, -157 and -189, Y CHL is the sum of chlordane
metabolites oxychlordane and trans-nonachlor, DDT is the sum of DDT and its
metabolites: pp’-DDE, op’-DDD, pp’-DDD and pp’-DDT, },CHB is the sum of toxaphenes
(chlorinated bornanes) CHB-26, -40, 41, 44 and -50. Values for analytes are given in
ng/g wet weight (ww) since this in the present study is thought to represent the most

relevant exposure concentration.

2.5 Analysis of trace elements in liver and muscle tissue

Analysis of trace elements was performed at the Department of Chemistry, NTNU.
Approximately 1 g muscle or liver tissue from each individual was weighed into a PTFE-
Teflon vial (18mL). Ultrapure water (2.3 g, Q-option, Elga Labwater, Veolia Water
Systems LTD, UK) and concentrated nitric acid (HNOs3, 4.2 g, Scanpure, equal to
ultrapure grade, Chemscan, Elverum, Norway) was added to the vials. The samples were
thereafter digested in a high-pressure microwave system (Milestone UltraClave, EMLS,
Leutkirch, Germany) with a temperature that increased gradually from room
temperature to 250°C in the course of one hour. A cooling step in the end returned the
temperature to the initial value within one hour. The digested samples were thereafter
diluted to 60 mL with ultrapure water in polypropylene vials to reach a final HNO3
concentration of 0.6M. Analyses by High Resolution Inductively Coupled Plasma Mass
Spectrometry (HR-ICP-MS) were carried out with a Termo Finnigan model Element 2
instrument (Bremen, Germany). The frequency of the radio power was set to 1400 W.
An SC-FAST flow injection analysis system (ESI, Elemental Scientific, Inc. Omaha, USA)
with a peristaltic pump (1mL/min) was used to introduce the samples. Further
equipment of the instrument was a PFA-ST nebulizer, spray chamber (PFA Barrel 35
mm), demountable torch, quarts standard injector, and Al sample skimmer and X-
skimmer cones. Adjustment of the nebulizer argon gas flow rate was made to give a
stable signal with maximized intensity for the nuclides lithium (7Li), indium (1°In) and

uranium (%38U). To minimize the interferences from carbon and provide improved
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sensitivity, especially for Se and As, methane gas was used in the analysis. Instrument
calibration was carried out using 0.6 M HNO3s solutions of matrix-matched multi-element
standards. One of the multi-element standards was analyzed every 10 samples to

account for drift.

Accuracy of the method was verified by using certified reference material; Oyster tissue
NIST 1566b and bovine liver NIST 1577b (National Institute of Standards and
Technology, Gaithersburg, MD) for muscle and liver samples, respectively.
Concentrations found were within 90-115% for all trace elements in muscle, whereas
they were in the range 86-108% in liver tissue. Blank samples prepared from ultrapure
water and HNO3z, were used to determine possible contamination during the digestion
procedure. Since most of the blanks were negligible for both muscle and liver tissue
method detection limits (LOD) were calculated using instrument detection limits. Trace
elements where more than 40% of the data were below LOD were omitted from further

statistical analyses.

2.6 Glutathione content in liver

Glutathione analysis was conducted at the Department of Biology, NTNU. The chemicals
B-Nicotinamide adenine-denucleotide 2'-phosphate (NADPH), 5,5’-dithiobis(2-
nitrobenzoic acid) (DTNB), glutathione reductase (GR; 500 U), sulfosalicylic acid
dihydrate (SSA), glutathione (GSH), and oxidized L-glutathione (GSSG) were obtained
from Sigma. Ethylenediaminetetraacetic acid (EDTA) was purchased from Fluka, 2-vinyl
pyridine (2-VP) and triethanolamine (TEA) from Sigma-Aldrich, and dipotassium
phosphate (K2HPO4) from VWR-Merck. Milli-Q water (Millipore) was used for dilution of

chemicals.

Solutions that were prepared were phosphate buffer (0,1 M K;HPO4 buffer, pH 7,4 with 1
mM EDTA), DTNB-NADPH solution (NADPH (0.024mM) and DTNB (3.23mM) in
phosphate buffer), and GR solution (GR dissolved in phosphate buffer to a concentration
of 1U GR/mL per well). Oxidized glutathione (GSSG) solution was prepared from 30 mL
GSSG stock solution (100 pM), which was added 625uL 2-VP and 2.5mL TEA (30%),
stirred for 45 min, and stored at -80°C.

11
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Liver samples were homogenized with the phosphate buffer to a concentration of 100pg
liver/mL supernatant, corresponding to a 10X dilution of the sample. After
homogenization with a Potter-Elvehjem homogenizer with teflon pestle (4 0.8mm) and
glass tube (Glas-Col, Terre Haute, IN, USA) and centrifugation at 10000 rcf for 10 min
(Microcentrifuge, Eppendorf AG, Hamburg, Germany), 100 pL of supernatant was
deproteinized with 400uL 5% SSA. Samples were kept on ice for 15 min, centrifuged at

10 000G for 5 min at 4°C, and the resulting supernatant was stored on ice.

To determine total glutathione (GSH+GSSG), 5uL aliquots of the deproteinized samples
were added to 200 uL. DTNB-NADPH-solution in a microtiter plate, and 3 replicates were
run per sample. A standard curve consisting of 7 points (0-50uM) was prepared new for

each run from 30 mL GSH (500uM) stock solution.

To analyze for GSSG, 9uL 2-VP and 9uL TEA (30%) were added to deproteinized samples
(100 pL). Samples were shaken for 45 min. before adding 20puL to a microtiter plate
containing 200uL. DTNB-NADPH-solution in each well. A standard curve consisting of 8
points (0-37.5uM) was prepared for each run.

For both the GSH and GSSG assay, GR solution (40uL) was quickly added to the
microtiter plate, immediately followed by continuous absorbance recording at 405nm
for 2 minutes with a microplate reader (Elx 808 IU Ultra Microplate Reader, Biotek
Intstuments Inc, Winooski, VF, USA). All standard curves had R? values>0.993.
Replicates had low CV% (<2%), and blanks were free from contamination. Free GSH was
calculated as follows: total GSH-(2*GSSG), and was thereafter used in the calculation of

the GSH:GSSG ratio (free GSH/GSSG).

2.7 Statistics

Data were checked for normality using the Shapiro-Wilk test in SPSS (PASW version 18,
SPSS Inc., Chicago, IL, USA). Variables that were not normally distributed were
transformed using log10, which applied to most of the data. Some of the data required
no transformation (gonad mass, CF, HSI, length, TT3:FT3, Co in liver [L], As [L]), while
the remaining were transformed using square root (lipid%, GSI, BDE-99, PCB-149, PCB-
157, Cr [L], GSH:GSSG), negative reciprocal root (-1/vX) (Pb in muscle [M], Cr [M]) or
the software’s own ranking transformation (Zn [L], Se:Hg [L], Al [L], Ni [M], Zn [M]).

12
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Principal component analysis (PCA) was used to assess the relationships between the
variables. Relationships between the THs and biometric data, concentrations of POPs
and trace elements, and Se:Hg ratios and glutathione variables were assessed using
Pearson correlation (significant correlations have p<0.05 and borderline significant
correlations have p=0.05-0.09). Age was not included as a variable because of its

homogeneity within the observations.

Because of problems related to a high correlation between the explanatory variables
(multicollinearity), the relationships of the various predictors with the THs were
assessed with orthogonal projections to latent structures (O-PLS) regression using
SIMCA P+ statistical software (Version 12.0.1, Umetrics AB, Umed, Sweden). O-PLS is
based on PLS regression, but separates the variation of X into variation that is correlated
and non-correlated (orthogonal) with the response variable Y. The uncorrelated
variation is thereafter removed from the predictor dataset X. This makes results from O-
PLS regression simpler to interpret. In general, PLS is able to handle data with a high
degree of collinearity and noise in X and Y data (Trygg and Wold, 2002), and is believed
to be better than regular multiple regression when these types of challenges are

encountered.

The Pearson correlations and the PCA model were used to select a group of explanatory
variables (predictors) for TH in the O-PLS model. In addition to POPs, other predictors
that were significantly (p<0.05) or borderline significantly (p=0.05-0.09) associated
with the TH variables were included to assess their combined explanation of the
variation in TH in the O-PLS model. The software’s cross validated- analysis of variance
(CV-ANOVA) test was applied to establish the significance of the models. To obtain
significant models, predictors with low importance were removed as indicated by
variable importance in the projection (VIP) values <0.5 and large default jack-knife
confidence intervals. Important variables have VIP values >1. An acceptable biological
model has R2Y >0.7 and Q2>0.4 (Lundstedt et al., 1998), where R2Y represents the
explained variation of Y by X and Q? represents the predictability of the model (SIMCA,
2008).
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3. Results

3.1 Biometric characteristics and concentrations of THs, POPs, trace elements and
glutathione

Biometric characteristics, thyroid hormone levels and concentrations of selected POPs,
trace elements, Se:Hg ratios and glutathione variables are presented in Tables 1-6. The
brown trout used in this study averaged 8.3 years, and the range of distribution was
narrow (Table 1). Levels of T3 dominated over T4 for both total and free fractions

(Table 2).

Table 1. Mean * standard deviation (SD), median and minimum and maximum concentrations
of biometric variables measured in brown trout (Salmo trutta) from lake Mjgsa. N denotes the
number of observations.

N Mean * SD Median Min-max
Liver mass (g) 26 45.58+17.58 45.78 17-80
Gonad Mass (g) 26 24.34 £14.20 23.29 4.40-64.07
Length (cm) 26 69.50 + 8.34 69.25 56.00-89.00
Age (years) 25 8.36 + 1.04 8 7-11
Body mass (g) 26 3100 + 823 3150 1630-4600
Condition Factor (CF) 26 0.93+0.19 0.93 0.55-1.39
Hepatosomatic Index (HSI) 26 1.47 £ 0.44 1.40 0.62-2.51
Gonadosomatic index (GSI) 26 0.76 + 0.37 0.67 0.16-1.83
Lipid (%) 26 347 +2.74 3.31 0.50-11.28

Table 2. Mean * standard deviation (SD), median and minimum and maximum values for
thyroid hormone variables measured in plasma of female brown trout (Salmo trutta) from Lake
Mjgsa, Norway. N denotes the number of observations for each variable.

N Mean * SD Median Min - max
TT32 (nmol/L) 26 19.17 £8.31 17.61 6.49 - 34.34
FT3" (pmol/L) 26 12.94 £ 5.45 12.08 5.10 - 25.62
TT4¢ (nmol/L) 25 6.99 +5.30 5.81 1.37 - 22.47
FT44 (pmol/L) 25 1.51+£1.02 1.24 0.14 - 4.54
TT3:FT3 26 1484 + 258 1472 834 -1893
TT4:FT4 25 4894 + 1783 4648 2129 -9786
TT4:TT3 25 0.41+0.43 0.34 0.06 -2.30
FT4:FT3 25 0.14 £ 0.16 0.12 0.01-0.86

a total thriiodothyronine
b free thriiodothyronine
¢ total thyroxine

d free thyroxine
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Table 3. Mean * standard deviation (SD), median and minimum and maximum concentrations
in muscle (ng/g wet weight, ww) for individual bromnated flameretardants,
hexabromododecane (HBCD), hexachlorobenzene (HCB) and the different groups of POPs in
female brown trout (Salmo trutta) from Lake Mjgsa, Norway. N denotes the number of
observations for each variable.

Analytes (ng/g ww) N Mean + SD Median Min-max
BDE-28 26 0.35+0.21 0.30 0.08-0.8
BDE-47 26 128.86 +91.07 96.33 20.33-320.64
BDE-99 26 17.39 + 15.73 11.49 1.51-55.95
BDE-100 26 28.64 £ 15.67 24.93 7.01-64.40
BDE-153 26 4.71+£3.55 2.96 0.62-13.83
BDE-154 26 7.59 + 4.64 6.18 1.44-18.03
HBCD 26 19.55 +13.76 15.10 7.27-64.27
YPBDE? 26 187.53 + 128.23 142.00 30.99-453.47
YPCB? 26 63.15 £ 35.67 55.38 23.07-160.70
Y dl-PCB¢ 26 7.02 +3.82 6.26 2.70-17.50
HCB 26 0.65 +0.33 0.57 0.26-1.61
Y CHL4d 26 1.39 +0.82 1.21 0.52-3.70
YDDTe 26 46.64 £ 34.36 39.15 15.20-162.27
Y CHBf 26 3.06 +1.87 2.37 1.01-8.30

a»'PBDE includes the 6 polybrominated diphenylethers BDE-28, BDE-47, BDE-99, BDE-100, BDE-153,
BDE-154

b}'PCB includes the 31 polychlorinated biphenyl (PCB) congeners -28, -47, -52, -66, -74, -87,-99, -101, -
105,-110,-114,-118,-128,-136,-137,-138, -141, -149, -151, -153,-156, -157,-170, -180, -183, -187, -
189, -194,-199 and 206.

¢y dI-PCBincludes the dioxin-like polychlorinated biphenyl (PCB) congeners -105,-114,-118, -156, -157
and -189

dY CHL is the sum of chlordane metabolites oxychlordane and trans-nonachlor

eyDDT is the sum of DDT and its metabolites: pp’-DDE, op’-DDD, pp’-DDD and pp’-DDT

f>CHB is the sum of chlorinated bornanes CHB-26, -40, 41, 44 and -50.

Polybrominated diphenylethers was the dominant group of POPs detected in the trout
(Table 3). The }PBDE was approximately 3 times higher than ) PCB, and 4 times higher
than }DDT. Levels of HCB, },CHL and }CHB were low compared to the other groups of
POPs. The contribution of BDE congeners to Y PBDE was as follows: BDE-47 (68.7%)> -
100 (15.3%)> -99 (9.3%)> -154 (4.1%)> -153 (2.5%)> -28 (0.2%). The most abundant
POP compound (mean value in parentheses) was BDE-47 (128.86 ng/g ww), followed by
p.p’-DDE (42.18 ng/g ww), BDE-100 (28.64 ng/g ww), HBCD (19.55 ng/g ww), BDE-99
(17.39 ng/g ww), PCB-153 (12.01 ng/g ww), and PCB-138 (11.05 ng/g ww). Dioxin- like
PCBs (3.dlI-PCB) constituted about 10% of ) PCB. PCB-congener 118 made up
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approximately 50% of )dlI-PCB. A complete overview of concentrations of individual

POP compounds is given in Table S1 (Supplementary Information).

Table 4. Mean * standard deviation (SD), median and minimum and maximum concentrations
of Se, As, and selected metals and Se:Hg molar ratio in muscle of female brown trout (Salmo
trutta) from lake Mjgsa, Norway. N denotes the number of observations.

Chemical element N Mean * SD Median Min-max
Se (mg/kg ww) 26 0.24 + 0.04 0.23 0.17-0.35
Hg (mg/kg ww) 26 0.74 £ 0.32 0.67 0.34-1.80
Fe (mg/kg ww) 26 3.53+1.55 3.15 1.76-8.02
Zn (mg/kg ww) 26 3.80£0.92 3.46 2.97-6.85
Cu (mg/kg ww) 26 0.35+0.11 0.33 0.20-0.62
Al (mg/kg ww) 26 0.08 £ 0.06 0.06 <0.012-0.26
As (mg/kg ww) 26 0.05 +0.03 0.04 0.02-0.16
Cd (pg/kg ww) 26 0.31+0.17 0.28 <0.012-0.97
Cr (ng/kg ww) 26 1.82 + 3.07 0.81 <0.3-15.48
Co (ng/kg ww) 26 2.85+1.21 2.50 0.80-6.70
Pb (ng/kg ww) 26 0.40 £ 0.27 0.29 0.16-1.10
Mn (pg/kg ww) 26 0.06 +0.01 0.06 0.04-0.10
Ni (ng/kg ww) 26 1.88 + 2.12 1.30 <0.78-10.80
Se:Hg (molar ratio) 26 0.93+£0.38 0.87 0.39-1.88

In both muscle and liver tissue, dominant essential trace elements were Fe and Zn, in
addition to Cu in liver (Table 4 and 5). Mercury was the most abundant non-essential
element in muscle, i.e., 9 times more than the second most prevalent non-essential trace
element in this tissue, Al. Also in liver, Hg was the dominant non-essential element, i.e. 4
times higher than Ag, and 6 times higher than Al. There were large differences in
element distribution between liver and muscle tissues. Of the essential trace elements,
the Se level was more than 20 times higher in liver than in muscle, whereas Co
concentration was 7 times higher in liver than in muscle. Cadmium concentration in
liver was as much as 450 times higher than in muscle. Likewise, although Ag levels were
below LOD in muscle (LOD 1.2 ng/g, data not shown), it was the second most abundant
non-essential element detected in the liver. In contrast, Pb was only detected in muscle,
and not in liver tissues of the trout (LOD 0.00012 pg/g). For other metal and trace
elements, i.e. Hg, As and Al, concentrations were only 2- to 4-fold higher in liver
compared to muscle, implying their more uniform distribution between the tissues.

Molar Hg concentrations exceeded molar Se concentrations in muscle tissue (Se:Hg
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molar ratio <1). Because of the high accumulation of Se in hepatic tissues, the Se:Hg

molar ratios in liver tissues were >1 in all samples.

Table 5. Mean * standard deviation (SD), median and minimum and maximum concentrations
of Se, As, and selected metals (ppb, mg/kg wet weight) and Se:Hg molar ratio in liver tissue from
brown trout (Salmo trutta) in lake Mjgsa, Norway. N denotes the number of observations.

Chemical element N Mean + SD Median Min-max
Se (mg/kg ww) 21 5.60 £ 5.88 3.23 1.15-24.34
Hg (mg/kg ww) 21 1.87 +1.01 1.65 0.90-4.95
Cd (mg/kg ww) 21 0.14 +0.08 0.12 0.05-0.39
Fe (mg/kg ww) 21 146 + 106 112 33-489
Zn (mg/kg ww) 21 33.04 £9.23 29.10 25.29-59.94
Cu (mg/kg ww) 21 37.58 £39.77 23.83 7.01-166.92
Al (mg/kg ww) 21 0.31+0.26 0.21 0.031-1.11
Cr (mg/kg ww) 21 0.014 +0.012 0.009 0.001-0.0453
Ag (mg/kg ww) 21 0.45 + 0.34 0.34 0.056-1.624
As (mg/kg ww) 21 0.13 + 0.04 0.13 0.04-0.19
Co (mg/kg ww) 21 0.022 £ 0.005 0.026 0.017-0.036
Se:Hg (Molar ratio) 21 8.38 +7.18 4.81 1.67-25.31

For hepatic oxidative stress biomarkers, the reduced form of glutathione (free GSH) was
present in much higher concentrations than its oxidized form (GSSG) (Table 6). Levels of

GSH were on average about 25 times greater than GSSG.

Table 6. Mean * standard deviation (SD), median and minimum and maximum concentrations
(umol/L) of glutathione (total and free GSH, oxidized glutathione (GSSG) and the GSH:GSSG ratio)

in liver of brown trout (Salmo trutta) from lake Mjgsa, Norway. N denotes the number of

observations.

N Mean = SD Median Min-max
total GSH (pM) 26 168.16 + 45.46 170.63 96.97 - 291.84
free GSH (uM) 26 146.00 £ 58.01 161.35 49.50 - 283.20
GSSG (1M) 26 11.08 £ 8.04 7.26 1.71- 26.75
GSH:GSSG 26 26.65 +22.75 21.30 1.90 - 90.50
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PCA 2 (12.5%)

3.2 Relationships between THs and explanatory variables

PCA analysis of the observations resulted in a PCA plot with three significant PCs
(eigenvalues>1) which explained 51.4, 12.5 and 8.2 %, respectively. Although the TH
variables were not very well explained by a PCA plot of the PC1 (51.4%) and PC2
(12.5%) (Figure 1), certain relationships could be identified and supported with

bivariate correlative analysis (see Table S2, Supporting Information).

In the PCA, TH variables grouped closely together, with TT3:FT3 emerging as the TH
variable that was best explained by the model. The TT4:FT4 ratio did not relate well to
the rest of the TH variables (p>0.05).

APCB199 JPeR170 APCB206
ABDE47
APCB52
APBDE
ABDE100
| ALipid
0.25 P! ABDE154
A CHB40 ABDE153
ASeHg (M) ACHBM4
0.20T I
ACF AAs (L) e ANpePBE1
0151 ATT3:FT3 4Se (M)
AFT4
AAs (M
010t ACo(L), 1y AGSSGATT3 ™ AHSI APCB2
l AFT4FT. 4G op" DDIZA) i nad
ASe:Hg (L) AFT3 Alivermass %Eﬂﬁda
0.05T AZn (M) APCB66
AFPEB 14
ATT4TT3 AMn (M) ATotalGSH APCR149 :
-0.00
aSe (L) AFreeGSH 4 BLl
AAI(M ] Abod
L ik ANi (M) AGS| A Gonadmass e 6
005 Acu(L) A
| ATT4FT4 A GSHGSSG ABDE10)
01071 AZn(L) AP (M) RAICEY ABDE99
e(M Alength
| ACr (M)
-0.15 AAG (L) AFe (L) ACd(Mng U AHg (M)
-0.20T
ACr(L) ACd(L)
ALEAL) ‘
-0.25= t t t t t t t t t t t t t t t t t t t t t t t
-0.08 -0.06 -0.04 -0.02 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
PCA 1 (51.4%)

Fig. 1. PCA model with all thyroid hormone variables and explanatory variables for brown
trout (Salmo trutta) from lake Mjgsa, Norway. Trace elements were analyzed in both muscle
(M) and liver (L) tissue. POPs (BDEs and PCBs) are numbered according to the IUPAC system
and CHBs according to the Parlar system. GSH and GSSG denote reduced and oxidized
glutathione, respectively. HSI and GSI denote hepatosomatic and gonadosomatic index,

respectively. For identification of abbreviations, see the text.
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The PCA model indicated a positive relationship between CF and the TH cluster
(TT3:FT3, TT3, TT4 and FT4), while negative relationships were indicated between the
TH variables and length and body mass of the trout. However, the only statistically
significant bivariate correlations between THs and biometric data were between

TT3:FT3 and lipid% (p=0.006), and between TT3:FT3 and HSI (p=0.042).

The PBDEs clustered to the right side of the PCA plot, just below the line of PC1
(PC1=0.12-0.14, PC2=-0.03- -0.10). All PBDEs were inversely related to the clustered
TH variables, but the PCA model suggested these relationships to be weak. Indeed, only
TT4 showed a significant inverse bivariate correlation with BDE-154 (p=0.049), while
borderline significant negative bivariate correlations were observed between BDE-28,
-100 and -153, and TT4 (0.05<p<0.09). None of the other TH variables did show

significant bivariate correlations with any of the BFRs.

The other POPs did not relate to THs in the PCA, except for some PCBs that clustered
with the BDEs (i.e., PCB-52, -170 -199 and -206). Bivariate correlations showed that
TT4 was inversely correlated with PCB-52 (p=0.045) and the TT3:FT3 ratio with PCB-
199 (p=0.047). Furthermore, TT4:FT4 showed inverse bivariate relationships with
POPs associated with lipid%: HCB (p=0.031), CHB-40 (p=0.029) and CHB-41 (p=0.027),
in addition to PCB-189 (p=0.031). Borderline significant negative bivariate correlations

were also observed between several other POPs and TT4 and TT4:FT4 (Table S2).

In general, POPs clustered positively along PC1 of the PCA model (0.05-0.16), together
with biometric variables such as body length, liver mass and body mass. Significant
positive bivariate correlations were found between body length and £PBDE, HBCD,
YPCB and 2DDT (all, p<0.001), ZCHL (p=0.006) and XCHBs (p=0.026). However, several
of the CHBs (CHB-40, 44 and -41), HCB and pp’-DDT separated themselves from the
other POPs in the PCA model, indicating their closer relationship with lipid% (p<0.05)
and not with body length.

In the PCA, the Se:Hg molar ratio in muscle showed a positive relationship with the TH

cluster, and significant positive bivariate correlations were found for TT3 (p=0.015)

(Figure 2), TT4 (p=0.020), FT4 (p=0.048), and TT3:FT3 (p=0.007) (Figure 3). Selenium
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in muscle was also positively correlated with TT3 (p=0.020) and TT3:FT3 (p<0.001).
The PCA suggested inverse relationships between THs, Cd, and Hg concentrations in
muscle, but significant bivariate negative relationships for these heavy metals were
found only for TT4 (p=0.045 and 0.033, respectively). The Cu concentration in muscle
was negatively correlated with TT4:FT4 (p=0.018).

Positive bivariate correlations were observed between Co in liver and THs (TTS3,
p=0.005 and TT3:FT3, p=0.035). In the PCA, Cr, Cd, Hg and Al concentrations were all
inversely associated with THs, and significant negative bivariate correlations were
found between TT3:FT3 and Cr and Cd (p<0.001), Zn (p=0.021), Ag (p=0.026), and Al
(p=0.049). Mercury correlated only inversely with TT4 (p=0.045). Furthermore, Hg
concentration in muscle was associated with fish body length (p<0.001, r=0.707).

Table 7. P- values with r-values in parentheses for significant Pearson correlations between
glutathione variables and Se variables in muscle (M) and liver tissue (L) in brown trout (Salmo
trutta) from Lake Mjgsa, Norway. Numbers in bold represent p<0.01.

GSSG GSH:GSSG Total GSH Free GSH
Se (M) 0.004 (0.545) 0.024 (-0.441) 0.040 (-0.406)
Se:Hg (M) 0.039 (0.407)
Se (L) 0.021 (0.500) 0.002 (-0.640) 0.001 (-0.676)
Se:Hg (L) 0.004 (0.605) 0.042 (-0.448) 0.007 (-0.567) 0.001 (-0.649)

Glutathione variables were not well explained by two first components of the PCA
model, but GSSG was suggested positively associated with the THs. However, the only
significant bivariate correlations for glutathione variables with THs were a positive
relationship between TT3 and GSSG (p=0.003), and inverse relationships of GSH:GSSG
(p=0.003) and free GSH (p=0.003) with TT3. Furthermore, FT3 was associated with
GSSG (p=0.047). Other variables that were suggested associated with GSSG in the PCA
model were Co in liver and Se:Hg in muscle (positive associations). Cobalt in liver
displayed strong bivariate positive correlations with GSSG (p=0.000, r=0.729), the
GSH:GSSG ratio (p=0.002, r=-0.641), free GSH (p=0.000, r=-0.708), total GSH (p=0.001,
r=-0.663), the Se:Hg ratio in muscle (p=0.003, r=0.607) and Se in muscle (p=0.011,
r=0.544). Significant bivariate correlations were also identified between Se variables
and the glutathione variables, as shown in Table 7. Selenium variables in liver

represented the strongest correlations.
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Fig. 2. The linear relationship between the selenium to mercury (Se:Hg) molar ratio in muscle
and plasma total triodothyronine (TT3) in female brown trout (Salmo trutta) from Lake Mjgsa,
Norway. P- and r-values for Pearson correlations with transformed data are shown in the plot.
Curved lines represent the 95% confidence interval.
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Fig. 3. The linear relationship between the selenium to mercury (Se:Hg) molar ratio in muscle
and the total to free triiodothyronine (TT3:FT3) ratio in plasma in female brown trout (Salmo
trutta) from Lake Mjgsa, Norway. P- and r-values for Pearson correlations with transformed
data are shown in the plot. Curved lines represent the 95% confidence interval.
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3.3 Orthogonal Projections to Latent Structures (O-PLS)

Only variation in TT3 (Fig. 4 and 5) and TT3:FT3 (Fig. 6 and 7) could be predicted in
significant O-PLS models, whereas no significant O-PLS models could be established for

the remaining TH variables.

The X predictors for the O-PLS model for TT3 variability were selected from the PCA plot
and bivariate correlations. Selected X predictors were those showing the stronger
correlations with TT3 in the PCA model. Although POPs showed weak correlations with
TT3 in the PCA they were also included the O-PLS model. Stepwise removal of the
variables of least importance resulted in a significant model (R2X = 0.39, R2Y =0.35 and
Q%= 0.24, CV-ANOVA; p=0.041). This indicated that this model was relatively weak in

terms of explained variation of Y, despite its significance.

Combining information from the VIP plot (Fig. 4) and the coefficient plot (Fig. 5)
deduced from the O-PLS gave an estimate of the importance of each variable and the
direction of the relationship (positive or negative) with TT3. In this model, all variables
had VIP>0.5, but only GSSG, Co (liver), Se:Hg molar ratio (muscle), Se (muscle), free GSH,
Cr (liver), Al (liver), Cd (muscle) and lipid% had VIP>1. Hence, these variables were
considered to be the most important for explaining the variation in TT3. The VIP plot
indicated that GSSG was the most important variable in relation to TT3, and was
positively associated with TT3. However, a large jack-knife interval in the coefficient
plot indicated that the GSSG coefficient estimated was less reliable than those estimated
for Co (liver) and Se:Hg (muscle), which both were important variables in the VIP plot.
Se (muscle) was also among the most important variables, but the jack-knife interval in
the coefficient plot crossed 0 and indicated low reliability. The other glutathione
variables were all negatively associated with TT3 in the following order: GSH:GSSG >
free GSH > total GSH. Negatively associated metals in the TT3 model in descending order

were as follows: Cr (liver) > Al (liver) > Cd (muscle)> Cd (liver)> Hg (muscle).

Persistent organic pollutants were the weakest variables in the model, and were, with
the exception of CHB-40, inversely associated with TT3. BDE-154 was the only POP that
did not have jack-knife confidence intervals that the crossed 0-line in the model’s

coefficient plot. The PBDEs were represented with three out of six congeners in this
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522  model (VIP>0.5). Furthermore, the biological variables were positively associated with
523  TT3 in the order lipid% > CF. Copper (muscle) and Co (muscle) were the least important

524  elements to predict TT3 variability in the O-PLS model.
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Fig. 4. Important variables for the explanation of TT3 levels in brown trout (Salmo trutta) from Lake
Mjgsa, Norway. Variables with VIP> 1 are of high importance in the model. All variables are depictured
with default jack-knife confidence intervals, where larger intervals that cross the 0 line represent the
lower reliability. See the text for explanation of abbreviations.
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Fig. 5. Coefficient plot with default jack-knife confidence intervals showing the direction of influence of
each predictor of TT3 in brown trout (Salmo trutta) from Lake Mjgsa, Norway. Jack-knife confidence
intervals that cross 0 indicate that the predictor is of low importance to the model. See the text for

explanation of abbreviations.
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A corresponding O-PLS with Y=TT3:FT3 also resulted in a significant model (R2X= 0.41,
R2Y= 0.53, Q2= 0.44: CV-ANOVA p=0.0013) (Fig. 6 and 7). Selenium (muscle) was the
most important variable in this projection. In addition, many of the liver metals also
explained variation in TT3:FT3. Both Cd and Cr were negatively associated with the
TT3:FT3 ratio. Furthermore, lipid content and the Se:Hg ratio also had VIP > 1. PCB-199
followed by BDE-154 were the most important POPs in the projection, both with

relatively small jack-knife intervals in the model.
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Fig. 6. Important variables for the explanation of TT3:FT3 levels in brown trout (Salmo trutta)
from Lake Mjgsa, Norway. Variables with VIP> 1 are of high importance in the model. All
variables are depictured with default jack-knife confidence intervals, where larger intervals that
cross the 0 line represent the lower reliablity. M denotes elements measured in muscle tissue,
while L denotes elements measured in liver tissue. See the text for explanation of abbreviations.
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Fig. 7. Coefficient plot with default jack-knife confidence intervals showing the direction of
influence of each explanatory variable of TT3:FT3 in brown trout (Salmo trutta) from Lake
Mjgsa, Norway. Confidence intervals that cross 0 indicate that the predictor is of low importance
to the model. M denotes elements measured in muscle tissue, while L denotes elements
measured in liver tissue. See the text for explanation of abbreviations.
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4. Discussion

The Se content in muscle was among the most important explanatory variables of TT3
concentrations, and the strongest explanatory variable of TT3:FT3. This observation is
not surprising, since Se is a constituent of the deiodinases that convert T4 to its active
form, T3. Selenium regulates the activity of selenoenzymes (Sunde and Raines, 2011),
and Se deficiencies reduce levels of T3 and decrease deiodinase activity (Arthur, 1991).
There has not been established a threshold value for adequate levels of Se in fish tissues,
and it is therefore not possible to determine whether the trout in this study are Se
deficient. However, Lake Mjgsa is situated in an area with naturally low Se levels in soils
(Lag and Steinnes, 1978), and it is therefore likely that the levels of Se in Lake Mjgsa are
relatively low. Selenium concentrations in brown trout reported in the present study
(0.24 mg/kg ww) are similar to levels reported in the same species from Lake Mjgsa
several decades ago (0.25 mg/kg ww) (Frgslie et al., 1985), and are considerably lower
than whole body concentrations in trout and salmon (0.798 mg/kg ww) from 12
western U.S. states reported by Peterson et al. (2009) and concentrations in muscle
tissue of brook and rainbow trout from unpolluted reference sites near Hinton, Alberta

(Canada) (Miller et al., 2009).

Selenium availability to organisms is not necessarily reflected by the Se contents in their
various tissues alone. Several studies suggest that Se forms biologically inert complexes
with heavy metals like Hg, Cd, and Ag (Ikemoto et al., 2004; Ralston et al., 2007;
Sasakura and T. Suzuki, 1998; Soldin et al., 2008). Hence, levels of heavy metals in the
specific tissues may alter the Se availability (“active” Se) for biologically important
constituents and functions, such as selenoenzymes, as suggested by Soldin et al. (2008).
A large fraction of the trout in this study had Hg levels that exceeded values for wildlife
protection (0.1mg/kg ww; Yeardley et al., 1998) and human consumption (0.5 mg/kg
ww; EFSA, 2008). Furthermore, Se:Hg molar ratios in muscle were <1 in more than half
of the individuals. Thus, in tissues with low Se:Hg ratios, Se availability may be
insufficient to support Se-dependent enzymes such as deiodinases and GPx. This is
suggested by the importance of the Se:Hg ratio in the O-PLS models for TT3 and
TT3:FT3. Also TT4 and FT4 concentrations were positively correlated with the Se:Hg
molar ratio in muscle, but not with Se in muscle tissue alone. Furthermore, Hg in muscle
correlated negatively with TT4. Mercury has been observed to affect the TH system of
rodents by inhibiting thyroidal iodination (Nishida et al, 1990) and lower levels of
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circulating T4 (Nishida et al., 1986). Selenium in the trout may to some extent reduce
toxic effects of Hg. Hence, the positive correlation of Se:Hg with TT4 and FT4 may be due
to the Hg-detoxifying effect by Se, rather than to increased levels of bioavailable Se. The
results imply that the relatively low Se levels and high Hg levels represent a threat to the
TH system of the trout, possibly of greater strength than inflicted by their high BFR
levels. The results furthermore support the assumption that freshwater fish from areas
low in Se may be more prone to Se:Hg ratios < 1, as noted by Kaneko and Ralston (2007).
In particular, the brown trout, which is a long-living predator, is vulnerable towards low
Se:Hg molar ratios due to the accumulation of Hg with fish size, as observed in this study
(Fig. 1) and previously (Fjeld et al., 2011). This implies that adverse effects from Se and
Hg on the TH system may be more likely to occur in the larger individuals. The present
study therefore supports the idea that Se:Hg > 1 may be a suitable threshold for the
protective effect of Se against Hg toxicity, as suggested in previous publications

(Peterson et al., 2009; Ralston et al., 2007).

Hepatic GSSG concentrations were positively related to TT3, while the hepatic GSH:GSSG
ratios and concentrations of free GSH were negatively related to TT3 levels in trout of
the present study. This indicates that an increase in oxidative stress is associated with
an increase in TT3 in the trout. The GSH:GSSG ratio was on average 25, close to the
normal value of approximately 30 reported for liver of rainbow trout (Lange et al.,
2002), indicating only a minor state of oxidative stress. This suggests that the tissue-
specific accumulation of Se observed in the livers of the trout may be sufficient to elicit
depletion of GSH and increased levels of GSSG in the livers of the trout, as previously
shown in hepatic tissues (Hoffman, 2002). It is therefore suggested that the levels of
hepatic glutathione variables in the present study may reflect the amount of Se that is
bioavailable for biochemical reactions in the liver, including T3 formation. This would in
turn also explain the positive correlation of hepatic GSSG with hepatic Se variables and
TT3 in plasma, and the negative correlation of free GSH with hepatic Se variables and

TT3 in plasma in the trout.

Since the liver, together with the kidney, is a primary site of T4 deiodination, it is
thought to be an important contributor to the plasma pool of T3 (Brown et al., 2004a).
For instance, T3 concentration in plasma is regulated by hepatic deiodinase during

fasting and refeeding in tilapia (Oreochromis niloticus) (Van der Geyten et al.,, 1998). The
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important predictors of the TT3 model seem to be divided into two different
compartments of action: one related to the liver and one related to muscle tissue.
Skeletal muscle tissue has been estimated to contain 80% of T3 levels in fish (Fok et al,,
1990), and is suggested to slowly exchange T3 with plasma (Brown et al., 2004a; Fok et
al, 1990). However, changes in muscle T3 in a laboratory study on rainbow trout
(Oncorhynchus mykiss) did not affect levels of plasma T3 (Fok et al.,, 1990). By contrast,
the presence of Se and Se:Hg in muscle in the O-PLS models in the present study
suggests that also muscle tissue interacts with the T3 pool in plasma in the brown trout

from Lake Mjgsa.

Cobalt was the second most important positive predictor of TT3. Like Se, Co is an
essential element. Cobalt is present in vitamin B12 and is important for glucose
metabolism, muscle protein synthesis and haemoglobin synthesis in fish (Watanabe et
al,, 1997). No studies have investigated the effect of Co on the thyroid system of teleosts,
and very few studies have been conducted for other organisms. A study on cattle fed a
Co-deficient diet reported slightly lowered activity of deiodinase and decreased FT3
plasma levels (Stangl et al., 1999). However, the authors attributed these observations
to the loss of appetite and, consequently, reduced food intake in the cattle deficient of Co.
Furthermore, Co concentrations in the trout from Mjgsa were strongly correlated with
several variables related to Se status and GSH. Cobalt is a known inducer of hypoxia,
which in turn has been reported to cause stimulation of type 3 deiodinase in rats,
leading to a reduction in T3 levels (Simonides et al., 2008). Hence, the direction of the
correlation of Co with TT3 in our study is the opposite of what would be expected
according to the latter study, possibly because Co levels in the brown trout from Lake

Mjgsa are not sufficiently high to cause hypoxia.

Hepatic Cr was strongly associated with TT3, while TT3:FT3 was highly negatively
correlated with Cr and Cd in liver. The effects of Cr on the thyroid of fish is not a well
investigated area, but this metal has been reported to decrease T4 levels in European eel
(Anguilla Anguilla) (Teles et al, 2005). In a recent study, Orun et al. (2008)
demonstrated the protective effect of Se on Cr and Cd-exposed rainbow trout, providing
evidence that also Cr may be a Se antagonist. Cadmium is, like Hg, a known Se antagonist

(Sasakura and T. Suzuki, 1998). This can be a possible explanation of the negative
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relationship between Cd and TT3:FT3. Exposure to cadmium chloride (CdClz) in
rainbow trout resulted in significant decreases in T4 (Hontela et al., 1996). In the
present study, no correlations were found between Cd concentrations and T4 levels. The
effects of Al on TT3 and TT3:FT3 were relatively weak, although Al was important in the
0-PLS models (VIP>1 and VIP>0.75, respectively). Effects of Al on THs have been
reported in salmonids (e.g. Monette et al., 2008; Waring and Brown, 1997), but Al
exposure has in all studies been combined with acid exposure. Hence, results from these
studies may be of little relevance here. However, the accumulation of Al in brown trout
from Lake Mjgsa may be mediated by freshwater acidification, a common phenomenon
in Northern Europe (Lydersen et al.,, 2002). Silver in liver had a VIP close to 1 in the O-
PLS model for TT3:FT3 (Fig. 6), and was negatively correlated with this variable. Silver
is also a possible Se-antagonist (Ikemoto et al., 2004), which may explain its presence in

the O-PLS model.

Thyroid hormone levels may vary with the nutritional state of the fish (MacKenzie et al.,
1998). In the present study there was a positive correlation between lipid% and
TT3:FT3, and lipid content was important in the O-PLS models for TT3 and TT3:FT3. It
has been documented that long-term food deprivation in fish leads to lipolysis (to
maintain blood glucose levels) and depressed levels of lipogenic hormones (such as
THs) (MacKenzie et al., 1998). On the other hand, growth in salmonids after periods of
food depression is linked to increasing plasma concentrations of T3 (Eales and
MacLatchy, 1989) and a replenishment of lipid reserves (Ali et al., 2003). Since the trout
were captured during the month of May, it is likely that they were in a period of
increased feeding and lipid content restoration. Feeding is also crucial to the Co status in
freshwater fish. Since Co concentrations in freshwater usually are very low, fish rely
heavily on the diet to obtain Co (Mukherjee and Kaviraj, 2009). The position of Co in the
PCA model (Figure 1) suggests that Co concentrations are positively associated with the
condition and lipid content of the brown trout in Lake Mjgsa. Thus, it is possible that the
strong correlations between hepatic Co concentrations and plasma TT3 concentrations

could simply be because food intake affects both variables.

Levels of PBDEs in brown trout from Lake Mjgsa have in the past years been among the

highest ever reported for salmonids, with a peak of 316 ng/g ww on average in muscle
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tissue in 2000 (Fjeld et al., 2011; Mariussen et al., 2008). This study reports about 50%
lower levels, indicating that pollution levels may be decreasing, as also suggested by
Fjeld (2011). Yet, PBDE levels in brown trout from Mjgsa still are high compared to
values reported for the polluted Great Lakes (Manchester-Neesvig et al., 2001). The level
of PCB-153, the most abundant PCB congener in the present trouts, was more than 10
times lower than the levels reported in whole body steaks of Lake Michigan salmonids
(Manchester-Neesvig et al., 2001). Concentrations of DDTs reported in the present study
are much lower than levels reported the in muscle of fish close to industrial areas (de la
Cal et al, 2008), but similar to levels in muscle tissue of lake trout (Salvelinus
namaycush) from Lake Laberge in the Yukon territory (Canada) in 2003 (Ryan et al,,
2005).

Brominated diphenylethers are recognized as possible disruptors of the HPT-axis due to
their structural resemblance with THs (Boas et al., 2006). While the TH disruptive
potential of BFRs has been elucidated in several controlled laboratory studies with fish,
there is currently no evidence that similar effects occur in free-ranging fish. Two
laboratory exposure studies by Kuiper and coworkers (2007; 2008) on European
flounder (Platichthys flesus) showed that HBCD levels several orders of magnitude
greater than in the trout of the present study did not affect TH levels, while a negative
trend in T4 levels was observed in flounders exposed to a pentaBDE mixture at
concentrations up to 5 times greater than in brown trout from Mjgsa. In another
controlled laboratory experiment, HBCD was found to decrease FT4 levels and increase
FT3 levels in plasma of juvenile rainbow trout, paired with lowered hepatic deiodinase
activity (Oncorhynchus mykiss) (Palace et al., 2008). Furthermore, in a laboratory study
Tomy et al. (2004) reported that plasma T4, but not T3 levels, were lower in juvenile
lake trout exposed to high levels of PBDEs. In the present study, one significant negative
correlation was found between TT4 and BDE-154 (p=0.049), as well as borderline
significant correlations between TT4 and BDE-28, BDE-153, and BDE-100 (p<0.09). The
negative correlations between BDEs and TT4 coincided with a negative correlation
between body length and TT4 in the trout. Because size of the trout was also positively
correlated with the BDEs, the possible disrupting effects of PBDEs on T4 observed in the
brown trout from Lake Mjgsa could in part be due to a confounding effect of fish size.

However, a recent study on white whales (Delphinapterus leucas) from Svalbard
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revealed relationships between PBDEs and several TH variables, among them TT4
(Villanger et al., 2011b). This study, like the present study, found a significant negative
association between BDE-154 and TT4. Similar negative correlations between BDEs and
THs have also been identified in female polar bears (Ursus maritimus) from East
Greenland, although different congeners than BDE-154 showed the stronger disrupting
effects in the bears (Villanger et al., 2011a). It is possible that stronger effects of PBDEs
in mammals compared to fish are related to differences in the thyroid physiology and

function and/or the metabolism of the fish and mammals.

Furthermore, none of the POPs were important predictors of the O-PLS models, but a
weak negative effect of PCB-199 on TT3:FT3 was noted. PCB-199 was however detected
in very low concentrations (see Table S1, Supplementary Information), and is not known
to be a potent TH disrupter in other studies. Hence, its correlation with TT3:FT3 may be
driven by other factors. For instance, this particular PCB clustered together with several
of the PBDESs, of which BDE-153 was borderline negatively correlated with TT3:FT3. A
high concentration of a contaminant is, however, not a requirement for TH disruptive
potency, as noted by Brar and coworkers (2010). It is therefore possible that the

association between PCB-199 and TT3:FT3 may reflect a cause-effect relationship.

Several of the PCBs showed borderline inverse relationships with TT4 and TT4:FT4 in
trout from Lake Mjgsa. The only significant bivariate relationships were found between
TT4:FT4 and the coplanar PCB-189 and TT4 and PCB-52 (Table S2, Supplementary
Information). Laboratory studies on mammals suggest that PCBs primarily alter T4
levels (see review by Boas et al., 2006). Brown et al (2004b) observed that exposure to
the coplanar congener PCB-126 increased glucuronidation of T4 and decreased levels of
T4 in lake trout, while exposure studies with non-coplanar PCBs in teleost fish have
shown equivocal results, as reviewed by Brown et al. (2004a). Goiter (i.e., enlargement
of the thyroid gland) observed in salmonids in the Great Lakes has been related to high
PCB-exposures (Carr and Patifo, 2011; Leatherland, 1993), although this conclusion has
not been generally accepted (Buckman et al, 2007). Polychlorinated biphenyls may
influence TH indices in fish, although mechanisms remain unclear (Brown et al., 2004a).
In a recent study from San Francisco Bay, plasma TH levels in two indigenous fish

species (Shiner surfperch [Cymatogaster aggregate] and Pacific staghorn [Leptocottus
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armatus]) Brar and coworkers (2010) found that plasma TH levels were significantly
related to environmental contaminant concentrations in the fish, especially PCBs. These
authors linked a large number of both coplanar and non-coplanar PCBs to depletion of
levels of T4 in the fish species examined. Similar to the present study, a significant
negative relationship between PCB-52 and TT4 was also found in the Pacific staghorn.
Thus, results in the present study suggest that PCBs may mildly influence the T4 levels
of the trout in Mjgsa.

Effects of HCB and CHBs on THs in fish is an unexplored field. In mammals and birds,
HCB has been associated with decreases in T4, as reviewed by Boas et al. (2006).
Exposure to HCB in rats (van Raaij et al.,, 1993) decreased plasma T4 levels as a result of
increased glucuronidation. In the present study, no effects of HCB on TT4 were
identified, but a significant negative relationship between HCB and TT4:FT4 was shown.

A similar relationship was observed in polar bears from Svalbard (Skaare et al., 2001).
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5. Conclusion

The Se status and the hepatic Co concentration of the brown trout in Lake Mjgsa
appeared to have the most profound effect on plasma TT3 concentrations. However, Hg
concentrations in muscle and liver tissue alone did not show strong relationships with
TH variables, except a significant negative relationship between TT4 and Hg in muscle
tissue and between FT4 and Hg in liver tissue. This may imply that T4 is more sensitive
to toxic effects of Hg than T3. In contrast to the hypothesis, the oxidative stress
biomarker GSSG positively affected TT3. A possible explanation is the dependence of
both variables on Se levels in liver. By contrast, levels of Cr in the liver of the trout were
negatively related to TT3. The TT3:FT3 ratio was most strongly affected by the Se status
in muscle of the trout and the Cr and Cd levels in liver, with positive and negative
relationships, respectively. Lipid content was positively related to both TT3 and
TT3:FT3, indicating the importance of the nutritional condition for high T3 levels in the
trout. The importance if nutritional condition may also explain the positive relationship
between TT3 and Co in liver, since Co in freshwater fish is obtained through the diet.
Data indicated very weak correlations between POPs and TT4 and TT4:FT4, and
extremely weak correlations between POPs and T3 variables, despite the high levels of
POPs, PBDEs in particular, in the muscle of the trout. The present study indicates that
essential and non-essential trace elements in an area low in Se affect the TH system of
brown trout to a larger extent than POPs, even when the latter is present at very high
levels. It is therefore suggested that a combination of measurements of POPs and trace
elements should be included in studies that aim to investigate TH-disruptive effects in

free-ranging freshwater fish.

35



36



References

Ali M, Nicieza A, Wootton R]. Compensatory growth in fishes: a response to growth
depression. Fish and Fisheries 2003; 4: 147-190.

Andersen G, Fgreid S, Skaare JU, Jenssen BM, Lydersen C, Kovacs KM. Levels of
toxaphene congeners in white whales (Delphinapterus leucas) from Svalbard,
Norway. Science of the Total Environment 2006; 357: 128-137.

Arthur JR. The Role of Selenium in Thyroid-Hormone Metabolism. Canadian Journal of
Physiology and Pharmacology 1991; 69: 1648-1652.

Bell ]G, Cowey CB, Adron JW, Pirie BJS. Some effects of selenium deficiency on enzyme
activities and indices of tissue peroxidation in Atlantic salmon parr (Salmo salar).
Aquaculture 1987; 65: 43-54.

Bell ]G, Pirie BJ, Adron JW, Cowey CB. Some effects of selenium deficiency on glutathione
peroxidase (EC 1.11.1.9) activity and tissue pathology in rainbow trout (Salmo
gairdneri). The British journal of nutrition 1986; 55: 305-11.

Blanton ML, Specker JL. The Hypothalamic-Pituitary-Thyroid (HPT) Axis in Fish and Its
Role in Fish Development and Reproduction. Critical Reviews in Toxicology 2007;
37:97-115.

Boas M, Feldt-Rasmussen U, Skakkebaek NE, Main KM. Environmental chemicals and
thyroid function. European Journal of Endocrinology 2006; 154: 599-611.

Brar NK, Waggoner C, Reyes JA, Fairey R, Kelley KM. Evidence for thyroid endocrine
disruption in wild fish in San Francisco Bay, California, USA. Relationships to
contaminant exposures. Aquatic Toxicology 2010; 96: 203-215.

Brevik EM. Gas chromatographic method for the determination of organochlorine
pesticides in human milk. Bulletin of Environmental Contamination and
Toxicology 1978; 19: 281-286.

Brown SB, Adams BA, Cyr DG, Eales JG. Contaminant effects on the teleost fish thyroid.
Environmental Toxicology and Chemistry 2004a; 23: 1680-1701.

Brown SB, Evans RE, Vandenbyllardt L, Finnson KW, Palace VP, Kane AS, et al. Altered
thyroid status in lake trout (Salvelinus namaycush) exposed to co-planar
3,3',4,4',5-pentachlorobiphenyl. Aquatic Toxicology 2004b; 67: 75-85.

Buckman AH, Fisk AT, Parrott JL, Solomon KR, Brown SB. PCBs can diminish the
influence of temperature on thyroid indices in rainbow trout (Oncorhynchus
mykiss). Aquatic Toxicology 2007; 84: 366-378.

Carr JA, Patifio R. The hypothalamus-pituitary-thyroid axis in teleosts and amphibians:

Endocrine disruption and its consequences to natural populations. General and
Comparative Endocrinology 2011; 170: 299-312.

37



Chaurasia SS, Kar A. An oxidative mechanism for the inhibition of iodothyronine 5 '-
monodeiodinase activity by lead nitrate in the fish, Heteropneustes fossilis. Water
Air and Soil Pollution 1999; 111: 417-423.

de la Cal A, Eljarrat E, Raldda D, Duran C, Barcel6 D. Spatial variation of DDT and its
metabolites in fish and sediment from Cinca River, a tributary of Ebro River
(Spain). Chemosphere 2008; 70: 1182-1189.

Dorval ], Leblond V, Deblois C, Hontela A. Oxidative stress and endocrine endpoints in
white sucker (Catostomus commersoni) from a river impacted by agricultural
chemicals. Environmental Toxicology and Chemistry 2005; 24: 1273-1280.

Eales ], MacLatchy D. The relationship between T3 production and energy balance in
salmonids and other teleosts. Fish Physiology and Biochemistry 1989; 7: 289-
293.

Eales JG, Brown SB. Measurement and regulation of thyroidal status in teleost fish.
Reviews in Fish Biology and Fisheries 1993; 3: 299-347.

EFSA. Opinion of the Scientific Panel on Contaminants in the Food Chain on a request
from the European Commission on mercury as undesirable substance in feed.
The EFSA Journal 2008; 654: 1-74.

Elia AC, Prearo M, Pacini N, Dorr A], Abete MC. Effects of selenium diets on growth,
accumulation and antioxidant response in juvenile carp. Ecotoxicology and
Environmental Safety 2011; 74: 166-73.

Evans P, Halliwell B. Micronutrients: oxidant/antioxidant status. British Journal of
Nutrition 2001; 85: S67-S74.

Fernie K], Shutt JL, Mayne G, Hoffman D, Letcher R], Drouillard KG, et al. Exposure to
polybrominated diphenyl ethers (PBDEs): changes in thyroid, vitamin A,
glutathione homeostasis, and oxidative stress in American Kkestrels (Falco
sparverius). Toxicological Sciences 2005; 88: 375-83.

Fjeld E, Enge EK, Rognerud S, Rustadbakken A, Lgvik JE. Environmental contaminants in
fish and zooplankton from Lake Mjgsa, 2010. Climate and Pollution Agency
(KLIF) Report TA-2774/2011. Norwegian Institute for Water Research (NIVA),
2011.

Fok P, Eales ], Brown S. Determination of 3,5,3" -triiodo-L-thyronine (T3) levels in
tissues of rainbow trout (Salmo gairdneri) and the effect of low ambient pH and
aluminum. Fish Physiology and Biochemistry 1990; 8: 281-290.

Frgslie A, Norheim G, Sandlund OT. Levels of Selenium in Relation to Levels of Mercury
in Fish from Mjgsa, a Fresh-Water Lake in Southeastern Norway. Bulletin of
Environmental Contamination and Toxicology 1985; 34: 572-577.

Hoffman DJ. Role of selenium toxicity and oxidative stress in aquatic birds. Aquatic
Toxicoly 2002; 57: 11-26.

38



Hontela A, Daniel C, Ricard AC. Effects of acute and subacute exposures to cadmium on
the interrenal and thyroid function in rainbow trout, Oncorhynchus mykiss.
Aquatic Toxicology 1996; 35: 171-182.

Ikemoto T, Kunito T, Tanaka H, Baba N, Miyazaki N, Tanabe S. Detoxification Mechanism
of Heavy Metals in Marine Mammals and Seabirds: Interaction of Selenium with
Mercury, Silver, Copper, Zinc, and Cadmium in Liver. Archives of Environmental
Contamination and Toxicology 2004; 47: 402-413.

Kaneko ]J, Ralston NVC. Selenium and mercury in pelagic fish in the central north pacific
near Hawaii. Biological Trace Element Research 2007; 119: 242-254.

Kuiper RV, Canton RF, Leonards PEG, Jenssen BM, Dubbeldam M, Wester PW, et al. Long-
term exposure of European flounder (Platichthys flesus) to the flame-retardants
tetrabromobisphenol A (TBBPA) and hexabromocyclododecane (HBCD).
Ecotoxicology and Environmental Safety 2007; 67: 349-360.

Kuiper RV, Vethaak AD, Canton RiF, Anselmo H, Dubbeldam M, van den Brandhof E-], et
al. Toxicity of analytically cleaned pentabromodiphenylether after prolonged
exposure in estuarine European flounder (Platichthys flesus), and partial life-
cycle exposure in fresh water zebrafish (Danio rerio). Chemosphere 2008; 73:
195-202.

Lai [, Chai Y, Simmons D, Luthe G, Coleman MC, Spitz D, et al. Acute toxicity of 3,3',4,4",5-
pentachlorobiphenyl (PCB 126) in male Sprague-Dawley rats: Effects on hepatic
oxidative stress, glutathione and metals status. Environment International 2010;
36:918-923.

Lange A, Ausseil O, Segner H. Alterations of tissue glutathione levels and metallothionein
mRNA in rainbow trout during single and combined exposure to cadmium and
zinc. Comparative Biochemistry and Physiology Part C: Toxicology &
Pharmacology 2002; 131: 231-243.

Leatherland JF. Field Observations on Reproductive and Developmental Dysfunction in
Introduced and Native Salmonids from the Great Lakes. Journal of Great Lakes
Research 1993; 19: 737-751.

Leiner KA, Mackenzie DS. Central regulation of thyroidal status in a teleost fish: Nutrient
stimulation of T4 secretion and negative feedback of T3. Journal of Experimental
Zoology Part A: Comparative Experimental Biology 2003; 298A: 32-43.

Lundstedt T, Seifert E, Abramo L, Thelin B, Nystrom A, Pettersen ], et al. Experimental
design and optimization. Chemometrics and Intelligent Laboratory Systems
1998; 42: 3-40.

Lydersen E, Lofgren S, Arnesen RT. Metals in Scandinavian Surface Waters: Effects of
Acidification, Liming, and Potential Reacidification. Critical Reviews in
Environmental Science and Technology 2002; 32: 73 - 295.

Lag ], Steinnes E. Regional distribution of selenium and arsenic in humus layers of
Norwegian forest soils. Geoderma 1978; 20: 3-14.

39



MacKenzie DS, VanPutte CM, Leiner KA. Nutrient regulation of endocrine function in fish.
Aquaculture 1998; 161: 3-25.

Manchester-Neesvig ]B, Valters K, Sonzogni WC. Comparison of polybrominated
diphenyl ethers (PBDEs) and polychlorinated biphenyls (PCBs) in Lake Michigan
salmonids. Environmental Science & Technology 2001; 35: 1072-1077.

Mariussen E, Fjeld E, Breivik K, Steinnes E, Borgen A, Kjellberg G, et al. Elevated levels of
polybrominated diphenyl ethers (PBDEs) in fish from Lake Mjgsa, Norway.
Science of the Total Environment 2008; 390: 132-141.

Miller LL, Rasmussen B, Palace VP, Hontela A. The physiological stress response and
oxidative stress biomarkers in rainbow trout and brook trout from selenium-
impacted streams in a coal mining region. Journal of Applied Toxicology 2009;
29: 681-688.

Monette MY, Bjornsson BT, McCormick SD. Effects of short-term acid and aluminum
exposure on the parr-smolt transformation in Atlantic salmon (Salmo salar):
Disruption of seawater tolerance and endocrine status. General and Comparative
Endocrinology 2008; 158: 122-130.

Mukherjee S, Kaviraj A. Evaluation of Growth and Bioaccumulation of Cobalt in Different
Tissues of Common Carp, Cyprinus Carpio (Actinopterygii: Cypriniformes:
Cyprinidae), Fed Cobalt-Supplemented Diets. Acta Ichthyologica Et Piscatoria
2009; 39: 87-93.

Murvoll KM, Skaare JU, Anderssen E, Jenssen BM. Exposure and effects of persistent
organic pollutants in European shag (Phalacrocorax aristotelis) hatchlings from
the coast of Norway. Environmental Toxicology and Chemistry 2006; 25: 190-
198.

Nishida M, Sato K, Kawada ]. Differential effects of methylmercuric chloride and
mercuric chloride on oxidation and iodination reactions catalyzed by thyroid
peroxidase. Biochemistry International 1990; 22: 369-78.

Nishida M, Yamamoto T, Yoshimura Y, Kawada ]. Subacute toxicity of methylmercuric
chloride and mercuric chloride on mouse thyroid. Journal of Pharmacobio-
Dynamics 1986; 9: 331-8.

Oliveira M, Serafim A, Bebianno M], Pacheco M, Santos MA. European eel (Anguilla
anguilla L.) metallothionein, endocrine, metabolic and genotoxic responses to
copper exposure. Ecotoxicology and Environmental Safety 2008; 70: 20-26.

Orun [, Talas ZS, Ozdemir I, Alkan A, Erdogan K. Antioxidative role of selenium on some
tissues of (Cd2+, Cr3+)-induced rainbow trout. Ecotoxicology and Environmental
Safety 2008; 71: 71-75.

Palace VP, Klaverkamp JF, Baron CL, Brown SB. Metabolism of 3H-retinol by lake trout

(Salvelinus namaycush) pre-exposed to 3,3'4,4',5-pentachlorobiphenyl (PCB
126). Aquatic Toxicology 1997; 39: 321-332.

40



Palace VP, Pleskach K, Halldorson T, Danell R, Wautier K, Evans B, et al.
Biotransformation enzymes and thyroid axis disruption in juvenile rainbow trout
(Oncorhynchus mykiss) exposed to hexabromocyclododecane diastereoisomers.
Environ Sci Technol 2008; 42: 1967-72.

Peterson SA, Ralston NVC, Peck DV, Sickle ]V, Robertson JD, Spate VL, et al. How Might
Selenium Moderate the Toxic Effects of Mercury in Stream Fish of the Western
U.S.? Environmental Science & Technology 2009; 43: 3919-3925.

Power DM, Llewellyn L, Faustino M, Nowell MA, Bjornsson BT, Einarsdottir IE, et al.
Thyroid hormones in growth and development of fish. Comparative Biochemistry
and Physiology C-Toxicology & Pharmacology 2001; 130: 447-459.

Ralston N, Blackwell ], Raymond L. Importance of Molar Ratios in Selenium-Dependent
Protection Against Methylmercury Toxicity. Biological Trace Element Research
2007; 119: 255-268.

Ricker WE. Computation and interpretation of biological statistics of fish populations.
Bulletin of the Fisheries Research Board of Canada 1975; 191: 1-382.

Ryan M], Stern GA, Diamond M, Croft MV, Roach P, Kidd K. Temporal trends of
organochlorine contaminants in burbot and lake trout from three selected Yukon
lakes. Science of the Total Environment 2005; 351-352: 501-522.

Sasakura C, T. Suzuki K. Biological interaction between transition metals (Ag, Cd and
Hg), selenide/sulfide and selenoprotein P. Journal of Inorganic Biochemistry
1998; 71: 159-162.

Shao ], Dabrowski M], White CC, Kavanagh TJ, Gallagher EP. Flow cytometric analysis of
BDE 47 mediated injury to rainbow trout gill epithelial cells. Aquatic Toxicology
2010; 97: 42-50.

Sies H. Oxidative stress: oxidants and antioxidants. Experimental Physiology 1997; 82:
291-295.

SIMCA. SIMCA-P+ 12 user guide. UMETRICS, Umed, Sweden 2008.

Simonides WS, Mulcahey MA, Redout EM, Muller A, Zuidwijk M], Visser TJ, et al. Hypoxia-
inducible factor induces local thyroid hormone inactivation during hypoxic-
ischemic disease in rats. Journal of Clinical Investigation 2008; 118: 975-983.

Skaare JU, Bernhoft A, Wiig @, Norum KR, Haug E, Eide DM, et al. Relationships Between
Plasma Levels of Organochlorines, Retinol and Thyroid Hormones from Polar

Bears (Ursus maritimus) at Svalbard. Journal of Toxicology and Environmental
Health, Part A: Current Issues 2001; 62: 227 - 241.

Soldin OP, O'Mara DM, Aschner M. Thyroid Hormones and Methylmercury Toxicity.
Biological Trace Element Research 2008; 126: 1-12.

Spallholz JE. On the nature of selenium toxicity and carcinostatic activity. Free Radical
Biology and Medicine 1994; 17: 45-64.

41



Spallholz JE, Hoffman D]J. Selenium toxicity: cause and effects in aquatic birds. Aquatic
Toxicology 2002; 57: 27-37.

Stangl GI, Schwarz F], Kirchgessner M. Cobalt deficiency effects on trace elements,
hormones and enzymes involved in energy metabolism of cattle. International
Journal for Vitamin and Nutrition Research 1999; 69: 120-126.

Stohs SJ, Bagchi D. Oxidative mechanisms in the toxicity of metal ions. Free Radical
Biology and Medicine 1995; 18: 321-336.

Sunde RA, Raines AM. Selenium Regulation of the Selenoprotein and Nonselenoprotein
Transcriptomes in Rodents. Advances in Nutrition: An International Review
Journal 2011; 2: 138-150.

Sgrmo EG, Salmer MP, Jenssen BM, Hop H, Bak K, Kovacs KM, et al. Biomagnification of
polybrominated diphenyl ether and hexabromocyclododecane flame retardants
in the polar bear food chain in Svalbard, Norway. Environmental Toxicology and
Chemistry 2006; 25: 2502-2511.

Teles M, Pacheco M, Santos MA. Physiological and genetic responses of European eel
(Anguilla anguilla L.) to short-term chromium or copper exposure—Influence of
preexposure to a PAH-like compound. Environmental Toxicology 2005; 20: 92-
99.

Tomy GT, Palace VP, Halldorson T, Braekevelt E, Danell R, Wautier K, et al
Bioaccumulation, biotransformation, and biochemical effects of brominated
diphenyl ethers in juvenile lake trout (Salvelinus namaycush). Environmental
Science & Technology 2004; 38: 1496-1504.

Trygg ], Wold S. Orthogonal projections to latent structures (O-PLS). Journal of
Chemometrics 2002; 16: 119-128.

Twaroski TP, O'Brien ML, Robertson LW. Effects of selected polychlorinated biphenyl
(PCB) congeners on hepatic glutathione, glutathione-related enzymes, and
selenium status: implications for oxidative stress. Biochemical Pharmacology
2001; 62: 273-281.

Van der Geyten S, Mol KA, Pluymers W, Kithn ER, Darras VM. Changes in plasma T3
during fasting/refeeding in tilapia (Oreochromis niloticus) are mainly regulated
through changes in hepatic type Il iodothyronine deiodinase. Fish Physiology and
Biochemistry 1998; 19: 135-143.

van Raaij JAGM, Kaptein E, Visser TJ], van den Berg K]. Increased glucuronidation of
thyroid hormone in hexachlorobenzene-treated rats. Biochemical Pharmacology
1993; 45: 627-631.

Villanger GD, Jenssen BM, Fjeldberg RR, Letcher R], Muir DCG, Kirkegaard M, et al.
Exposure to mixtures of organohalogen contaminants and associative
interactions with thyroid hormones in East Greenland polar bears (Ursus
maritimus). Environment International 2011a; 37: 694-708.

42



767

Villanger GD, Lydersen C, Kovacs KM, Lie E, Skaare JU, Jenssen BM. Disruptive effects of
persistent organohalogen contaminants on thyroid function in white whales
(Delphinapterus leucas) from Svalbard. Science of the Total Environment 2011b;
409: 2511-2524.

Waring CP, Brown JA. Plasma and Tissue Thyroxine and Triiodothyronine Contents in
Sublethally Stressed, Aluminum-Exposed Brown Trout (Salmo trutta). General
and Comparative Endocrinology 1997; 106: 120-126.

Watanabe T, Kiron V, Satoh S. Trace minerals in fish nutrition. Aquaculture 1997; 151:
185-207.

Yeardley RB, Lazorchak JM, Paulsen SG. Elemental fish tissue contamination in
Northeastern U.S. Lakes: Evaluation of an approach to regional assessment.
Environmental Toxicology and Chemistry 1998; 17: 1875-1884.

Zhang X, Yang F, Xu Y, Liao T, Song S, Wang J. Induction of hepatic enzymes and oxidative

stress in Chinese rare minnow (Gobiocypris rarus) exposed to waterborne
hexabromocyclododecane (HBCDD). Aquatic Toxicology 2008; 86: 4-11.

43



44



Supplementary Information

Table S1. Mean # standard deviation (SD), median and minimum and maximum values
for persistent organic pollutants in ng/g wet weight (ww) measured in muscle tissue of
female brown trout (Salmo trutta) from Lake Mjgsa, Norway. N denotes the number of

observations for each variable.

Table S2. P-values for significant (p<0.05) in bold and borderline significant (p=0.05-0.09)
Pearson correlations between thyroid hormone variables and different explanatory
variables in brown trout (Salmo trutta) from Mjgsa, Norway. The direction of each

correlation is indicated with the r-value in brackets.
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Table S1. Mean + standard deviation (SD), median and minimum and maximum values for persistent
organic pollutants in ng/g wet weight (ww) measured in muscle tissue of female brown trout (Salmo

trutta) from Lake Mjgsa, Norway. N denotes the number of observations for each variable.

(N=26)

Analytes (ng/g ww) Mean * SD Median Min-max

BFRs BDE-28 0.35+0.21 0.30 0.08-0.80
BDE-47 128.86 £91.07 96.33 20.33 - 320.64
BDE-99 17.39 £15.73 11.49 1.51-55.95
BDE-100 28.64 = 15.67 2493 7.01-64.40
BDE-153 4.71+3.55 2.96 0.62-13.83
BDE-154 7.59 £ 4.64 6.18 1.44 -18.03
HBCD 19.55£13.76 15.10 7.27 - 64.27
> PBDE 187.53 £ 128.23 142.00 30.99 - 453.47

‘PCBs PCB28 | o014+073 013 <005-035

PCB-47 0.19£0.12 0.16 0.06 - 0.45
PCB-52 1.36 £ 0.74 1.16 0.36 - 3.20
PCB-66 0.81+0.44 0.73 0.30-1.94
PCB-74 0.44 £0.23 0.40 0.16 - 1.01
PCB-87 1.39 £ 0.64 1.25 0.57-3.21
PCB-99 1.85+1.04 1.68 0.63 - 4.66
PCB-101 291+£1.72 2.63 0.92-8.03
PCB-105 1.09 £ 0.56 0.99 0.44 - 2.67
PCB-110 5.79+£3.16 5.12 2.23-14.84
PCB-114 1.35+0.77 1.17 0.52-3.38
PCB-118 3.20+£1.70 2.82 1.27-7.90
PCB-128 1.21 +0.64 1.09 0.48-2.91
PCB-136 0.27 £0.12 0.23 0.14-0.63
PCB-137 0.27 £0.16 0.23 0.09 - 0.68
PCB-138 11.05+£6.93 9.53 3.52-29.31
PCB-141 0.81 £ 0.45 0.72 0.30-1.98
PCB-149 2.78 £1.50 2.65 <0.03-6.76
PCB-151 1.34 +0.66 1.24 0.51-3.20
PCB-153 12.01+£7.10 10.36 4.67 -30.63




Table S1 continued.

(N=26)

Analytes (ng/g ww) Mean + SD Median Min-max
PCB-156 0.98 +0.67 0.80 0.25-2.70
PCB-157 0.33+£0.15 0.33 <0.04 - 0.67
PCB-170 1.94+1.21 1.72 0.58-5.23
PCB-180 5.28 £ 3.45 4.21 1.75-15.35
PCB-183 1.28 £0.81 1.07 0.41-3.53
PCB-187 2.15+1.24 1.89 0.79-5.29
PCB-189 0.07 = 0.04 0.06 0.03-0.18
PCB-194 0.67 £ 0.46 0.54 0.20-1.90
PCB-199 0.04 £ 0.03 0.04 <0.02-0.13
PCB-206 0.19£0.11 0.15 0.07 - 0.50
PCB-209 0.06 = 0.04 0.05 <0.03-0.16
Y.PCB 63.15 + 35.67 55.38 23.07 - 160.70
>.dl-PCB 7.02 £ 3.82 6.26 2.70-17.50

‘HGB HCB | 065:033 057  026-161

CHLs Oxychlordane | o021:011 016  007-047
trans-Nonachlor 1.18£0.71 1.03 0.44 -3.23
Y.CHL 1.39 £ 0.82 1.21 0.52-3.70

‘DDTs pp-DDE | 421843195 3272 1244-15087
o,p"-DDD 0.11+0.10 0.08 <0.03-0.37
p,p"-DDD 1.39 £1.01 1.04 0.42-4.38
p,p-DDT 2.96 +1.94 2.21 0.61-6.91
>DDT 46.64 +34.36 39.15 15.20 - 162.27

‘CHBs CHB-26 | 059:037 047  019-159
CHB-40 0.19£0.16 0.18 0.03-0.65
CHB-41 0.13 +0.07 0.12 0.04-0.31
CHB-44 0.21+0.12 0.20 0.05-0.52
CHB-50 1.94 +1.24 1.54 0.62-5.23
Y.CHB 3.06+1.87 2.37 1.01-8.30
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