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bstract

Selenium (Se) is an essential element that may bioaccumulate to toxic levels. In fish, the major toxicity symptom is larval teratogenic deformities,
ut little is known about the effect of Se on other systems such as the physiological stress response and oxidative stress. To test the hypothesis
hat Se is a chemical stressor that causes toxicity through oxidative stress, juvenile rainbow trout were exposed to waterborne sodium selenite,
nd physiological stress response and stress-related parameters (plasma cortisol, glucose, T3 and T4, gill Na+/K+-ATPase, the ability of the head
idney to secrete cortisol, and condition factor) and hepatic oxidative stress indicators (reduced glutathione, glutathione peroxidase, and lipid
eroxidation) were measured after 96 h (acute exposure to 0–2.67 mg/L Se) and 30 days (sub-chronic exposure to 0–0.16 mg/L).

Acute exposure to waterborne sodium selenite significantly increased plasma cortisol levels (control = 0.01 ± 0.0 ng/mL, and 2.52 mg/L
e = 73.5 ± 22 ng/mL) and plasma glucose levels (control = 0.75 ± 0.1 mg/mL, and 3.60 mg/L Se = 1.64 ± 0.2 mg/mL), but gill Na+/K+-ATPase
ctivities, plasma T3 and T4 levels, and condition factor were unchanged. The 96 h acute selenite exposure decreased hepatic reduced glutathione
evels (control = 18.4 ± 1.5 �mol/mg protein, and 3.60 mg/L Se = 12.4 ± 1.1 �mol/mg protein). Lipid peroxidation levels (0.03–0.08 U/mg protein)
nd glutathione peroxidase (3.7–6.0 mU/mg protein) activities significantly varied with treatment. The 30 days sub-chronic exposure increased
lasma cortisol, T3, and T4, but there was no effect on plasma glucose levels, gill Na+/K+-ATPase activity, the ability to secrete cortisol, and

ondition factor. The 30 days sub-chronic exposure to selenite did not alter antioxidant activities or lipid peroxidation levels.

These experiments show, for the first time, that exposure to waterborne selenite up to 0.1 mg/L, activates the physiological stress response in fish
ut does not impair cortisol secretion after 30 days. The decrease in reduced glutathione in juvenile rainbow trout subjected to the acute sodium
elenite exposure suggests that oxidative stress may play an important role in the effects of Se in fish.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Selenium (Se) is an essential element that bioaccumulates
nd becomes toxic at concentrations slightly above the homeo-
tatic requirement (Bowie et al., 1996). High concentrations can
e found in soil derived from black shales and phosphate rocks

Haygarth, 1994); major anthropogenic sources of Se include
oal and uranium mine runoff, coal fired power plant fly ash, irri-
ation drainwater and fossil fuel processing operations (Lemly,
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999). Selenium is a constituent of the enzyme antioxidant glu-
athione peroxidase and of deiodinase, the enzyme required for
he conversion of thyroxine (T4) to triiodothyronine (T3), the

ore active form of the hormone (Köhrle et al., 2005). It is also
component of thioredoxin reductase, which is involved in DNA
ynthesis, oxidative stress defence, and protein repair (Arnér and
olmgren, 2000). In fish, deficiency symptoms include growth
epression (Watanabe et al., 1997), abnormal swimming pat-
erns (Bell et al., 1986), and liver and muscle degeneration

Hilton et al., 1980).

The toxicity of Se varies among teleost fish species, the forms
r species of Se, and the life stages of fish. Selenium can exist
n four oxidation states or species, each with different chemi-

mailto:alice.hontela@uleth.ca
dx.doi.org/10.1016/j.aquatox.2007.05.001
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al, biological and toxicological properties (Maier and Knight,
994). The 96 h sodium selenite (Na2SeO3, +4 oxidation state)
C50 for juvenile rainbow trout ranges from 4.2 to 9.0 mg/L,
epending on the exposure system (Hodson et al., 1980; Buhl
nd Hamilton, 1991). Selenate (+6 oxidation state) is less toxic to
he same species, with the 96 h LC50 ranging from 32 to 47 mg/L
or rainbow trout (Buhl and Hamilton, 1991).

The most significant effect of excess Se in fish is the
ccumulation of Se in eggs and subsequent larval deformities
Lemly, 1997, 2002; Holm et al., 2005; Muscatello et al., 2006).
ther documented effects in fish include skin lesions, cataracts,

wollen gill filament lamellae, myocarditis, and liver and kidney
ecrosis (Lemly, 1997, 2002; Lohner et al., 2001). Three major
echanisms have been suggested for Se toxicity: (1) substitution

f Se for sulphur during the assembly of proteins, (2) inhibition
f Se methylation metabolism resulting in hydrogen selenide
ccumulation, and (3) membrane and protein damage from a
e generated reactive oxygen species (ROS) (Spallholz et al.,
004). Most Se toxicity studies have focused on the reproductive
ffects, but the effects of Se on other systems, such as the phys-
ological stress response (PSR), have not yet been investigated
n fish.

The PSR enables fish to maintain the internal homeostasis
hat is required for survival, growth and reproduction in a chang-
ng environment. It consists of primary endocrine responses
secretion of ACTH, cortisol, and catecholamines), secondary
etabolite and tissue responses, including an increase in plasma

lucose, and tertiary or whole organism responses (Vijayan et
l., 1988; Barton, 2002). Cortisol promotes protein degradation
nd glycogen deposition in the liver, it increases gill Na+/K+-
TPase activity, and suppresses the immune system, sex steroid
ecretion, and gonad maturation (Hontela, 1997). Interactions
etween the interrenal and thyroid axes also occur (Vijayan
t al., 1988; Walpita et al., 2007). Many toxicants activate the
SR; however, chronic exposures may also exhaust or impair the
apacity to secrete cortisol (Hontela, 2005; Vijayan et al., 2005).
cute exposure to Se increased cortisol and corticosterone levels

n rats (Potmis et al., 1993) but it decreased corticosteroid lev-
ls in gray seals, Halichoerus grypus (Freeman and Sangalang,
977) and eiders, Somateria mollissima borealis (Wayland et
l., 2002). The effects of excess Se on the PSR have not been
rmly established in teleosts. However, it is known that Se is
constituent of glutathione peroxidase (GPx), a key enzymatic

ntioxidant (Köhrle et al., 2005) and that some contaminants
mpair the PSR through oxidative stress (Dorval et al., 2003).

Oxidative stress occurs when ROS overwhelm the cellular
efences and damage proteins, membranes, and DNA (Kelly
t al., 1998). Reactive oxygen species are by-products of elec-
ron transport chains, enzymes and redox cycling (Kelly et al.,
998) and their production may be enhanced by xenobiotics
Winston and Di Giulio, 1991). Reactive oxygen species are
emoved by cellular defences such as GPx, superoxide dismu-
ase, catalase (CAT), reduced glutathione (GSH), Vitamin E, and

arotenoids (Kelly et al., 1998). However, when ROS become too
umerous, damage to membranes, proteins, and DNA results.
elenium can both cause and defend against oxidative stress. It

s required for GPx, an enzyme that removes organic peroxides
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s
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Kelly et al., 1998), but it can also generate ROS (Spallholz et al.,
004).

The objectives of this study were to: (1) determine the effect
f selenite on the PSR and stress-related responses (as measured
y plasma cortisol, glucose, and thyroid hormones T3 and T4,
ill Na+/K+-ATPase activity, the ability of the head kidney to
ecrete cortisol, and condition factor), (2) determine if selen-
te causes oxidative damage (as measured by LPO) or changes
he antioxidant status (as measured by hepatic GPx activity, and
SH reserves), and (3) test the hypothesis that Se is a chemi-

al stressor that causes toxicity through induction of oxidative
tress.

. Materials and methods

.1. Chemicals

Sodium selenite (Na2SeO3), sucrose, EDTA, imidazole-
Cl, NaCl, KCl, oubain, Na2ATP, MgCl2·6H2O, (NH4)6
o7O24·4H2O, FeSO4·7H2O, H2SO4, potassium phosphate

KH2PO4, Tris–HCl, 2-mercaptoethanol, metaphosphoric acid,
utylated hydroxytoluene (BHT), H2O2, GSH, NADPH, GSH
eductase, NaN3, porcine ACTH I-39, MEM, bovine serum
lbumin, NaHCO3, and Bradford reagent were purchased from
igma–Aldrich (Oakville, Ontario). MS-222 was purchased
rom MPBiomedicals (Solon, Ohio). Ultra pure nitric acid was
urchased from Fischer Scientific (Ottawa, Ontario).

.2. Fish and exposures

Animal-use protocols have been approved by the Univer-
ity of Lethbridge Animal Care Committees in accordance
ith national guidelines. Juvenile rainbow trout, Oncorhynchus
ykiss (avg. weight = 18.1 ± 1.2 g) were obtained from the Alli-

on Creek Provincial Hatchery (Blairmore, Alberta). Fish were
ept in a 1000 L tank at 14 ◦C (semi-static system, 8% daily
ater renewal, 7 mg/L oxygen) for a minimum of 2 weeks and

hen moved to the experimental exposure tanks (50 L, semi-static
ystem, 25% daily water renewal, 12 ◦C) and allowed 7 days to
cclimate before exposures were begun. Fish were fed extruded
oating steelhead food (Nelson’s Silver Cup Fish Feed, Allison
reek Provincial Hatchery, Blairmore, Alberta) between 900
nd 1000 h ad libidum.

Acute exposure: Fish were exposed to waterborne sodium
elenite (Na2SeO3) at 0%, 10% (0.72 mg/L Se), 25% (1.80 mg/L
e), 35% (2.52 mg/L Se), and 50% (3.60 mg/L Se) of the 96 h
C50 (7.2 mg/L) for juvenile rainbow trout (Hodson et al., 1980).
odium selenite was chosen because it is more toxic to rainbow

rout than the selenate form of Se. Eight fish were randomly
ssigned to each tank; temperature, dissolved oxygen, pH, and
onductivity were monitored daily. Water samples for total Se
nalysis were also collected daily and then analysed as described
elow. After 96 h all fish were sacrificed and sampled (see Sec-

ion 2.3).

Subchronic exposure: Fish were exposed to waterborne
odium selenite for 30 days at 0%, 1% (0.07 mg/L Se), and
% (0.36 mg/L Se) of the 96 h LC50. Twenty-four fish were
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andomly assigned to each treatment; each treatment consisted
f three tanks with eight fish per tank. More fish were used
n the subchronic exposure than the acute exposure, as recom-

ended for longer term studies (Hontela, 1997). Water samples
or total Se analysis were collected twice a week and analysed
s described below. On days 8 and 22, all fish were lightly anes-
hetised with MS-222 (0.1 g/L), a blood sample was taken from
he caudal vasculature for cortisol and glucose analyses, and
sh were returned to their respective tanks. After 30 days all
sh were sacrificed and sampled (see Section 2.3).

Water Se analysis: Unfiltered water samples were collected in
cid washed bottles and composites of the daily water samples
ollected from each tank in the acute exposure were acidified
ith 0.5% ultra pure nitric acid and analysed for total Se at

he Ultra-Clean Trace Elements Laboratory, University of Man-
toba. Weekly composites (20 mL) were similarly analysed for
ach tank in the subchronic exposure. Total Se was measured by
nductively coupled plasma-mass spectrometry (ICP-MS) on an
lan DRC-II ICP-MS with CH4 as the reaction gas. The method
as a detection limit of 0.01 �g/L. NIST 1640 (NIST, USA)
nd TM-Rain 95 (Environment Canada) were used as the certi-
ed reference materials for the Se analysis. Further QA/QC was
one through the Ecosystem Proficiency Testing QA Program
f Environment Canada.

.3. Somatic indices and biochemical analyses

Fish were removed from tanks and immediately anesthetised
n MS-222 (0.1 g/L). Fork length, weight, and liver weight
ere recorded to calculate the condition factor (K = (weight

g) × 100)/length (cm)3) and liver somatic index (LSI = liver
eight (g)/body weight (g) × 100). Blood samples were taken

rom the caudal vasculature and fish were sacrificed by a spinal
ransection. Whole blood was centrifuged at 16,000 × g for
min to obtain plasma which was then flash frozen in liq-
id nitrogen. Plasma and tissues were stored at −80 ◦C until
nalysis.

.3.1. Plasma cortisol, glucose, T3 and T4
Cortisol (Catalogue #07-221102), T3 (Catalogue #06B-

54215), and T4 (Catalogue #06B-254011) were measured with
adioimmunoassay kits purchased from Medicorp (Montréal,
uébec). Assay characteristics, including intra- and inter-assay
ariability, were assessed with internal standards, as previously
escribed in Levesque et al. (2003). Glucose was determined by
ncubating plasma samples (60 min, 23 ◦C) with the GOD-PAP
eagent (Roche Diagnostic, Laval, Québec) and measuring the
bsorbance at 510 nm.

.3.2. Gill Na+/K+-ATPase activity
Na+/K+-ATPase activity, expressed as �mol PO4 liber-

ted per mg of protein in a gill homogenate, was measured
y liberating PO4 from a hydrolysis reaction with ATPase,

s described previously (Morgan et al., 1997; Levesque
t al., 2003). Gills were homogenized in a buffer (pH
.2) containing 250 mM sucrose, 6 mM EDTA, and 20 mM
midazole-HCl. The homogenate was incubated (10 min,
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0 ◦C) in a medium without oubain, an ATPase inhibitor,
167 mM NaCl, 50 mM KCl, 33 mM imidazole-HCl, pH 7.2)
nd with oubain (237 mM NaCl, 1.67 mM oubain, 33 mM
midazole-HCl, pH 7.2). Phosphate was liberated during an incu-
ation period (30 min at 30 ◦C) with ATP (25 mM Na2ATP,
0 mM MgCl2·6H2O). Phosphate forms a blue complex with
onting solution (8.1 mM (NH4)6Mo7O24·4H2O, 176 mM
eSO4·7H2O, 560 mM H2SO4) during a 20 min incubation at
oom temperature, and was measured with a spectrophotometer
700 nm). Na+/K+-ATPase activity is expressed as �mol PO4
iberated per mg of protein. Protein was measured using a spec-
rophotometric assay (595 nm) and the Bradford reagent.

.3.3. Oxidative stress parameters
A portion of the liver was homogenized in 10 volumes of

0 mM potassium phosphate buffer with 1 mM EDTA, pH 7.4
or GSH, and LPO determination. A second portion of liver was
omogenized in 10 volumes of 50 mM Tris–HCl buffer with
mM EDTA and 1 mM 2-mercaptoethanol for GPx determina-

ion. Metaphosphoric acid was added to a portion of the first
omogenate for GSH analysis (final concentration 0.209 M)
nd BHT was added to a portion of the first homogenate for
PO analysis (final concentration 5 mM). Homogenates were
entrifuged at 4 ◦C at 3270 × g for 20 min and supernatants
emoved. GSH was assayed within an hour, and supernatants
or GPx and LPO were kept at −80 ◦C for a maximum of 2 days
efore analysis.

GSH: Reduced glutathione was determined using the
ioxytech GSH 400 kit (Catalogue #21011) purchased from
edicorp (Montréal, Québec). GSH forms a thioether that

eacts with a reagent forming a thione which was measured on
UV–vis absorption spectrophotometer at 400 nm. GSH was

xpressed as �M GSH per mg protein.
GPx: Total cellular GPx activity was determined by mea-

uring the decrease in absorbance (340 nm) due to the decline
n NADPH at 23–25 ◦C (Lorentzen et al., 1994). The sample
70 �L) was added to 350 �L phosphate buffer, 350 �L 0.25 mM
ydrogen peroxide and 350 �L of a reagent: the reagent con-
ained 1 mM GSH, 0.2 mM NADPH, 1 unit GSH reductase and
mM sodium azide in a phosphate buffer (described previously).
bsorbance was monitored for 3 min at 340 nm. The activity of
Px was expressed as mU/mg protein and 1 mU was defined as
nmol of NADPH consumed/min/mL of sample.

LPO: Lipid peroxidation was determined using the Bioxytech
PO-596 kit (Catalogue #21012) purchased from Medicorp

Montréal, Québec). The kit measured the reaction of malondi-
ldehyde (MDA) and 4-hydroxyalkenals (4-HA), end products
f the LPO process, with n-methyl-2-phenylindole at 45 ◦C and
86 nm. LPO is expressed as U/mg protein, where one unit was
ne �M MDA and 4-HA.

.3.4. Adrenocortical challenge
The ability of fish to secrete cortisol was tested by stimulat-
ng cortisol production in a coarse head kidney homogenate with
CTH in vitro, as described previously (Levesque et al., 2003).
he homogenate was preincubated at 15 ◦C for 2 h to remove
ny cortisol secretion due to handling of the fish, then the incu-
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After the 30 days (subchronic) sodium selenite exposure,
plasma cortisol levels were higher (p < 0.05) in the group
exposed to 0.36 mg/L Se than to 0.07 mg/L (Fig. 2A). The
change in plasma cortisol between day 30 and day 8 was sig-

Fig. 2. Plasma cortisol levels and �cortisol (in the inset graph) expressed as
66 L.L. Miller et al. / Aquatic

ation medium was either replaced with MEM (basal cortisol
ecretion), or with 2 units of ACTH in MEM (stimulated cor-
isol secretion) for each fish. The ability of the head kidney to
ecrete cortisol was expressed as the change in cortisol secre-
ion (ng/mL) after stimulation with 2 units of ACTH (stimulated
ortisol–basal cortisol).

.4. Statistical analysis

Data were analyzed using JMP IN 5.1.2 (1989–2004 SAS
nstitute Inc.). Data that were not normally distributed were log
ransformed to respect normality. Treatment groups were com-
ared using a one-way ANOVA and a Tukey–Kramer HSD. If
ata could not be transformed to normality a Kruskal–Wallis
est was used to compare treatment groups, followed by mul-
iple post hoc Wilcoxon tests with the Bonferroni correction
o compare each exposure group to the control. The change in
lasma cortisol and glucose levels in the subchronic exposure
ere calculated (level at day 30–level at day 8) and the treat-
ent groups were compared as discussed above. Samples below

he detection limit (0.01 ng/mL) of the radioimmunoassays were
ntered as 0.01 ng/mL. All the statistical tests use α = 0.05 unless
therwise stated.

. Results

.1. Exposure characteristics

Temperature, dissolved oxygen, pH, conductivity, and Se
ater concentrations during exposures are presented in Table 1.
he observed water Se concentrations during the acute 96 h
xposure were similar to nominal values, although the concen-
ration for the group exposed to 3.60 mg/L of Se was slightly
igher than expected (Table 1). Measured selenium expo-
ures ranged from 0.00 mg/L (control) to 2.67 mg/L (nominal
.60 mg/L Se exposure).

Water quality parameters in the 30 days subchronic sodium
elenite exposures were similar to those measured in the acute
xposures (Table 1). Water Se concentrations ranged from
.00 mg/L (control) to 0.16 mg/L (0.36 mg/L Se exposure) and
he observed and nominal values were very similar.

.2. Physiological stress response

Plasma cortisol levels were significantly higher (p < 0.05)
n groups exposed to 2.52 mg/L and 3.60 mg/L Se for 96 h
han in the control (Fig. 1A). Plasma glucose levels (Fig. 1B)
ere greater (p < 0.05) than the control group in the 96 h

xposures to 1.80 and 3.60 mg/L, with the same trend in the
.52 mg/L group, although the latter was not statistically dif-
erent. Gill Na+/K+-ATPase (Table 2), plasma T3 (mean of
ll treatments = 2.23 ± 0.36 ng/mL plasma, data not shown), T4
mean of all treatments = 23.04 ± 2.40 ng/mL plasma, data not

hown), and T3/T4 (mean of all treatments = 0.11 ± 0.02, data
ot shown) were not significantly influenced by a 96 h exposure
o sodium selenite. Condition factor and LSI (Table 2) were also
ot significantly affected by the acute sodium selenite exposure.

c
t
e
d
d

ig. 1. Plasma cortisol (A) and plasma glucose (B) of juvenile rainbow trout
mean ± S.E.) exposed for 96 h to waterborne sodium selenite (Na2SeO3), n = 8.
Significant difference from the control group (Kruskal–Wallis).
hange in plasma cortisol levels between day 30 and day 8 (A) and the ability of
he head kidney to secrete cortisol (B) in juvenile rainbow trout (mean ± S.E.)
xposed for 30 days to waterborne sodium selenite (Na2SeO3). Groups with
ifferent letters are significantly different (Kruskal–Wallis) in A. No significant
ifferences were observed in B (ANOVA). Sample size indicated in the bars.
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Table 1
Water quality characteristics (mean ± S.E.) and water Se concentrations for the 96 h and 30 days sodium selenite (Na2SeO3) exposures

Experiment Treatment Temperaturea

(◦C)
Oxygena

(mg/L)
pHa Conductivitya

(�S)
Nominal Na2SeO3

(mg/L)
Nominal Se
(mg/L)

Measured
Seb,c (mg/L)

96 h (acute) Control 13.0 ± 0.1 6.8 ± 0.3 7.9 ± 0.16 318 ± 42 0.00 0.00 0.00
10% LC50 13.4 ± 0.2 6.5 ± 0.5 8.0 ± 0.06 293 ± 1.9 0.72 0.33 0.39
25% LC50 13.3 ± 0.3 6.5 ± 0.2 7.9 ± 0.10 310 ± 41 1.80 0.82 0.99
35% LC50 12.2 ± 0.3 7.6 ± 0.5 7.9 ± 0.27 323 ± 60 2.52 1.15 1.15
50% LC50 12.4 ± 0.5 7.5 ± 0.8 7.5 ± 0.40 284 ± 1.2 3.60 1.64 2.67

30 days (subchronic) Control 12.6 ± 0.1 9.3 ± 0.4 7.6 ± 0.04 276 ± 6.1 0.00 0.00 0.00
1% LC50 12.2 ± 0.1 8.7 ± 0.3 7.7 ± 0.03 287 ± 7.5 0.07 0.03 0.05
5% LC50 11.9 ± 0.1 8.5 ± 0.2 7.7 ± 0.03 290 ± 2.0 0.36 0.16 0.16

a n = 4.
b Composite of daily water samples for acute exposure (n = 3).
c Composite of weekly (2 samples/week) water samples for subchronic exposure (n = 4).

Table 2
Somatic indices and gill Na+/K+-ATPase activity (mean ± SE) of juvenile rainbow trout exposed for 96 h or 30 days to waterborne sodium selenite (Na2SeO3)

Experiment Treatment (mg/L Se) Sample size Condition factora Liver somatic indexb Gill Na+/K+-ATPasec

96 h (acute) Control 8 1.11 ± 0.03 1.21 ± 0.12 1.15 ± 0.33
0.72 8 1.14 ± 0.08 1.19 ± 0.16 1.66 ± 0.32
1.80 8 1.16 ± 0.02 1.78 ± 0.13 1.83 ± 0.24
2.52 8 1.09 ± 0.04 1.20 ± 0.16 1.98 ± 0.42
3.60 8 1.09 ± 0.04 1.21 ± 0.17 2.27 ± 0.14

30 days (subchronic) Control 21 1.10 ± 0.02 1.14 ± 0.04 0.76 ± 0.19
0.07 19 1.10 ± 0.02 1.17 ± 0.05 0.92 ± 0.13
0.36 18 1.10 ± 0.02 1.11 ± 0.05 0.72 ± 0.16

No significant differences were observed.
a 3 he for

t and
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s
sodium selenite than in the control group (Table 3). Rainbow
trout had significantly less hepatic GSH reserves (p < 0.05) in the
2.52 mg/L and 3.60 mg/L exposures compared to the 1.80 mg/L
treatment (Fig. 4). Hepatic GPx activity (p < 0.05) was signif-
K = wf × 100/l , where K is condition factor, wf the final weight and l is t
b LSI = lv/wf × 100, where LSI is the liver somatic index, lv the liver weigh
c Activity expressed in units (U/mg protein), where one unit is 1 �mol of libe

ificantly greater (p < 0.05) in the 0.36 mg/L exposure than
he other two treatment groups (Fig. 2A inset). Plasma cor-
isol in the control and 0.07 mg/L groups decreased over the
0 days, but increased in the 0.36 mg/L group. The ability of
he head kidney to respond to an ACTH challenge did not
hange significantly with exposure to sodium selenite for 30
ays (Fig. 2B). There were no significant differences between
reatment groups in plasma glucose levels after 30 days (mean
f all treatments = 0.78 ± 0.01 ng/mL plasma, data not shown)
r in the change of plasma glucose levels (mean of all treat-
ents = 0.13 ± 0.04 ng/mL plasma, data not shown). Sodium

elenite did not significantly change gill Na+/K+-ATPase activ-
ty after 30 days (Table 2). The group exposed to 0.36 mg/L of
odium selenite had significantly higher plasma T3 and T4 levels
p < 0.05) than the control on day 30 of the subchronic exposure
Fig. 3); however, the T3/T4 ratio was not significantly influ-
nced by treatment (mean of all treatments = 0.19 ± 0.01, data
ot shown). Condition factor and LSI were not different among
reatment groups (Table 2), indicating that all the fish, including
hose exposed to selenium, were feeding.
.3. Oxidative stress biomarkers

Hepatic oxidative stress biomarkers were modified by acute
96 h) sodium selenite exposure. Lipid peroxidation levels were

F
t
f
d

k length.
wf is the final weight.
PO4

3−.

ignificantly (p < 0.05) lower in the group exposed to 2.52 mg/L
ig. 3. Plasma T3 and T4 levels (mean ± S.E.) in juvenile rainbow trout exposed
o 30 days of waterborne sodium selenite (Na2SeO3). *Significant difference
rom the control (Kruskal–Wallis), groups with different letters are significantly
ifferent (ANOVA). Sample size indicated in bars.
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Table 3
Oxidative stress biomarkers (mean ± S.E.) in juvenile rainbow trout exposed for 96 h or 30 days to waterborne sodium selenite (Na2SeO3)

Experiment Treatment (mg/L Se) GSHa (�mol/mg protein) GPxb (mU/mg protein) LPOc (U/mg protein)

96 h (acute)d Control 4.88 ± 0.50a 0.08 ± 0.004
0.72 3.74 ± 0.86ab 0.07 ± 0.011
1.80 5.99 ± 1.37a 0.08 ± 0.003
2.52 2.27 ± 0.66b 0.03 ± 0.006*

3.60 5.50 ± 1.70ab 0.05 ± 0.009

30 days (subchronic)e Control 25.75 ± 2.09 4.07 ± 0.62 0.05 ± 0.006
0.07 23.59 ± 2.03 4.16 ± 0.88 0.05 ± 0.005
0.36 27.81 ± 2.86 3.32 ± 0.62 0.06 ± 0.005

a Refer to Fig. 4 for the 96 h exposure GSH results.
b 1 mU is 1 nmol NADPH consumed per minute; groups with different letters (a and b) are significantly different (ANOVA).
c * skal–
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1 U is 1 �mol MDA and 4-HA; significant difference from the control (Kru
d Number of fish per group, n = 5–8.
e Number of fish per group, n = 9–12; no significant differences observed.

cantly lower in the group exposed to 2.52 mg/L selenite than
n the control (Table 3). Hepatic oxidative stress parameters did
ot significantly change (Table 3) with 30 days of subchronic
odium selenite exposure.

. Discussion

An important feature of the present study was the use,
uring the subchronic (30 days) exposures, of Se water con-
entrations that approach environmental exposures. Streams
eceiving runoff from coal mines in northern Alberta contain
.001–0.032 mg/L Se and developmental deformities have been
bserved in the resident rainbow trout population (Holm et al.,
005). In lentic systems, reproductive effects have been doc-
mented in fish exposed to water Se concentrations as low as
.005 mg/L (Lemly, 1999). The lowest Se exposure achieved in
his study was 0.05 mg/L. This concentration approaches the
e levels measured in water in coal mine-impacted streams
here reproductive effects have been documented; therefore,

he Se concentrations used in our subchronic laboratory study

re environmentally relevant.

Acute (96 h) exposure to sodium selenite activated the PSR
n juvenile rainbow trout. It raised plasma cortisol and plasma
lucose levels; however, other stress-related responses (gill

ig. 4. GSH concentrations in the liver of juvenile rainbow trout (mean ± S.E.)
xposed for 96 h to waterborne sodium selenite (Na2SeO3). Groups with dif-
erent letters are significantly different (ANOVA). Sample size indicated in the
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Wallis).

a+/K+-ATPase activity and plasma T3 and T4 levels), including
ertiary responses (condition factor and LSI) were not affected.
umerous other studies have reported that acute exposures to

ontaminants such as crude oil (Kennedy and Farrell, 2005),
nd copper or cadmium (Pelgron et al., 1995) increase plasma
ortisol in fish. However, the present study provides the first
vidence that elevated Se activates the PSR in fish and increases
lasma cortisol. A similar response to Se was reported in male
ats (Potmis et al., 1993), but Se decreased plasma corticosterone
evels in gray seals (Freeman and Sangalang, 1977) and female
iders (Wayland et al., 2002).

The subchronic (30 days) exposure to sodium selenite also
ctivated the PSR. Plasma cortisol levels increased significantly
n the 0.36 mg/L exposure group, although the acute exposure
aised cortisol higher. This indicates exposures to waterborne
e between 1.15 and 2.67 mg Se/L for 96 h are more stressful to

he fish than 0.16 mg Se/L for 30 days. Plasma T4 and T3 levels
ncreased in a exposure-dependent pattern, but the other stress
ndicators (plasma glucose levels, gill Na+/K+-ATPase activity),
nd the tertiary responses (condition, LSI) were not altered. In
hronic exposures to contaminants, an increase in plasma cor-
isol is generally followed by a decrease as the fish acclimates
Barton, 2002) or, as has been reported for contaminants such as
d, the cortisol secretory response becomes impaired (Hontela,
997). In the present study, plasma cortisol increased between
ay 8 and day 30 in the highest exposure (0.36 mg/L) group, but
t decreased in the control and 0.07 mg/L groups. This pattern
uggests Se is still activating the stress response after 30 days
nd the fish did not acclimate to Se before the end of the expo-
ure. Our results also indicate that the interrenal cells were not
mpaired by the 30 days exposure, since the ability of the head
idney to secrete cortisol in response to ACTH stimulation in
itro was not significantly altered by Se exposure in vivo.

The present study provided evidence, for the first time, that
ubchronic exposures to waterborne Se increase plasma T3
nd T4 levels. Exposure to Se increased plasma cortisol and it

as been documented that cortisol influences thyroid hormone
etabolism (Brown et al., 1991). Moreover, Se is an integral part

f the deiodinase enzymes involved in thyroid hormone synthe-
is (Köhrle et al., 2005). Our data show that a 30 days exposure
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o 0.16 mg/L (5% LC50) of sodium selenite alters the thyroid
tatus in rainbow trout; however, the relationship between avail-
bility of selenium, the activity of the deiodinase enzyme and
hyroid status in fish is not understood at present.

The links between physiological effects of Se exposure and
xidative stress were investigated in the present study. In the
cute exposure, sodium selenite decreased liver LPO in the
wo highest exposure groups, although only the group exposed
o 3.60 mg/L was significantly lower than the control group.
hese results were unexpected as most contaminants includ-

ng metals (Roberts and Oris, 2004), pulp and paper effluent
Oakes et al., 2004), agricultural runoff (Dorval et al., 2005),
opper (Berntssen et al., 2000), and hydrocarbons (Di Giulio
t al., 1993) increase LPO in fish tissues. Orun et al. (2005)
id report that exposure for 72 h to 2–6 mg/L sodium selenite
ecreased, compared to controls, malondialdehyde levels (indi-
ator of oxidative damage) in the liver, as well as other organs, in
ainbow trout. Lipid peroxidation may decrease with increased
e exposure because Se is a constituent of the antioxidants GPx
nd thioredoxin reductase (Steinbrenner et al., 2006), and at
ower levels protects fish from oxidative damage. In the present
tudy, both LPO and GPx activity were significantly lower, com-
ared to control, in the group exposed to 2.52 mg/L of selenite,
nd both increased (towards control levels) at the higher selen-
te exposure. The effect of Se on GPx activity, and the link to
PO must be further investigated, to understand the role of Se

n oxidative stress. Selenium had an effect on hepatic antioxi-
ant levels in rainbow trout exposed for 96 h; it decreased liver
SH concentrations in the two highest exposure groups. There is

ubstantial evidence that GSH is a powerful antioxidant and anti-
oxicant as it binds to many different toxicants, inactivating them
Kelly et al., 1998). Chronic exposure to Se has been shown to
eplete GSH and decrease the ratio of GSH to oxidized GSSG in
ainbow trout fed Se-methionine in the laboratory (Holm, 2002).
he GSH reserves also decreased with exposure to endosulfan

Dorval et al., 2003), agricultural runoff (Dorval et al., 2005),
opper (Ahmad et al., 2005), cadmium (Berntssen et al., 2000),
nd mercury (Payne et al., 1998).

In addition to acting as an antioxidant, GSH may also act
s a prooxidant in the presence of Se. Reduced glutathione has
een shown to react with methylselenol (a Se metabolite), gen-
rating Se-ROS in rainbow trout embryos (Palace et al., 2004).
educed glutathione’s ability to act as a prooxidant or an antiox-

dant has also been identified in human hepatoma cells (Shen
t al., 2000). Damage indicators (LPO, protein peroxidation,
NA damage) should increase if GSH and Se produce ROS

n the liver; however, in the present study LPO decreased in
he 2.52 mg/L exposure group, but not in the higher Se expo-
ure group. Whether this type of dose response (suggesting a

shaped curve) results from GSH acting as an antioxidant
nactivating Se, then at higher exposures (3.6 mg/L) acting as
prooxidant generating ROS in conjunction with Se, warrants

urther investigation.

The pattern observed for LPO was also evident for GPx activ-

ty, suggesting the effects of Se may be concentration-dependent.
s with LPO, GPx activity was significantly lower in fish

xposed to 2.52 mg/L sodium selenite, increasing in the group

i
t
a
s

ology 83 (2007) 263–271 269

xposed to 3.36 mg/L. Orun et al. (2005) reported an increase in
epatic GPx in rainbow trout at exposures over 4 mg/L sodium
elenite. Other studies where GPx activity was measured in fish
uggest that the response of GPx is toxicant-dependent, with
ome toxicants (e.g. �-naphtholflavone or copper) increasing
he activity (Ahmad et al., 2005; Sanchez et al., 2005), and oth-
rs (dichlorophenol or agricultural runoff) decreasing it (Zhang
t al., 2005; Dorval et al., 2005). The particular pattern of the
ffects of Se reported in the present study requires further inves-
igation to understand the interactions between GSH, LPO and
Px in teleosts, and to identify the threshold at which Se ceases

o be an essential element and becomes a toxicant.
In contrast to the acute Se exposure, the subchronic expo-

ure to sodium selenite did not alter LPO or antioxidants (GPx,
SH). The exposures may not have been high or long enough

o cause oxidative stress and alter antioxidant levels and activ-
ties, or the fish may have acclimated to the Se within 30 days.
xidative stress defences are important in the acclimation pro-

ess. For example, acclimation to low levels of copper protected
sh from oxidative stress by oxidizing the ferrous ion before

t could produce free radicals (Pandey et al., 2001); however,
t higher levels copper can cause oxidative stress (Berntssen et
l., 2000). Selenium may act in a similar manner. At higher lev-
ls (similar to those present in the 96 h acute exposure) Se may
egin to alter antioxidant status, but at lower levels it may pro-
ect the liver from damage. Determining acclimation patterns by

easuring oxidative damage and antioxidant activity at different
imes during the 30 days period could not be done in this study
s fish were sacrificed after 30 days.

. Conclusions

This study provided evidence that sodium selenite activates
he physiological stress response in fish subjected to acute (96 h)
nd sub-chronic (30 days) exposures, and does not impair,
ollowing the subchronic exposures, the ability of the head kid-
ey tissue to secrete cortisol. Moreover, subchronic exposure
o sodium selenite increased plasma thyroid hormone levels.
he importance of oxidative stress in Se-induced responses was

nvestigated and a decrease of hepatic GSH content was detected
ollowing acute exposures, along with a U shaped pattern for
PO and GPx activities. Future studies will examine the rela-

ionship between the Se concentration, and the antioxidant and
rooxidant actions of this element in teleosts.
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