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Abstract
This study was performed to investigate stress effects on the synthesis of egg yolk precursor,
vitellogenin (Vtg) in Arctic char (Salvelinus alpinus). In particular the effect of cortisol (F) was
determined since this stress hormone has been suggested to interfere with vitellogenesis and is
upregulated during sexual maturation in teleosts. Arctic char Vtg was purified and polyclonal
antibodies were produced in order to develop tools to study regulation of vitellogenesis. The Vtg
antibodies were used to develop an enzyme-linked immunosorbent assay. The corresponding Vtg
cDNA was cloned from a hepatic cDNA library in order to obtain DNA probes to measure Vtg
mRNA expression. Analysis of plasma from juvenile Arctic char, of both sexes, exposed to different
steroids showed that production of Vtg was induced in a dose dependent fashion by 17β-estradiol
(E2), estrone and estriol. Apart from estrogens a high dose of F also upregulated Vtg. In addition,
F, progesterone (P) and tamoxifen were tested to determine these compounds ability to modulate
E2 induced Vtg synthesis at both the mRNA and protein level. Tamoxifen was found to inhibit E2
induced Vtg mRNA and protein upregulation. P did not alter the Vtg induction while F reduced the
Vtg protein levels without affecting the Vtg mRNA levels. Furthermore the inhibition of Vtg protein
was found to be dose dependent. Thus, the inhibitory effect of F on Vtg appears to be mediated at
the post-transcriptional level.

Introduction
The major proteinaceous egg yolk precursor vitellogenin
(Vtg) is a large complex lipoglycophosphoprotein produced under estrogenic control in the liver of sexually
maturing female oviparous animals. The estrogenic control of Vtg is mediated by binding of the most potent
estrogen, 17-β-estradiol (E2), to the hepatic estrogen
receptor (ER) [1]. The ER-E2 complex activates the transcription of the Vtg-genes by binding to estrogen responsive elements [1]. Vtg is transported from the liver as a
dimer via the circulation to the oocytes, where it is taken

up by receptor mediated endocytosis [2,3] and proteolytically cleaved into the smaller yolk units lipovitelin, phosvitin [4,5] and phosvettes [6], which serve as a nutritional
source for the growing embryos [7]. Studies have shown
that Vtg bind metal-ions such as zinc, calcium [8,9] and
magnesium [10]. It has been suggested that Vtg is
involved in the transport of metal-ions, crucial for embryonic development, into the growing oocyte [11].
A number of Vtg genes have been characterized in a wide
variety of oviparous species and it has been shown that
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the Vtg genes are highly conserved [12,13]. The Vtg-genes
belong to a small gene family where the number of genes
varies depending on species [7,14,15]. The different genes
give rise to multiple forms of the protein, which are
expressed at different times during oogenesis. This indicates that Vtg isoforms may have different roles during
oocyte maturation and embryonic development [5]. Vitellogenin genes are present in both females and males but
the lack of estrogens in the males prevents the expression
of the protein under normal conditions [16].
In teleosts, cortisol (F) is released from interrenal cells in
response to stress. It has been shown that F affects reproduction by decreasing the amount of gonadotropins produced by the pituitary, the amount steroids present in the
plasma and by reducing gamete quality [17]. Earlier studies on stress responses on teleost reproduction are ambiguous. In some studies F does not interact with E2 systems
[16,18], while other studies indicate that F interferes with
the binding of E2 to ER, thereby decreasing hepatic Vtg
production [19]. It has been proposed that this ambiguity
is due to species-specific responses to F thereby giving rise
to different stress responses in different species.
Many manmade substances with endocrine disrupting
properties (EDS) are present in the environment. It has
been observed that stress responses are induced in organisms when exposed to EDS. Numerous EDS have been
shown to impair reproductive function in teleost fish [18].
It is therefore important to examine how stress responses
interfere with the expression of commonly used biomarkers. Exposure of male or juvenile fish to estrogenic substances results in stimulation of Vtg production [20,21].
Vtg is therefore widely used as a biomarker for estrogenicity [22,23]. In the present study Arctic char Vtg was characterized and the effect of F on E2 induced vitellogenesis
was investigated.

Materials and methods
Experimental animals and rearing conditions
Juvenile Arctic char with an average weight of 18.4 ± 10.7
g were obtained from the National Swedish Board of Fisheries Research Station, Kälarne, Sweden. They were kept in
indoor 50 l tanks with a continuous flow-through water
system with temperature and photoperiods as close to the
natural conditions as possible. The fish were allowed to
acclimatize for 1 week prior to initiating the experiments.
No food was administered to the fish during the
experiments.
Fish treatment and sampling
Vtg synthesis was induced by intraperitoneally (i.p.) injection of Arctic char with 10-6 M E2. Peanut oil was used, as
a carrier and control injections were made with carrier
alone. The fish were kept for four days prior to sampling.
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Plasma was collected by centifugation and used to purify
Vtg in order to develop polyclonal antibodies.
Juvenile Arctic char were injected i.p. with different doses
of E2, estriol and estrone (end-concentrations ranging
between 10-9 to 10-6 M) and F, corticosterone, cortisone,
11-ketotestosterone and progesterone (P) (end-concentrations ranging between 10-8 to 10-5 M) to determine the
effect of these 8 hormones on Vtg expression. Four days
after injection the fish were sacrificed, bled and the livers
were removed. The obtained blood was centrifuged at
5000 × g for 1 minute in order to separate the blood cells
from the plasma. The plasma and livers were immediately
frozen in liquid nitrogen and stored at -80°C until
analyzed.
To further investigate the effects of steroids on Vtg production, different doses of E2 (end-concentration ranging
between 10-8 to 10-6 M) was administered i.p. with or
without co-injection of F (end-concentration ranging
between 10-8 to 10-4 M), P (10-5 M) or tamoxifen (Tam)
(10-5 M). After four days the fish were sacrificed, the liver
and plasma were collected and stored as described above.
Hormone determinations
E2 and F plasma levels were determined by radioimmunoassay according to manufacturers instructions (E2Coat-a-Count, DPC, USA, F-Spectria Cortisol RIA, Orion
Diagnostica, Espoo, Finland). The measurements were
made in triplicates.
Isolation of vitellogenin
Prior to chromatography, the Vtg in the plasma was concentrated by selective precipitation as described by [24].
0.5 ml of plasma were mixed with 2 ml of 20 mM EDTA,
and precipitation was obtained by subsequently adding
0.1 ml 0.5 M MgCl2. The precipitate was collected by centrifugation at 5000 × g for 15 minutes at +4°C, and the
supernatant was discarded. The obtained precipitate was
re-dissolved in 1 ml of 1 M NaCl prior to a second precipitation, performed by lowering the ionic strength of the
sample by adding 10 ml of ultrapure deionized water
(MQ). The precipitate was collected by centrifugation at
5000 g for 15 minutes +4°C and the pellet was dissolved
in 1 ml of 1 M NaCl prior to fast performance liquid chromatography (FPLC).

All solutions used for FPLC contained aprotinin (0.5% v/
v) and were filtered through 0.22 µm filters and degassed.
The column used was a Resource Q (Pharmacia, Sweden),
which was equilibrated with five volumes of 20 mM TrisHCl pH 8.0 (Buffer A). The plasma was diluted 50 times
and 0.5 ml of the diluted sample was loaded onto the
equilibrated column. Unbound plasma-proteins were
eluted with 5 ml of buffer A. The bound proteins were
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separated by a 15 ml linear gradient from 0.00 M to 0.50
M NaCl. The column was washed with 5 ml of 1.0 M NaCl
to ensure that no other proteins remained bound. The
flow-rate was 1 ml min-1 and 1 ml fractions were collected.
The obtained Vtg was stored in 50% (v/v) glycerol until
further analysis.
In order to control the efficiency of the different purification steps, 10 µg of total protein from each of the steps
were run onto an 8% discontinuous polyacrylamide gel
(SDS-PAGE) and stained with Coomassie brilliant blue.
The FPLC purified Vtg was used to immunize rabbits
(AgriSera, Vindeln, Sweden).
Western blot analysis
To identify Vtg present in the plasma of sampled fish total
protein was loaded onto a discontinuous polyacrylamide
gel with a 2 or 4% stacking gel and an 8% separating gel
[25]. Following electrophoresis, the proteins were blotted
onto nitrocellulose membrane (Hybond-ECL™) or PVDF
membrane (Amersham) using either semi-dry or tank
transfer system (Bio-Rad Laboratories). To block non-specific antibody binding, the membranes were incubated
with fat-free milk powder (5% in Tris-buffered saline, pH
7.4, containing 0.5% Tween 20; TBS-T). The membranes
were incubated with primary antibody for 1 hour at room
temperature (RT) or over night at 4°C. The primary antibodies were directed against Arctic char Vtg and diluted
1:5000 in TBS-T. The membranes were washed 3 × 5 minutes in TBS-T and incubated for 1 hour with the secondary
antibody (Horseradish Peroxidase-conjugated anti-rabbit
Ig, DAKO A/S Denmark), diluted 1:5000 in TBS-T. Prior to
detection, the membranes were washed 3 × 5 minutes in
TBS-T. The detection was performed using the ECL™ detection system (Amersham Pharmacia Biotech, Uppsala,
Sweden)
Two-dimensional polyacrylamide gel electrophoresis
analysis
Two-dimensional poloyacrylamide gel electrophoresis
(2D-PAGE) of plasma proteins was run on Multiphor II
electrophoretic unit (Pharmacia Biotech) according to the
manufactures manual. Separation in the first dimension
(IEF) was performed using linear pH 4–7 gradient immobiline DryStrips (Amersham Biosciences), 40µg protein
was loaded per strip. In the second dimension an 8–18%
gradient polyacrylamide gel (ExcelGel SDS, Amersham
Biosciences) was used. The gels were either stained with
Coomassie Brilliant Blue or the proteins was transferred to
PVDF-membrane. The blot was blocked with fat-free milk
powder (5%) in TBS, pH 7.4, followed by anti-Vtg
(diluted 1:3000) incubation over night at 4°C. After 3 ×
10 minutes washes in TBS-T the membrane was incubated
for 2 hours with the secondary antibody (HRP-conjugated
anti-rabbit Ig, Amersham Biosciences), diluted 1:3000.
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Prior to detection, the membranes were washed 2 × 15
minutes in TBS-T and 1 × 5 minutes in TBS. For detection
of antibody staining ECL™ reagents was used and the
chemiluminescent signal was detected on Hyperfilm MP
(Amersham Biosciences).
ELISA procedure
Quantification of plasma Vtg was performed by enzymelinked immunosorbent assay (ELISA), prepared by coating 96 well microtiter plates (Nunc A/S, Roskilde, Denmark) with plasma-samples diluted in coating buffer (0.1
M Na2CO3, pH 9.6). A standard curve made from purified
Arctic char Vtg was also loaded onto each plate as a control. The plates were incubated at RT for 1 hour prior to
blocking non-specific binding by adding phosphate buffered saline, pH 7.6 (PBS) containing 1% dry milk to each
well. The plates were washed in PBS containing 0.05%
Tween 20 (PBS-T) before addition of primary antibody.
The polyclonal primary antibodies against Arctic char Vtg
were diluted 1:10000 in PBS-T, added to the plates and
incubated in RT for 1 hour. After washing the plates with
PBS-T, a secondary antibody incubation was performed
by adding HRP-conjugated goat-antirabbit polyclonal
antibodies (DAKO A/S Denmark) diluted 1:5000 in PBST. The plates were incubated for 1 hour at RT prior to PBST-wash and detection. The detection was performed using
a peroxidase substrate kit (Horseradish peroxidase substrate kit, BIO-RAD, Hercules, CA, USA). The plates were
read at 415 nm, using a microplate reader (BIO-RAD
microplate reader Model 550). All samples were analyzed
in triplicates. To establish the titer of the polyclonal Vtg
antibodies an ELISA with the wells loaded with equal
amount VTG and various antibody concentrations were
used. The detection limit of the ELISA procedure was
determined by loading a standard curve of pure Vtg and
using a fixed antibody concentration.
cDNA cloning
A ZAP Express cDNA library (Stratagene, La Jolla, CA,
USA) from E2 induced Arctic char liver was used. The
library was screened using a probe constructed from the
rainbow trout pSG Vg 5.09 cDNA clone [26]. The isolated
phage DNA clones were subjected to in vivo excision prior
to sequencing. Positive clones from the screening were
selected for sequencing by dot blot and Northern blot
analysis (data not shown) and sequencing was performed
using Thermo Sequenase (Amersham).
RNA extraction and slot blot procedure
Total RNA was isolated from Arctic char livers according
to Chomczynski and Sacci [27]. Slot blot analysis was
used to quantify Vtg mRNA levels. Nylon membranes
(Hybond N, Amersham) were soaked in 20 × SSC (1 ×
SSC, 0.15 M NaCl; 15 mM sodium citrate buffer, pH 7.0).
RNA samples were prepared by mixing 10 µg of total RNA

Page 3 of 10
(page number not for citation purposes)

Reproductive Biology and Endocrinology 2004, 2:62

Statistics
Significance was calculated using one-way ANOVA followed by Bonferroni's multiple comparison test with a P
< 0.05. All statistical analysis was performed using GraphPad Prism version 3.02 for Windows (GraphPad Software,
San Diego California USA).

Results
Administration of E2 to juvenile Arctic char led to a rapid
increase in plasma protein concentrations from 6.2 ± 0.3
mg/ml in control fish to 21.4 ± 0.5 mg/ml in E2 injected
fish. The plasma contained low molecular weight proteins
that were excluded from the preparation by sequential
precipitations. The final pellet was re-dissolved in 1 M
NaCl and subjected to FPLC purification. A single absorbance peak containing Vtg was identified at an ion concentration of 0.37 M (Fig. 1). This peak was not present in
plasma from untreated juvenile fish (data not shown).
SDS-PAGE analysis showed that the purified Vtg had a
molecular mass of 185 kDa.
The purified Vtg was used to produce polyclonal Vtg antibodies. The specificity of the polyclonal rabbit antiserum
against Arctic char Vtg was determined using western blot
analysis. A single band with a molecular mass of 185 kDa
was detected only in the plasma of sexually mature
females or E2 exposed fish (Fig. 2). To determine if the
antibodies could be used quantitatively, plasma from E2
injected fish was separated on SDS-PAGE and detected by
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with 6 × SSC and 7.5% formaldehyde and heating to
68°C for 15 min. The RNA samples were immediately
cooled down on ice prior application onto the slot blot.
Following slot blot the membranes were washed twice
with 2 × SSC and cross-linked on both sides before
hybridization against a single stranded digoxigenin (DIG)
labeled cRNA Arctic char Vtg probe. Hybridization and
detection of Vtg was performed as described previously
[28]. Quantification of the mRNA was performed with
Quantity One version 4.2.3 (BIO-RAD Laboratories AB,
Sundbyberg, Sweden). In order to normalize the amount
of total RNA in each slot, a slot blot membrane was
hybridized with a DIG-labeled probe complementary to
Arctic char 18S rRNA The probe was made as follow: total
RNA from liver was used for first-strand cDNA synthesis
according to the manual of Amersham. 18S fragments was
PCR amplified by 30 cycles of 94°C for 30 seconds, 57°C
for 30 seconds and 72°C for 30 seconds, using Quantum
RNA classic 18S PCR primer pair (Ambion). The PCR fragment was cloned into pGEM-T vector (Promega). The
purified plasmid was used as DNA-template in a PCR reaction (as above) to synthesize the DIG-labeled 18S DNA
probe (DIG-11-dUTP was obtained from Roche). The Vtg
mRNA levels in liver from control fish was arbitrarily set
to 1.
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western blot analysis. The western blot displayed an
increase in plasma Vtg from fish injected with increasing
E2 concentrations, further confirming the specificity of
the antibodies (Fig. 3). In order to develop an ELISA, the
antibodies were tested both at increasing concentrations
of antibodies with fixed antigen concentrations and at
fixed concentrations of antibodies with increasing concentrations of antigen. The results show that the produced
antisera have a high titer allowing dilution up to 10.000
fold without increasing the detection limit (Fig. 4). From
these experiments the detection limit of the ELISA was
determined to be 5 ng Vtg/well.
Screening of the Arctic char hepatic cDNA library revealed
several positive clones. The longest clones were selected
and sequenced to completion (clone 1 and clone 3).
Sequencing of clone 1 and clone 3 revealed that the Arctic
char Vtg mRNA displayed high homology to rainbow
trout Vtg mRNA, both at the nucleotide level (89% and
83% respectively) and at the protein level (85% and 82%
respectively). Clone 1 and clone 3 showed high similarity
(94% on both nucleotide and protein level). In addition,
clone 1 was found to contain a second polyadenlyation
site and a 116 bases longer 3'UTR. Even though no fulllength clones were obtained, these features imply that the
clones are products of different genes.
Eight substances were injected into juvenile Arctic char to
determine their potency at inducing Vtg synthesis. ELISA
analysis of plasma revealed that only the three estrogens
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and F induced Vtg synthesis (Fig. 5). The most potent
estrogen, E2, was found to be 3 times more effective at
inducing Vtg synthesis than estrone and 7 times more
potent than the weakest estrogen, estriol. All estrogens
induced a dose dependent induction of Vtg. The ability of
F to induce Vtg was approximately 70 times lower than E2
and was only observed at the highest dose. Slot blot analysis of Vtg mRNA levels revealed a dose dependent induction corresponding to the induction pattern observed
with the ELISA. E2 was the strongest inducer, with both
estrone and estriol being weaker but equally potent inducers of Vtg mRNA (Fig. 6). In agreement with the ELISA
determinations, F induced Vtg mRNA only at the highest
dose. None of the other substances tested displayed any
effects on Vtg mRNA.
Arctic char were co-injected with E2 and F, P or tamoxifen
in order to determine if other compounds could inhibit
Vtg production. Plasma hormone determinations were
performed on all groups of fish and the mean plasma
levels of E2 and F are shown in table 1. The known antiesPage 5 of 10
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Table 1: Plasma levels of E2 and F following intraperitoneal injections.

Treatment

Plasma levels*

Cortisol control
Cortisol 10-7 M
Cortisol 10-6 M
Cortisol 10-5 M
Cortisol 10-4 M
17β-estradiol control
17β-estradiol 10-8 M
17β-estradiol 10-7 M
17β-estradiol 10-6 M

nd
42.3 ± 6.4
132.1 ± 51.8
2593 ± 697
15015 ± 3051
nd
10.1 ± 2.8
76.7 ± 12.6
687 ± 75

* The plasma levels are presented as mean (ng/ml) ± S.E.
nd: non detectable levels, below detection limit

10 4

a

10-8
10-7
10-6

10-7
10-6
10-5

C

10-8
10-7
10-6

0

10-8
10-7
10-6

a,b

a

Estradiol

Estrone

Estriol

Cortisol

Treatment

cortisolVtg
Plasma
Figure
5 concentrations in fish exposed to estrogens and
Plasma Vtg concentrations in fish exposed to estrogens and
cortisol. Control fish (C) were injected i.p. with peanutoil. All
values are presented as a mean of 10 fish ± SEM. a denotes P
< 0.05 when compared with control and b denotes P < 0.05
when compared to the highest concentration of each
substance.

trogen tamoxifen was used as a control substance and was
found to inhibit the E2 dependent upregulation of both
Vtg mRNA and protein levels (Fig. 7). However, while P
did not affect the E2 dependent Vtg induction, F co-injection resulted in lowered Vtg protein levels without affecting the Vtg mRNA levels. A second experiment was
therefore performed to determine the dose-response effect
of co-injection of F with the three different estrogens.
ELISA analysis of plasma from co-injected fish reveled
dose-dependent inhibition of estrogen induced Vtg levels
in plasma (Fig. 8). Western blot of plasma proteins from

a

a,b

a,b

a,b

10 1

10 0

C

a,b

a,b

10-7
10-6
10-5

a

a,b

5

a,b

10 2

10-9
10-8
10-7
10-6

a,b

10-9
10-8
10-7
10-6

10

a,b

10 3

10-9
10-8
10-7
10-6

a

Relative VTG mRNA levels

VTG (mg/ml)

15

Estradiol

Estrone

Estriol

Cortisol

Treatment

Figure
Relative
tion
of estrogens
6Vtg mRNA
andlevels
cortisol
in fish subjected to i.p. administraRelative Vtg mRNA levels in fish subjected to i.p. administration of estrogens and cortisol. Each bar represents a mean
value of three fish ± SEM. Significant differences are marked
with a and b. a denotes P < 0.05 when compared with control (C) and b denotes P < 0.05 when compared to the highest concentration of each substance.

fish treated with a combination of E2 and F confirmed
that F was able to decrease the level of Vtg that are
expected in the plasma from an E2-injected fish (Fig. 9).
The polyclonal antibody directed against a 185 kDa Vtg
recognized several high and low molecular weight spots
of Vtg and Vtg-derivatives as shown by 2D-PAGE analysis
(Fig. 10). Since Vtg is transported in the plasma as a dimmer it migrates as a large complex on 2D-PAGE. There is
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less of both high and low molecular Vtg-isoforms in the
plasma from co-injected fish compared to E2 injected fish.
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E2 concentrations positive control. c denotes P < 0.05 when
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In this study Arctic char Vtg was purified and polyclonal
antibodies was made in order to use Vtg protein determinations as a marker of F effects on egg yolk formation. The
purification was performed following the procedure outlined by Silversand and Haux [24]. The chromatographic
profile of the purified Arctic char Vtg displayed large
similarities when compared to turbot (Schophthalmus maximus) [24]. Elution of the protein was obtained at a Clconcentration of 0.37 M, a value comparable to those earlier reported [29]. The purified Vtg was used to obtain
polyclonal antisera from rabbits. The antisera displayed a
high specificity for the 185 kDa Vtg, and also recognized
Vtg dimers and derivatives as observed by 2D PAGE. Vtg
was only detected in females or E2 exposed juvenile Arctic
char. It has been found that teleost Vtg, even though
highly conserved, may differ in size between 120 – 300
kDa, and are present in the blood plasma mainly as a 300
– 600 kDa dimer [30]. It was also found that the E2
induced Vtg production was dose dependent, as described
earlier in many species [31-33].
ELISA procedures have been developed for Vtg from many
teleost species [34,35]. This method requires a high specificity of the antibody and a low inter-assay variability. During the evaluation of the antibodies it was found that the
antisera contained a high titer of specific Vtg antibodies
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Immunoblots of Arctic char plasma proteins from control, E2- (10-7 M), and E2 + F- (10-7 M and 10-5 M) treated fish separated
by two-dimensional electrophoresis. 40 µg total protein was separated by isoelectric focusing in the first dimension using a pH
gradient 4–7, followed by SDS-PAGE using 8–18% acrylamide gradient. Polyclonal anti-Arctic char vitellogenin was used. Figure
show a part of the PVDF-membrane, spots recognized by the vitellogenin antibody are circled.

giving the ELISA a low detection limit of 5 ng Vtg. Low
intra and inter assay variability (3%, data not shown) was
observed.
Eight substances were tested for their ability to induce Vtg
production in Arctic char. It has earlier been shown that
Vtg production in teleost fish is under dose dependent
estrogenic control [16] and this was also evident in the
Arctic char. Presence of Vtg in plasma was detected by the
ELISA procedure revealing that Vtg protein was only
present in fish exposed to the three estrogens and F. E2
was found to be the most potent estrogen, followed by
estrone and estriol. Estriol was the weakest inducer of Vtg
synthesis both at mRNA and protein level. These results
are in accordance with earlier studies on different species,
including human, mouse and rainbow trout [36,37].
The results reported here demonstrate that cortisol acts as
a partial antagonist on Vtg expression. The plasma levels
of E2 and F following hormone injections showed that the
resulting plasma levels covered the range normally
observed for Arctic char and other salmonids [38,39].
Exposure of Arctic char to high F levels (10-5 M) resulted
in elevated plasma Vtg levels. While F alone induced a low
level of Vtg mRNA expression the co exposure of Arctic
char to estrogens and F resulted in a reduction in
circulating Vtg levels while the Vtg mRNA levels were not
affected. These results suggest that F acts at a post-tran-

scriptional level in Arctic char. Our results are in contrast
to earlier in vitro studies that indicate that F can down regulate Vtg mRNA levels in rainbow trout hepatocytes
[18,40], but are supported by a study on Xenopus that
showed F upregulation of hepatic Vtg production [41]. In
Xenopus it was suggested that the C/EBPβ-like protein is
involved in upregulation of Vtg by increasing the ER levels
[41].
Reduced binding of E2 to ER has been observed following
F exposure in rainbow trout liver [17]. F has been suggested to interfere with ER transcription by destabilizing
ER mRNA, thereby decreasing the mRNA half-life. ER and
the glucocorticoid receptor (GR) interact in the liver
through C/EBPβ-like protein, and it has been suggested
that GR suppress C/EBPβ-like protein binding to the
rainbow trout ER promoter, thereby reducing the ER
expression [40]. It is known that stress factors are species
specific and it cannot be ruled out at the present time that
the differences observed between rainbow trout and Arctic
char are due to such species differences. However, it
should be noted that the earlier studies were conducted
on in vitro systems as opposed to the whole animal model
used in the present study, and that no determination of
circulating Vtg levels was performed in the previous
studies.
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Adding to the complexity of F involvement in reproduction we have recently shown that F potentiates the E2
mediated expression of eggshell protein in Arctic char
[38]. F is upregulated during final oocyte maturation and
spawning in teleost fish [42]. Thus, it is conceivable that
the increase in circulating F levels in maturing female fish
is involved in the regulation of eggshell proteins. However, the present results indicate that this involvement is
limited to the eggshell proteins as the circulating Vtg levels
are reduced under the same conditions.

4.

In the present study the main effect of F was observed at
the circulating Vtg level. We hypothesize that the co-treatment of Arctic char with glucocorticoids and estrogens
results in upregulation of both stress induced systems,
such as metallothionein (MT), and estrogen responsive
genes, such as eggshell proteins and vitellogenin. MT has
been shown to be upregulated by cortisol [43] in rainbow
trout primary cultures and has a main function to
sequester zinc [44]. The involvement of MT in fish reproduction has been shown previously for rainbow trout and
Arctic char [38,39]. In both species MT is upregulated
towards the end of vitellogenesis [38,39] and is believed
to sequester Zn from the liver in order to control the Zn
homeostasis once vitellogenesis is over [45]. It has also
been shown that E2 functions as an antagonist of MT
induction in both rainbow trout [28] and Arctic char [46]
further supporting the involvement of MT in reproduction. If Vtg requires Zn for proper tertiary folding, then
upregulation of MT by cortisol could lead to a redistribution of Zn from Vtg to MT with degradation of Vtg as a
consequence. As egg shell proteins do not use Zn as a
structural motif the upregulation of MT would not have
the same effect on eggshell proteins. This is in part
confirmed by our previous study showing that F potentiates estrogenic induction of eggshell proteins. Further
studies are underway to determine the cause of the reduction in circulating Vtg levels.

8.

Acknowledgements
We would like to thank Torleif Andersson and the rest of the staff at the
National Board of Fisheries Research Station, Kälarne for helping out with
the sampling and sharing information and experience during the course of
this study. The present study was supported by the Center for Environmental Research in Umeå, Sweden (CMF), the Swedish Environmental Protection Agency, and the Kempe stipendiefond, Umeå Sweden.

5.

6.

7.

9.
10.
11.
12.
13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

References
1.

2.
3.

Lazier CB, MacKay ME: Vitellogenin gene expression in teleost
fish. In Biochemistry and Molecular Biology of Fishes Volume 2. Edited by:
Hochachka PW, Mommsen TP. Elsevier, Amsterdam, NL;
1993:391-406.
Byrne BM, Gruber M, Ab G: The evolution of egg yolk proteins.
Prog Biophys Mol Biol 1989, 53:33-69.
Shibata N, Yoshikuni M, Nagahama Y: Vitellogenin incorporation
into Oocytes of Rainbow trout, Oncorhynchus mykiss, in
Vitro: Effects of hormones on denuded oocytes. Develop
Growth Differ 1993, 35:115-121.

23.
24.
25.

Ng TB, Idler DR: Yolk formation and differentiation in teleost
fishes. In Fish Physiology, Reproduction: Part A: Endocrine tissues and hormones Volume IX. Edited by: Hoar WS, Randall DJ, Donaldsson EM.
Academic press, New York, USA; 1983:373-404.
Carnevali O, Carletta R, Cambi A, Vita A, Bromage N: Yolk formation and degradation during oocyte maturation in seabream
Sparus aurata: involvement of two lysosomal proteinases. Biol
Reprod 1999, 60:140-6.
Matsubara T, Ohkubo N, Andoh T, Sullivan CV, Hara A: Two forms
of vitellogenin, yielding two distinct lipovitellins, play different roles during oocyte maturation and early development
of barfin flounder, Verasper moseri, a marine teleost that
spawns pelagic eggs. Develop Biol 1999, 213:18-32.
Wahli W, Dawid IB, Ryffel GU, Weber R: Vitellogenesis and the
vitellogenin gene family. Science 1981, 212:298-304.
Montorzi M, Falchuk KH, Vallee BL: Xenopus laevis vitellogenin
is a zinc protein. Biochem Biophys Res Commun 1994,
200:1407-1413.
Montorzi M, Falchuk KH, Vallee BL: Vitellogenin and lipovitellin:
zinc proteins of Xenopus laevis oocytes. Biochemistry 1995,
34:10851-10858.
Falchuk KH, Montorzi M: Zinc physiology and biochemistry in
oocytes and embryos. Biometals 2001, 14:385-395.
Falchuk KH: The molecular basis for the role of zinc in developmental biology. Mol Cell Biochem 1998, 188:41-48.
Wahli W: Evolution and expression of vitellogenin genes.
Trends Genet 1988, 4:227-232.
Chen JS, Sappington TW, Raikhel AS: Extensive sequence conservation among insect, nematode, and vertebrate vitellogenins reveals ancient common ancestry. J Mol Evol 1997,
44:440-451.
Wang H, Yan T, Tan JT, Gong Z: A zebrafish vitellogenin gene
(vg3) encodes a novel vitellogenin without a phosvitin
domain and may represent a primitive vertebrate vitellogenin gene. Gene 2000, 256:303-10.
Trichet V, Buisine N, Mouchel N, Moran P, Pendas AM, Le Pennec JP,
Wolff J: Genomic analysis of the vitellogenin locus in rainbow
trout (Oncorhynchus mykiss) reveals a complex history of
gene amplification and retroposon activity. Mol Gen Genet
2000, 263:828-837.
Sundarara BI, Goswami SV, Lamba VJ: Role of testosterone, estradiol-17β and cortisol during vitellogenin synthesis in the catfish, Heteropneustes fossilis (Bloch). Gen Comp Endocrinol 1982,
48:390-397.
Campbell PM, Pottinger TG, Sumpter JP: Stress reduces the quality of gametes produced by rainbow trout. Biol Reprod 1992,
47:1140-1150.
Pelissero C, Flouriot G, Foucher JL, Bennetau B, Dunogues J, Le Gac
F, Sumpter JP: Vitellogenin synthesis in cultured hepatocytes;
an in vitro test for the estrogenic potency of chemicals. J Steroid Biochem Mol Biol 1993, 44:263-272.
Lethimonier C, Flouriot G, Valotaire Y, Kah O, Ducouret B: Transcriptional interference between glucocorticoid receptor
and estradiol receptor mediates the inhibitory effect of cortisol on fish vitellogenesis. Biol Reprod 2000, 62:1763-1771.
Aida K, Ngan P, Hibiya T: Physiological studies on gonadal maturation of fishes – Sexual difference in composition of plasma
protein of Ayu in relation to gonadal maturation. Bull Jap Soc
Sci Fish 1973, 39:1091-1106.
Mommsen TP, Walsh PJ: Vitellogenesis and oocyte assembly. In
Fish physiology, Academic Press, Inc. XIA. The physiology of developing fish:
Part A: Eggs and larvae Edited by: Hoar WS, Randall DJ, Donaldsson
EM. Academic press, New York, USA; 1988:347-406.
Heppell SA, Denslow ND, Folmar LC, Sullivan CV: Universal assay
of vitellogenin as a biomarker for environmental estrogens.
Environ Health Perspect 1995, 103:9-15.
Sumpter JP, Jobling S: Vitellogenesis as a biomarker for estrogenic contamination of the aquatic environment. Environ
Health Perspect 1995, 103:173-178.
Silversand C, Haux C: Isolation of turbot (Scophthalmus maximus) vitellogenin by high-performance anion-exchange
chromatography. J Chromatogr 1989, 478:387-397.
Laemmli U: Cleavage of structural proteins during the assembly of the head of bacteriophage T4. Nature 1970, 227:680-685.

Page 9 of 10
(page number not for citation purposes)

Reproductive Biology and Endocrinology 2004, 2:62

26.
27.
28.

29.
30.

31.
32.

33.

34.

35.

36.

37.
38.

39.

40.

41.
42.

43.
44.

45.

46.

Le Guellec K, Lawless K, Valotaire Y, Kress M, Tenniswood M: Vitellogenin gene expression in male rainbow trout (Salmo
gairdneri). Gen Comp Endocrinol 1988, 71:359-371.
Chomczynski P, Sacchi N: Single-step method of RNA isolation
by
acid
guanidinium
thiocyanate-phenol-chloroform
extraction. Anal Biochem 1987, 162:156-159.
Olsson P-E, Kling P, Petterson C, Silversand C: Interaction of cadmium and oestradiol-17 beta on metallothionein and vitellogenin synthesis in rainbow trout (Oncorhynchus mykiss).
Biochem J 1995, 307:197-203.
Silversand C, Hyllner SJ, Haux C: Isolation, Immunological detection, and Observations of the instability of Vitellogenin from
four teleosts. Exp Zool 1993, 267:587-597.
Specker JL, Sullivan CV: Vitellogenesis in fishes: status and perspectives. In Perspectives in Endocrinology Edited by: Davey KG, Peter
RE, Tobe SS. National Research Council, Ottawa, Canada;
1994:304-315.
Chen T: Identification and characterisation of estrogen
responsive gene products in the liver of rainbow trout. J Biochem Cell Biol 1983, 61:802-810.
Norberg B, Haux C: Induction, isolation and a characterization
of the lipid content of plasma vitellogenin from two Salmo
species: rainbow trout (Salmo gairdneri) and sea trout (Salmo
trutta). Comp Biochem Physiol B 1985, 81:869-876.
Johnsen H, Tveiten H, Willassen NP, Arnesen AM: Arctic charr
(Salvelinus alpinus) vitellogenin: development and validation
of an enzyme-linked immunosorbent assay. Comp Biochem Physiol B Biochem Mol Biol 1989, 124:355-362.
Buerano CC, Inaba K, Natividad FF, Morisawa M: Vitellogenins of
Oreochromis niloticus: identification, isolation, and biochemical and immunochemical characterization. J Exp Zool 1995,
273:59-69.
Brion F, Nilsen BM, Eidem JK, Goksoyr A, Porcher JM: Development and validation of an enzyme-linked immunosorbent
assay to measure vitellogenin in the zebrafish (Danio rerio).
Environ Toxicol Chem 2002, 21:1699-1708.
Kuiper GJM, Carlsson B, Grandien K, Enmark E, Häggblad J, Nilsson
S, Gustafsson J-Å: Comparison of the ligand binding specificity
and transcriptional tissue distribution of estrogen receptors
α and β. Endocrinology 1997, 138:863-870.
Matthews J, Celius T, Halgren R, Zacharewski T: Differential estrogen receptor binding of estrogenic substances: a species
comparison. J Steroid Biochem Mol Biol 2000, 74:223-234.
Berg AH, Westerlund L, Olsson P-E: Regulation of Arctic char
(Salvelinus alpinus) egg shell proteins and vitellogenin during
reproduction and in response to 17β-estradiol and cortisol.
Gen Comp Endocrinol 2003, 135:276-285.
Olsson P-E, Haux C, Förlin L: Variations in hepatic metallothionein, zinc and copper levels during an annual reproductive cycle in rainbow trout, Salmo gairdneri. Fish Physiol
Biochem 1987, 3:39-47.
Lethimonier C, Flouriot G, Kah O, Ducouret B: The glucocorticoid
receptor represses the positive autoregulation of the trout
estrogen receptor gene by preventing the enhancer effect of
a C/EBPbeta-like protein. Endocrinology 2002, 143:2961-2974.
Marilley D, Robyr D, Schild-Poulter C, Wahli W: Regulation of the
vitellogenin gene b1 promoter after transfer into hepatocytes in primary cultures. Mol Cell Endocrinol 1998, 141:79-93.
Carruth LL, Dores RM, Maldonado TA, Norris DO, Ruth T, Jones RE:
Elevation of plasma cortisol during the spawning migration
of landlocked kokanee salmon (Oncorhynchus nerka
kennerlyi). Comp Biochem Physiol C Toxicol Pharmacol 2000,
127:123-131.
Hyllner SJ, Andersson T, Haux C, Olsson P-E: Cortisol induction of
metallothionein in primary culture of rainbow trout
hepatocytes. J Cell Physiol 1989, 139:24-28.
Olsson P-E: Metallothionein gene expression and regulation in
fish. In The Biochemistry and Molecular Biology of Fishes Volume 2. Edited
by: Hochachka PW, Mommsen TP. Molecular Biology Frontiers;
1993:259-278.
Olsson P-E, Zafarullah M, Gedamu L: A role of metallothionein in
zinc regulation after estradiol indcuction of vitellogenin synthesis in rainbow trout, Salmo gairdneri. Biochem J 1989,
257:555-560.
Gerpe M, Kling P, Berg AH, Olsson P-E: Arctic char (Salvelinus
alpinus) metallothionein: cDNA sequence, expression, and

http://www.rbej.com/content/2/1/62

tissue-specific inhibition of cadmium-mediated metallothinein induction by 17β-estradiol, 4-OH-PCB30, and PCB 104.
Environ Toxicol Chem 2000, 19:638-645.

Publish with Bio Med Central and every
scientist can read your work free of charge
"BioMed Central will be the most significant development for
disseminating the results of biomedical researc h in our lifetime."
Sir Paul Nurse, Cancer Research UK

Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published immediately upon acceptance
cited in PubMed and archived on PubMed Central
yours — you keep the copyright

BioMedcentral

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

Page 10 of 10
(page number not for citation purposes)

