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Metallothioneins (MTs) comprise a class of
inducible metal-binding proteins characterized by
a low molecular weight of 6-10 kDa, a high content
of cysteine (of about 30%), a lack of aromatic
amino acid residues, and a wide distribution in var-
ious organisms (Kägi and Schaffer 1988).  It is
generally accepted that MTs play an important role
in the detoxification of heavy metal ions such as
Cd and Hg.  MT also has a role in buffering
changes in free metal ion levels in cells by binding
essential metals such as Cu and Zn (Olsson
1996).  In teleosts, previous studies demonstrated
strong relationships between liver MT and Cu
residues (Marr et al. 1995).  Pretreatment with cor-
tisol induced MT expression in a primary culture of
rainbow trout (Oncorhynchus mykiss) hepatocytes
(Hyllner et al. 1989, Olsson et al. 1990) and in
adult tilapia (Oreochromis mossambicus) in an in

vivo study (Wu et al. 2002).
MT acts as a housekeeping protein (George

and Olsson 1994); it is most abundant in the liver,
kidneys, gills (Dang et al. 2000), intestine, pan-
creas (Moffatt and Denizeau 1997), and brain of
various fish species (Filipovic and Raspor 2003).
Concentrations of MT vary with species, reproduc-
tive condition, age, and diet, and these factors
have to be taken into account when MT is used as
a biomarker (Livingstone 1993).  Recently, atten-
tion has been focused on the use of tissue metal
concentrations and especially MT as an indicator
and an early warning system for heavy metal pol-
lution (Olsson 1996, Dethloff et al. 2001).
Exposure of pre-spawning juvenile catfish to 1.7
mg/l copper sulfate led to time-dependent increas-
es in hepatic MT expression, hepatic copper con-
tent, and plasma cortisol concentrations.  MT may
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thus serve as a useful indicator of acute stress as
a result of acute Cu exposure (Schlenk et al.
1999).  However, there are no data confirming the
role of MT as an environmental monitor of heavy
metals.  In addition, many studies have illustrated
that MT mRNA and the MT protein are highly cor-
related with heavy metal levels at low doses, but
the expression is reduced at high doses (Chaterjee
and Maiti 1987, George et al. 1996a, Wu et al.
2000).  This may be ascribed to the following rea-
sons: (1) differences in interactions of species and
tissues exist for inducing MT (Lam et al. 1998, De
Boeck et al. 2003); (2) concentrations and expo-
sure times to heavy metals and MT expression are
tissue-dependent (George et al. 2000, Berntssen
et al. 2001); and (3) we suggest that endogenous
factors do interfere with the interrelation of MT
expression and heavy metal accumulation.

These endogenous factors include kinetic
changes of heavy metal exposure and MT expres-
sion among tissues or different resistances to
heavy metal challenge among species.  In 1 study,
rainbow trout (O. mykiss), common carp (Cyprinus
carpio), and gibel carp (Carassius auratus gibelio)
were exposed to 1 µM Cu2+ for 1 wk, and virtually
no Cu accumulation was seen in rainbow trout
gills.  Most Cu accumulated in the liver, but there
was no MT expression; both cyprinid carp gill Cu
levels increased 3-4-fold, but gill MT induction was
obvious only in gibel carp (De Boeck et al. 2003).
In the European flounder (Platichthys flesus), a
concentration of > 5 mg/kg Zn2+ induced 3-4-fold
increases in MT mRNA levels in all tissues within
2-4 days.  A concentration of > 80 µg/kg Cd2+ had
no significant effect on hepatic MT levels but
caused significant elevations in gill and kidney lev-
els after 10 and 21 d (George et al. 2000).  After
tilapia were exposed to 70 µg/l Cd for 10 d, and
then transferred to 300 µg/l Cd for 7 d, the MT
content had increased about 6-fold in the
intestines over levels in the gills and liver.  Cd
accumulation in the intestines was respectively 37-
and 42-fold higher than those in the liver and gills
(Wu 2001).  In addit ion, after t i lapia were
immersed in 6-7 mg/l CdCl2 for 14 d or injected
with 0.2 mg Cd/kg body weight every 2 d for 3
doses, a higher accumulation of Cd was found in
the liver then in the intestines and gills (Wu et al.
1999).  Several previous papers studied MT
expression in the liver, but whether the liver
expresses the highest level of MT is still under
debate (Chatterjee and Maiti 1987, Suzuki 1991,
Wu et al. 1999).  Furthermore, many proteins such
as glutathione S-transferase (GST), catalase

(CAT), and glutathione peroxidase (GPX) are
induced by heavy metal exposure to protect organ-
isms (Saito and Kojima 1997).  Many factors
indeed interfere with the relationship between
heavy metal accumulation and MT expression as
determined by in vivo studies.  Therefore, the aims
of this study were to compare (1) the levels of MT
expression upon cortisol and Cu treatments and
(2) the accumulation of copper among 3 tissues
(gills, intestines, and liver) using organ cultures.

MATERIALS AND METHODS

Fish

Mature adult tilapia (Oreochromis mossambi-
cus), with an average weight of 80 g, were
obtained from the Mariculture Research Center of
the Taiwan Fisheries Research Institute, Tainan,
Taiwan.  The tilapia were reared in 182-L glass
aquaria with plastic chips for gravel.  Each tank
was supplied with dechlorinated, circulating, and
aerated local tap water (FW) at 26-28°C under a
photoperiod of 12-14 h.  Water quality parameters
included a total hardness of 146.6 ± 5.6 mg/l; Na+

of 35.6 ± 0.3 mg/l; K+ of 3.3 ± 0.1 mg/l; Ca++ of 30
± 2.3 mg/l, and a pH of 8.2 ± 0.3.  Fish were fed
commercial fish food pellets.  All fish were accli-
mated to the laboratory conditions for a minimum
of 1 mo before commencement of the experiment.

Enzyme-linked immunosorbent assay (ELISA)
for MT

The same tissues were collected as a group
sample for MT ELISA with minor modifications
from our past research (Wu et al. 2000).  Fish
were anesthetized with MS222 immediately after
removal from the experimental tanks during sam-
pling.  The gills, intestines, and liver were excised
from the body, and soluble extracts of tissues were
prepared by individually homogenizing the tissues
in homogenization buffer (10 mM Tris-HCl and 5
mM 2-mercapto-ethanol; pH 7.0) in a 1: 2.5-3.0
(w/v) volume using a Teflon homogenizer at 1000-
1200 rpm.  The homogenates were centrifuged at
12,000 xg for 40 min at 4°C.  The supernatant was
inactivated at 80°C for 10 min, and then was cen-
trifuged again at 12,000 xg for 40 min at 4°C; the
final supernatants were subjected to MT ELISA as
described below.

A synthetic peptide (AA sequence) from the
N-terminal of tilapia MT (Wu et al. 1999) was coat-
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ed onto micro-titer plates (96 wells) with coating
buffer (0.05 M NaHCO3; pH 9.6) at 50 µl/well.
After incubation for 1.5 h at 37°C, plates were
washed 3 times with washing buffer (PBS buffer
with 1% Tween 20), and BSA was added (100
µl/well) for 1 h to block non-specific binding.
Rabbit anti-tilapia MT serum (diluted 1: 2000, 50
µl/well) and tissue extract or standard solution (50
µl/well) were mixed and incubated 1.5 h at 37°C.
The plate was washed 3 times, and then HRP
(peroxidase-labeled goat anti-rabbit IgG, diluted 1:
4000) was added as the secondary antibody.  After
3 washes, 100 µl/well of the ABTS peroxidase
substrate (Kirkegaard and Perry Lab, USA) was
added followed by incubation at room temperature
for 20-30 mins.  Color development was measured
at 405 nm with an automatic microtiter plate ELISA
reader (Dynex MRX, Chantilly, VA, USA).  Total
proteins were determined using a protein assay kit
and a dye reagent concentrate (Bio-Rad Lab,
USA).  The line regression coefficient (Microsoft
Excel 97 SR-1, 1997; Microsoft Corp., Seattle,
WA, USA) for the logarithms of the MT standard
concentrations was -0.99, the range of standard
MT levels was from 10 to 200 ng/well, and the
coefficients of intra-assay and interassay varia-
tions were 5.04% (n = 8) and 15.05% (n = 7),
respectively.  In addition, the MT contents of the 3
tissues were measured by this ELISA system by
confirming the parallel curves of the MT standard
and serial dilutions (1x, 2x, and 4x) of MT extract-
ed from gills, intestines, and liver, and the anti-rab-
bit MT antiserum was confirmed with Western blot
analysis (Wu 2001).

Measurement of copper

Tissues were washed in fresh water 3 times
and briefly rinsed in double-deionized water
(ddH2O); water left on the tissue surface was blot-
ted dry with filter paper.  Tissues were dried at
65°C overnight and digested with 200 µl 13.1 N
HNO3 at 40°C overnight.  The digested solutions
as well as water samples from the incubation
media were diluted with ddH2O and subjected to
atomic absorption spectrophotometry (Z-5000,
Hitachi, Japan), using a graphite furnace for Cu2+

analysis. Cu standard solutions from Merck
(Darmstadt, Germany) were used as a reference.
The addition of certain amounts of standard solu-
tions to the test samples was used to correct the
matrix effect (according to the User Instructions of
the Hitachi spectrophotometer).

Culture and wash media

The culture medium contained 0.16 g CuSO4
(Sigma, St. Louis, MO, USA) dissolved in 10 ml of
ddH2O to prepare the 10 mM Cu2+ stock solution;
10 mg hydrocortisone-21 Hemisuccinate (Sigma)
was dissolved in 1 ml ddH2O to prepare the stock
solution, and both were stored at -20°C until the
start of the experiment.  Leibovitz-15 (L15) medi-
um was supplemented with glutamine (Gibco,
Grand Island, USA) containing 100 IU penicillin,
100 IU streptomycin, and 2.5 µg amphotericin B
(ICN Biomedicals, USA) in sterile 24-well culture
dishes.  Washed media contained 200 IU peni-
cillin, 200 IU streptomycin, and 5 µg amphotericin
B in 1 mL 0.01M PB buffer (2.6 mM KCl, 1.5 mM
KH2PO4, 137 mM NaCl, and 8 mM Na2HPO4-
2H2O, dissolved in 100 mL ddH2O).

Organ culture

Preparation of gill filaments for organ culture
followed methods similar to those in McCormick
and Bern (1989).  The liver was cut into 1 mm3

pieces, and the middle of the intestines was cut
into 4 mm3 fragments.  These tissues were
washed 3 times with wash medium, and then 4 gill
filaments, 5 pieces of hepatic tissue, or 1 fragment
of the intestines were placed in 2 ml culture medi-
um.  The Cu 96-h LC50 values of blue tilapia
(Oreochromis aureus) are 16-43 mg/l (Straus
2003).  A previous study reported that 50-250
mg/kg of cortisol and 300 µg/l of Cd significantly
enhanced MT synthesis in tilapia (Wu et al. 2002),
and 100 µM Cu was used to induce MT expression
in the hepatocyte primary culture of rainbow trout
(Olsson et al. 1990).  Cortisol was added to the
incubation media in order to enhance the Cu-
induced MT expression.  Based on these previous
studies, 0-200 µM Cu2+ (equivalent to 0-12.7 mg/l)
and 0-300 ng/ml cortisol were used in the following
experiments.

Experiment 1.  Time dependence of MT expres-
sion

Organs were incubated at 28°C for 24, 48,
72, and 96 h in culture medium containing 100 µM
CuSO4 and 100 ng/ml cortisol.  Tissues were col-
lected and stored at -80°C, and MT levels were
measured by ELISA immediately after the end of
the test.
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Experiment 2.  Dose response of cortisol and
CuSO4 for inducing MT

Organs were incubated at 28°C for 72 h in
culture medium containing 100 µM CuSO4 (con-
trol) or culture medium containing 100 µM CuSO4
with 50, 150, and 300 ng/ml cortisol to detect the
dose response of cortisol-induced MT.  In the
same culture conditions, the culture medium con-
tained 150 ng/ml cortisol or 0 (control), 50, 100,
and 200 µM CuSO4 to detect the effect of the dose
response of CuSO4 -induced MT expression.

Experiment 3.  Comparison of Cu accumulation
among the 3 organs

Organs were incubated at 28°C for 72 h in
various culture media (L15, L15 with 100 µM
CuSO4 and 100 ng/ml cortisol, or L15 with 100 µM
CuSO4).  Organs were collected, and Cu accumu-
lation was measured by atomic absorption spec-
trophotometry.

Statistical analysis

Results were compared by a one-way or two-
way ANOVA followed by Tukey

,
s multiple compari-

son test at various concentrations or time courses
of the same organ culture.

RESULTS

Experiment 1. The MT contents of all three
of these tissues appeared to be time dependent
during the 24-72-h period for tissues cultured with
100 ng/ml cortisol and 100 µM CuSO4, but the MT
content decreased after 96 h.  The contents had
increased 3.21-, 1.63-, and 1.59-fold in the hepatic
tissue, gills, and intestines, respectively, after 72 h
of treatment (Fig. 1).

Experiment 2. Treatments with 50, 100, and
200 µM of CuSO4 caused 1.4-1.84-fold, 0.8-2.02-
fold, and 2.29-8.37-fold MT expression enhance-
ment in hepatic t issue, gil l  fragments, and
intestines, respectively (Table 1).  The MT contents
showed a dose-dependent response after various
cortisol treatments in the gills and intestines, but
this was not found in hepatic tissue (Table 2).  All
of the MT contents showed dose-dependent
responses whether the intestine culture was treat-
ed with cortisol or CuSO4.  The hepatic tissue and
intestines contained higher MT contents than the
gill filaments.  The MT contents exhibited a large

range of variation in the intestine culture with
150 ng/ml cortisol and 100 µM CuSO4, which
increased 2.07- and 5.23-fold in different experi-
ments (Tables 1, 2).

Experiment 3. The Cu2+ levels were 17.0,
3.0, and 0.7 µg/g (dry weight of tissue), in the
hepatic tissue, gill filaments, and intestines,
respectively, before culturing.  However, after treat-
ment with 100 µM CuSO4 and 150 ng/ml cortisol
for 72 h, levels increased 213.7-, 39.2-, and 150.9-
fold in the liver, gills and intestines, respectively.
The Cu contents of hepatic tissue were 31.3- and
35.4-fold higher than those of the gil ls and
intestines.  These three tissues didn't appear sig-
nificantly difference between tissues cultured in
L15 medium with cu and cortisol, and did in L15
medium only with cu (Table 3).

DISCUSSION

Much research has shown that the MT con-
tent appears to have time- and dose-dependent
responses in in vivo studies, but it always decreas-
es when the heavy metal treatment dose or time
exceeds the fish

,
s resistance, and similar effects

are not specifically limited to heavy metals.  In
tilapia larvae, the MT content decreased when fish
were exposed to Cu for over 72 h or over 200 µg/l
Cu2+ (Wu and Hwang 2003).  In turbot

Fig. 1 Comparison of the MT content (µg/mg protein) between
various culture times for the 3  organs treated with 100 ng/ml
cortisol and 100 µM CuSO4 for 24-96 h. Mean ± SD; different
superscripts indicate a significant difference among time cours-
es in the same organ (p < 0.05, ANOVA with Tukey

,
s compar-

isons).
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(Scophthalmus maximus), syntheses of MT mRNA
and MT were attained more quickly at 100 µg
Cd2+/kg; but at acute doses of > 200 µg/kg, MT
gene transcription and protein translation
appeared to progressively be reduced (George et
al. 1996a).  The relationship between MT mRNA
and protein expressions was only found after
exposure to low doses of cadmium in turbot (S.
maximus) (Georgy et al. 1996b).  All these results
imply that dose-related responses of MT expres-
sion only occur with doses of heavy metals that do
not cause detrimental effects to the physiological
functioning of the fish (Wu et al. 2000).  In fact,
correlations among MT expression, heavy metal
accumulation, and tolerance of fish to heavy met-
als are complicated, especially in in vivo systems.
It is interesting that similar changes appeared in
this in vitro study.  Levels of MT increased when
hepatic tissues were cultured with cortisol and
CuSO4 for 24-72 h, but they decreased after 96 h
of culture.  We suggest that cortisol and CuSO4
validly induced MT synthesis levels in the 3 organs
within 72 h in this in vitro study.  However, the MT
contents of all three of these organs showed differ-

ences in expression in the dose-response study to
CuSO4 and cortisol treatments.  The highest con-
tent of MT appeared in the liver after treatments
with CuSO4 and cortisol at various concentrations
(Tables 1, 2).

Cortisol is important for seawater adaptation
and Na+/K+-ATPase activity in gills and intestines.
Cortisol mediates the increase in intestinal fluid
absorption in Atlantic salmon during the parr-smolt
transformation (Veilette et al. 1995), and it is also
involved in carbohydrate metabolism in the liver
(Vijayan et al. 2003).  Therefore, liver, gills, and
intestines are all cortisol target organs.  Either min-
eralocorticoid-like receptor or glucocorticoid recep-
tor cDNA is cloned from the l iver and gil ls
(Greenwood et al. 2003), and the cortisol receptor
has been demonstrated in salmonid species by the
specific binding of radiolabeled cortisol in the
intestines (DiBattista et al. 1984).  Although glu-
cocorticoid response elements (GREs) have not
been identified in teleost MT promoter regions, it is
hypothesized that cortisol apparently indirectly
induces hepatic MT causing a redistribution of Zn
and Cu into hepatocytes which interact with tran-

Table 1. Comparison of the MT contents (ng/mg protein) among
the 3 organs treated with various doses of CuSO4 and 150 ng/ml
cortisol after 72 h

Organ Treatment concentration of CuSO4 (µM)

0 50 100 200 

Liver 1312 ± 194a 1846 ± 331ab 2425 ± 254b 2423 ± 344b

Gills 504 ± 101a 404 ± 30a 373 ± 45a 1018 ± 115b

Intestine 551 ± 102a 1262 ± 285ab 2882 ± 240bc 4617 ± 1125c

Data showed Mean ± SE. a,b,cDifferent superscripts indicate a significant difference
among treatment doses of CuSO4 in the same organ culture (p < 0.05, ANOVA with
Tukey

,
s comparisons).

Table 2. Comparison of the MT contents (ng/mg protein) among
the 3 organs treated with various doses of cortisol and 100 µM
CuSO4 after 72 h

Organ Cortisol (ng/ml)

0 50 100 200 

Liver 4128 ± 173a 2653 ± 1224ab 1987 ± 105b 2453 ± 212ab

Gills 142 ± 2a 141 ± 54a 461 ± 44b 226 ± 45a

Intestine 155 ± 69a 263 ± 94ab 320 ± 9b 740 ± 38c

Data showed Mean ± SE. a,b,cDifferent superscripts indicate a significant difference
among treatment doses of cortisol in the same organ culture (p < 0.05, ANOVA with
Tukey

,
s comparisons).
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scription factors and bind metal response elements
(MREs) on the MT promoter (Olsson 1993).  In
fact, many reports have provided evidence that MT
is enhanced by cortisol treatment.  For example,
pretreatment with cortisol was found to enhance
the induction of MT in primary culture of rainbow
trout hepatocytes (Hyllner et al. 1989, Olsson et al.
1990).  Treatment of adult tilapia with 250 mg/kg
cortisol followed by Cd2+ exposure significantly
stimulated the expression of MT (Wu et al. 2002).
Therefore, it was predicted that cortisol would have
actions in these 3 organs, and the culture media
containing cortisol and copper sulfate.

In a review of previous studies, the order of
Cu accumulation in the marine gulf toadfish
(Opsanus beta) exposed to 55.2 µM Cu2+ for 30 h
was bile > liver > intestines > gills > kidneys
(Grosell et al. 2004).  Common carp (C. carpio)
were exposed to various concentrations of Cd and
Zn for 29 d.  Control levels of hepatic MT were 4
times higher compared to those of the gills and
kidneys, but Cd accumulation was in the order of
kidneys > liver > gills (De Smet et al. 2001).  The
exposure of red sea bream (Pagrus major) to Cd2+

resulted in the highest accumulation in the liver,
followed in descending order by the kidneys,
intestines, and gills.  However, the highest propor-
tion of MT appeared in the intestines (Kuroshima
1992).  Many inconsistent results indeed appeared
in past papers, which were in vivo studies.  In the
present study, 3 organs were incubated in different
culture media for 72 h, and then their Cu accumu-
lations were compared.  This resulted in the high-
est accumulation in the liver, followed by the
intestines and gills.  This differed from an in vivo
Cd2+ study (Wu 2001).  In addition, by comparing

tables 1-3, some information is revealed.  The 3
organs were incubated for 72 h after being cul-
tured with CuSO4 and cortisol.  The highest Cu
accumulation was shown in the liver instead of the
gills and intestines before culturing.  Even after Cu
incubation, the liver still contained the highest Cu
levels compared to the others.  These results
demonstrate that the liver is a major organ accu-
mulating heavy metals in native habitats and with
artificial treatments.  In addition, the Cu contents of
the liver did not show significant differences
between that incubated with L15 media (without
Cu2+) and before culturing (initiation).  In addition,
the Cu content did not show a significant differ-
ence between these 3 organs incubated in L15
with Cu and cortisol, but it did when incubated in
L15 with Cu only (Table 3).  We suggest that corti-
sol cannot enhance Cu uptake in this in vitro sys-
tem.  It is interesting to compare tables 1 and 2, in
which the MT expression of hepatic tissue was
3.1-fold higher with CuSO4 induction (0 ng/ml corti-
sol with 100 µM CuSO4) than with cortisol induc-
tion (0 µM CuSO4 with 150 ng/ml cortisol).
However, this circumstance was reversed in the
gills and intestines, in which MT expression in
organs after 150 ng/ml cortisol incubation was
higher than that in organs incubated with 100 µM
CuSO4.  We suggest that both Cu and cortisol are
important factors for MT induction, but copper is
more effective than cortisol.  This may be the rea-
son why cortisol did not exhibit a dose-responsive
effect on liver MT induction.  On the other hand, in
all doses of cortisol and Cu, MT expression in the
liver was always higher than those in the intestines
and gills, even though cortisol seemed to downreg-
ulate the MT content in the liver but to upregulate

Table 3. Comparison of Cu2+ accumulation (µg/g tissue dry weight) ab among
organs in the same culture medium after 72 h of culture, and xy between dif-
ferent culture media (L15, L15 with 100 µM Cu but no cortisol (F), and L15
with 100 µM Cu and 100 ng/ml F) or before culturing in the same organ.
Mean ± SD; different superscripts indicate a significant difference (p < 0.05,
two-way ANOVA)

Organ Before culture Culture medium

L15 L15+Cu L15+Cu+F

Gills 3.0* 17.3* 62.7 ± 13.8a 116.6 ± 21.9a

Intestines 0.7* 30.6 ± 8.4ax 219.4 ± 73.1ay 102.6 ± 24.8ay

Liver 17.0 ± 1.0x 111.3 ± 13.7bx 2125.5 ± 358.5by 3633.4 ± 651.9by

*The Cu content was too low to measure in gills or intestines, therefore tissues from 5 wells were
collected as 1 sample.
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MT contents in gills and intestines (Table 2).  We
suggest that levels of the glucocorticoid receptor
differed in these 3 organs because the glucocor-
ticoid receptor is more abundant in the liver
(Vijayan et al. 2003).  Furthermore, evident varia-
tions in MT expression were found in the intestines
between different experiments (Tables 1, 2).  This
may have been due to the unequal distribution of
MT synthetic cells in different parts of the intestine,
since only 3% of the total intestine was sampled
for the culture experiments.

In summary, the major findings of the present
study are that (1) the increase in MT synthesis fol-
lowing the dose response of cortisol and CuSO4
treatment only appeared in the intestines; (2) the
hepatic tissue showed the highest MT synthesis
and the highest Cu accumulation compared with
the intestines and gills, but it was limited by the
culture time and the substrate of the medium; and
(3) in this in vitro study, MT expression also
appeared to decrease after a longer Cu exposure,
which is similar to results of in vivo studies.

Acknowledgments: We thank Chiayi University
for their support of this study.  Thanks are extend-
ed to Dr. K. J. Jong who supplied a place to rear
the fish during this work.

REFERENCES

Berntssen MHG, O Aspholm, K Hylland, SE Wendelaar Bonga,
AK Lundebye.  2001.  Tissue metallothionein, apoptosis
and cell proliferation responses in Atlantic salmon (Salmo
salar L.) parr fed elevated dietary cadmium.  Comp.
Biochem. Physiol. 128C: 299-310.

Dang ZC, G Flik, B Ducouret, C Hogstrand, SE Wendelaar
Bonga, RAC Lock.  2000. Effects of copper on cortisol
receptor and metallothionein expression in gil l  of
Oncorhynchus mykiss.  Aquat. Toxicol. 51: 45-54.

De Boeck G, TT Huong Ngo, KV Campenhout, R Blust.  2003.
Differential metallothionein induction patterns in three
freshwater fish during sublethal copper exposure.  Aquat.
Toxicol. 65: 413-424.

De Smelt H, B De Wachter, R Lobinski, R Blust.  2001.
Dynamics of (Cd,Zn)-metallothioneins in gill, liver and kid-
ney of common carp Cyprinus carpio during cadmium
exposure.  Aquat. Toxicol. 52: 269-281.

Dethloff GM, HC Bailey, KJ Maier.  2001.  Effects of dissolved
copper on select hematological, biochemical and immuno-
logical parameters of wild rainbow trout (Oncorhynchus
mykiss).  Arch. Environ. Contam. Toxicol. 15: 303-310.

DiBattista JA, AZ Mehdi, T Sandor.  1984.  A detailed investiga-
tion of the cytoplasmic cortisol-binding receptor of North
American eel (Anguil la rostrate) t issues.  Can. J.
Biochem. Cell Biol. 62: 991-997.

Filipovic V, B Raspor.  2003.  Metallothionein and metal levels
in cytosol of liver, kidney and brain in relation to growth
parameters of Mullus surmuletus and Liza aurata from the

eastern Adriatic Sea.  Water Res. 37: 3253-3262.
George SG.  1989.  Cadmium effects on plaice liver xenobiotic

and metal detoxification systems dose-response.  Aquat.
Toxicol. 15: 303-310.

George SG, PA Hodgson, P Tytler, K Todd.  1996a.  Inducibility
of metallothionein mRNA expression and cadmium toler-
ance in larvae of a marine teleost, the turbot
(Scophthalmus maximus).  Fund. Appl. Toxicol. 33: 91-99.

George SG, PE Olsson.  1994.  Metallothioneins as indicators
of trace metal pollution.  In KJM Kramer, ed.  Biological
monitoring of coastal waters and estuaries.  Boca Raton,
FL: CRC Press, pp. 151-178.

George SG, K Todd, J Wright.  1996b.  Regulation of metalloth-
ionein in teleosts: induction of MT mRNA and protein by
cadmium in hepatic and extra-hepatic tissues of a marine
flatfish, the turbot (Scophthalmus maximus).  Comp.
Biochem. Physiol. 113C: 109-115.

George S, J Wright, E Carpene, M Kindt.  2000.  Kinetics and
magnitude of metallothionein induction by Cd, Cu, Hg and
Zn in European flounder-calibration for environmental
monitoring.  Abstract. Mar. Environ. Res. 50: 433-434.

Greenwood AK, PC Butler, RB White, U De Marco, D Pearch,
RD Fernald.  2003.  Multiple corticosteroid receptors in a
teleost fish: distinct sequences, expression patterns, and
transcriptional activities.  Endocrinology 144: 1226-4236.

Grosell M, MD McDonald, PJ Walsh, CM Wood.  2004.  Effects
of prolonged copper exposure in the marine gulf toadfish
(Opsanus beta) II: copper accumulation, drinking rate and
Na+/K+-ATPase activity in osmoregulatory tissues.
Aquat. Toxicol. 68: 263-275.

Hyllner SJ, T Andersson, C Haux, PE Olsson.  1989.  Cortisol
induction of metallothionein in primary culture of rainbow
trout hepatocytes.  J. Cell. Physiol. 139: 24-28.

Kägi JHR, A Schaffer.  1988.  Biochemistry of metallothionein.
Biochemistry 27: 8509-8515.

Kuroshima R.  1992.  Comparison of cadmium accumulation in
tissues between carp Cyprinus carpio and red sea bream
Pagrus major.  Nippon Suisan Gakkaishi 58: 1237-1242.

Lam KL, PW Ko, JKY Wong, KM Chan.  1998.  Metal toxicity
and metallothionein gene expression studies in common
carp and tilapia.  Mar. Environ. Res. 46: 563-566.

Livingstone DR.  1993.  Biotechnology and pollution monitoring:
use of molecular biomarkers in the aquatic environment.
J. Chem Technol. Biotechnol. 57: 195-211.

Marr JCA, HL Bergman, J Lipton, C Hogstrand.  1995.
Differences in relative sensitive of naive and metals-accu-
mulated brown and rainbow trout exposed to metals rep-
resentative of the Clark Fork River, Montana.  Can. J.
Fish. Aquat. Sci. 52: 2016-2030.

McCormick SD, HA Bern.  1989.  In vitro stimulation of Na+-K+
-ATPase activity and oubain binding by cortisol in coho
salmon gill.  Am. J. Physiol. 256: R707-R715.

Moffatt P, F Denizeau.  1997.  Metallothionein in physiological
and physiopathological processes.  Drug Metab. Rev. 29:
261-307.

Olsson PE.  1996.  Metallothionein in fish: induction and use in
environmental monitoring.  In EW Taylor, ed.  Toxicological
aquatic pollution: physiological, molecular and cellular
approaches.  Cambridge, UK: Cambridge Univ. Press, pp.
187-203.

Olsson PE, SJ Hyllner, M Zafarullah, T Andersson, L Gedamu.
1990.  Differences in metallothionein gene expression in
primary cultures of rainbow trout hepatocytes and the
RTH-149 cell line.  Biochim. Biophys. Acta 1049: 78-82.

Saito S, Y Kojima.  1997.  Differential role of metallothionein on



Zoological Studies 45(3): 363-370 (2006)370

Zn, Cd and Cu accumulation in hepatic cytosol of rats.
Cell Mol. Life Sci. 53: 267-270.

Schlenk D, KB Daris, BR Griffin.  1999.  Relationship between
expression of hepatic metallothionein and sublethal stress
in channel catfish following acute exposure to copper sul-
phate.  Aquaculture 177: 367-379.

Straus DL.  2003.  The acute toxicity of copper to blue tilapia in
dilutions of settled pond water.  Aquaculture 219: 233-
240.

Veillette PA, K Sundell, JL Specker.  1995.  Cortisol mediates
the increase in intestinal fluid absorption in Atlantic
salmon during parr-smolt transformation.  Gen. Comp.
Endocrinol. 97: 250-258.

Vijayan MM, S Rapits, R Sathiyaa. 2003.  Cortisol treatment
affects glucocorticoid receptor and glucocorticoid-respon-
sive genes in the liver of rainbow trout.  Gen. Comp.
Endocrinol. 132: 256-263.

Vylitova M, I Miksik, J Pacha.  1998.  Metabolism of corticos-
terone in mammalian and avian intestine.  Gen. Comp.
Endocrinol. 109: 315-324.

Wu SM.  2001.  The effect of ambient cadmium on the accumu-
lation cadmium and metallothionein in t i lapia

(Oreochromis mossambicus) tissues.  Biol. Sci. 44: 1-9.
(in Chinese)

Wu SM, YY Chou, AN Deng.  2002.  Effects of exogenous of
cortisol and progesterone on metallothionein expression
and tolerance to waterborne cadmium in t i lapia
(Oreochromis mossambicus).  Zool. Stud. 41: 111-118.

Wu SM, PP Hwang.  2003.  Copper or cadmium pretreatment
increases the protection against cadmium toxicity in tilapia
larvae (Oreochromis mossambicus).  Zool. Stud. 42: 179-
185.

Wu SM, CF Weng, JC Hwang, CJ Huang, PP Hwang.  2000.
Metallothionein induction in early larval stages of tilapia
(Oreochromis mossambicus).  Physiol. Biochem. Zool.
73: 531-537.

Wu SM, CF Weng, MJ Yu, CC Lin, ST Chen, JC Hwang, PP
Hwang.  1999.  Cadmium-inducible metallothionein in
tilapia (Oreochromis mossambicus).  Bull. Environ.
Contam. Toxicol. 62: 758-768.

Zhang YS, D Schlenk. 1995.  Induction and characterization of
hepatic metallothionein expression from cadmium induced
channel catfish (Ictaleurus punctatus).  Environ. Toxicol.
Chem. 14: 1425-1431.


