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Cadmium (Cd2+), a highly toxic metal, is pre-
sent throughout the environment and accumulates
primarily in liver and kidney of mammals through
the food chain.  Acute exposure to cadmium
results in toxic lesions in the liver, kidney, lung,
gastrointestinal tract, central nervous system,
ovaries, placenta, and testes (Friberg et al. 1986,
Waalkes et al. 1991, Goering et al. 1994).
Cadmium is also an important xenobiotic, non-
degradable cumulative pollutant in aquatic ecosys-
tems, and freshwater fish are particularly vulnera-
ble to cadmium exposure (Sorensen 1991).  With
regard to the toxic effects of metals on aquatic
organisms, much research focused on the LC50 or
LT50 of toxic metals, and some studies also report-
ed the impacts of toxic metals on physiological

performances of fish (Heath 1995).  Cadmium and
zinc inhibit calcium channels of the myocardium
and affect the function of the heart (Tort and
Madsen 1991).  Cadmium, lead, and mercury
cause anemia in fish (Fletcher and White 1986,
Tewari et al. 1987, Houston et al. 1993).  Heavy
metals produce adverse effects by causing
osmoregulatory stress in fish (Reid and McDonal
1988, Pratap et al. 1989).

Metallothionein (MT) is a low-molecular-
weight protein that binds to heavy metals such as
cadmium, mercury, zinc, and copper with high affin-
ity.  Therefore, MT has been considered an impor-
tant factor in the detoxification of heavy metals.  In
addition, MT is a multi-regulated protein in mam-
mals (Kagi and Kojima 1987), and a variety of hor-
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mones and factors may induce its expression in tis-
sue.  Moreover, a number of stressors are also
known to induce rat liver MT (Hidalgo et al. 1986).

The plasma corticosteroid level is generally
used as an indicator to determine the magnitude of
stress responses in vertebrates, including fish
(Mazeaud and Mazeaud 1981, Donaldson et al.
1984).  The major corticosteroid is cortisol, which
has mineralocorticoid as well as glucocorticoid
properties (Donaldson 1981).  Cortisol levels
increased after challenges of salinity, anesthesia,
handling stress, and high living density (Barton et
al. 1985, Krieger et al. 1989, Vijayan et al. 1989,
Avella et al. 1991, Fevolden et al. 1991, Barton and
Eitzow 1992, Belloso et al. 1996, Tort et al. 1996).
Furthermore, plasma cortisol levels increased sig-
nificantly after both stress and cadmium or copper
exposure in rainbow trout (Gill et al. 1993, Tort et
al. 1996, Dethloff et al. 1999).  Therefore, cortisol
levels have been considered an indicator of a pri-
mary stress response.  To sum up, both MT and
cortisol contents are indicators for monitoring the
impacts of heavy metals (Dunn et al. 1987, Belloso
et al. 1996, Hamza-Chaffai et al. 1997).

In mammals, mutation and deletion analyses
have revealed the presence of short DNA seg-
ments in the MT gene promoter (MRE, metal regu-
latory element; GRE, glucocorticoid-responsive
element), which is essential for metal-induced and
glucocorticoid-responsive MT transcription (Carter
et al. 1984, Karin et al. 1984, Stuart et al. 1984).
Certain heavy metals and corticosterone have
been identified as factors responsible for the
induction of hepatic MT in mice and rats (Quaife et
al. 1986, Hidalgo et al. 1994, Sato et al. 1996).
Pretreatment with progesterone, a precursor for
the major glucocorticoids, followed by cadmium
exposure caused a marked 16-fold induction in MT
synthesis in rat liver cells (Shimada et al. 1997).
However, there were inconsistent results in in vivo
systems.  Shiraishi et al. (1993) did not find an
effect of progesterone pretreatment on the cadmi-
um-induced increase in hepatic or renal MT, or
hepatic or testicular MT mRNA levels in the rat.
These results indicate that control by glucocorti-
coid of MT expression and their relationships with
waterborne cadmium are not yet clear in vivo.

Fish are not only a major ecosystem compo-
nent but also an important food resource; therefore
it is important to study the physiological mecha-
nisms in response to the stressor, waterborne cad-
mium.  In teleosts, induction of MT synthesis in
response to heavy metals has also been reported
(Olsson and Haux 1985, Hamilton and Mehrle

1986).  Pretreatment with cortisol was found to
enhance the induction of MT in primary culture of
rainbow trout hepatocytes (Hyllner et al. 1989).
However, there were no data examining the
involvement of glucocorticoids in cadmium-induced
MT expression in in vivo systems.  The purpose of
the present work was to study this situation in fish.

Based on previous studies (as described
above) for in vitro systems, we propose a hypothe-
sis for fish to demonstrate the involvement of glu-
cocorticoid in MT expression and metal detoxifica-
tion in in vivo systems.  Pretreatment with cortisol
and progesterone may induce the expression of
MT and consequently enhance the tolerance to
cadmium toxicity.  Tilapia (Oreochromis mossam-
bicus), a model species for fish physiological and
toxicological studies, was used to test this hypothe-
sis. Effects of treatments of progesterone and cor-
tisol on MT protein expression were examined in
tilapia, and mortalities were compared after the
fish were exposed to waterborne cadmium.

MATERIALS AND METHODS

Fish

Mature adult tilapia (Oreochromis mossambi-
cus) from the Tainan Branch of the Taiwan
Fisheries Research Institute were reared in 182-L
glass aquaria using plastic chips for substrate.
Each tank was supplied with dechlorinated, circu-
lated, and aerated local tap water (FW) at 26-28 ˚C
under a photoperiod of 12-14 h.  Fish were fed
commercial fish food pellets.  Larvae from the
same brood were incubated under the same con-
ditions as above.  Two different sizes of tilapia
were used in the present study; adult tilapia at 4-5
cm in total length and 5.0-6.0 g in body weight
were used in experiment 1, while larval tilapia at
0.5-0.7 cm in total length and 0.012-0.017 g in
body weight were used for experiment 2.
Experiment 1 was conducted from Nov. to the fol-
lowing Jan., while experiment 2 was conducted
from May to July.  Water temperature was main-
tained at 26-28 ˚C throughout the experiments.

Artificial feed containing glucocorticoids

Cortisol (hydrocortisone) and progesterone
(Sigma, St. Louis, Mo, USA) were mixed with artificial
dried feed (Tung-Pao, Tainan, Taiwan), which was
stored at -20 ˚C until administration.  Four doses of 0
(control), 50 (low dose), 125 (medium dose) and 250
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mg/kg body weight (high dose) of both cortisol and
progesterone were used in the following experiments.

Measurement of MT content

Fifteen to 20 larvae as a pooled sample or liv-
ers of adult fish were collected for MT ELISA
(enzyme-linked immunosorbent assay).  Fish were
anesthetized with MS222 after sampling.  Soluble
extracts of larvae and liver were prepared by
homogenizing the entire larvae or tissue with
homogenization buffer (10 mM Tris-HCl, with 5
mM 2-mercaptoethanol,  pH 7.0) in a 1:2.5-3.0
(w/v) mixture using a plastic 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 cen-
trifuged again at 12 000 xg for 40 min at 4 ˚C; the
final supernatants were subjected to MT ELISA.

ELISA for MT 

ELISA for MT was as described by Wu et al.
(2000).  Briefly, a synthetic peptide from the N-ter-
minal of tilapia MT (Wu et al. 1999) was coated in
a microtiter plate (96 wells).  Rabbit anti-tilapia MT
IgG (Wu et al. 2000; diluted 1: 2000) and tissue
extract or standard solution were mixed and incu-
bated for 1.5 h at 37 ˚C.  After washing 3 times,

HRP (peroxidase-labeled goat anti-rabbit IgG,
diluted 1:4000) was added as the secondary anti-
body.  After 3 washes, ABTS peroxidase substrate
(KPL, Gaitherburg, Md, USA) was added for color
development, and results were measured at 405
nm with an automatic micro titer plate ELISA read-
er (Dynex MRX, Chantilly, Va, USA). The displace-
ment curve for the serial dilutions of sample
extracts was parallel to that of the MT standard.
The line regression coefficient determined using
Microsoft Excel 97 SR-1 (1997; Microsoft, USA)
for the logarithms of MT standard concentrations
was -0.99, and the slope was -0.2.  The regression
coefficient for the serial dilutions of sample
homogenates was -0.94.  The coefficients of intra-
assay and inter-assay variations were 5.04% (n =
8) and 15.05% (n = 7), respectively.

Experiment 1

Adult tilapia were fed artificial feed mixed with
cortisol or progesterone at doses of 0 (control), 50,
125, and 250 mg/kg of body weight at a rate of
about 20% of body weight per day for 10 d.  At the
end of the rearing experiment, fish were treated
with 300 µg/l Cd2+ (CdCl

2
) FW for 48 h.  At the end

of the exposure experiment, mortality was exam-
ined, and livers of fish were collected for the mea-
surement of MT content. 
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Fig. 1. Changes in mortality of tilapia adults after Cd2+ challenge (300 µg/l for 48 h).  Tilapia were pretreated with 50, 125, or 250 mg/kg
of cortisol or progesterone for 10 d and then were exposed to 300 µg/l Cd2+ for 48 h.  Data were compared with one-way ANOVA using
Dunnett's test analysis.  *: Significant difference between the control and treatment groups at p < 0.05.
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Experiment 2

Tilapia larvae were administered cortisol or
progesterone and exposed to waterborne Cd2+ as
described in experiment 1.  At the end of the expo-
sure experiment, mortality was examined, and lar-
vae were collected for the measurement of whole-
body MT content.

RESULTS

Adult tilapia, administered cortisol or proges-
terone via feeding, showed better survival than did
the control group upon Cd2+ exposure (Fig. 1).
Compared with the control, MT contents in the
high- and medium-dose progesterone groups were
3.8-5.2 fold higher; moreover more MT (1.3-2.7
fold) was expressed in the progesterone groups
upon Cd2+ exposure (Table 1).  Only cortisol treat-
ment did not induce a significant increase in MT
expression, but high-dose cortisol showed an
additional effect (about 2.2 fold) of stimulating MT
expression upon Cd2+ exposure.  Regardless of
dose, both progesterone and cortisol pretreat-
ments significantly diminished the mortality in
tilapia after exposure to waterborne Cd2+ (Fig. 1).

Neither progesterone nor cortisol pretreatment
showed a significant effect on whole-body MT lev-
els in tilapia larvae.  Upon Cd2+ exposure, some lar-
vae increased their MT levels, but steroids showed
no additional effect on the stimulation of MT in lar-
vae (Table 2).  Similarly, neither progesterone nor
cortisol pretreatment enhanced the survival of lar-
vae exposed to waterborne Cd2+ (Fig. 2).

DISCUSSION

The present results support our hypothesis
that cortisol and progesterone are involved in the
Cd2+ detoxification mechanism via regulation of MT
expression. 

Mammalian MT genes have been revealed to
contain both a metal-responsive element and a
glucocorticoid-responsive element within the 5'-
flanking regions of MT genes (Stuart et al. 1985),
and MT expression was found to be regulated by
metals, glucocorticoid hormones, and lipopolysac-
charide-induced cytokines (Kelly et al. 1997).
However, very little is known about the regulatory
elements flanking MT genes in non-mammalian
vertebrates, such as fish.  Molecular approaches
were used to analyze the cDNA clones which
encode MTs for rainbow trout, pike, tilapia, and
stone loach, and the deduced primary structures
of the proteins were demonstrated to be highly
homologous (Bonham et al. 1987, Kille et al. 1993,
Chan 1994, Olsson et al. 1995).  Only very few
studies have discussed the hormone control of MT
synthesis in fish.  In the primary culture of rainbow
trout hepatocytes, an in vitro system, Hyllner et al.
(1989) determined MT by differential pulse
polarography, and found that MT was induced
about a 350% increase by treatments with cortisol
and zinc.  The present study using ELISA to detect
MT levels in tilapia fish, an in vivo system has
demonstrated the induction of MT by proges-
terone, cortisol, and Cd2+.  These findings provide
some clues to the presence of metal- and gluco-
corticoid-responsive elements in fish MT genes.
However, further molecular evidence is needed. 
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Table 1.  Effects of exogenous steroids for 10 d on MT protein expression (ng/mg pro-
tein) in the liver of adult tilapia exposed to Cd for 48 h (n = 5-8)

Environmental Cd (µg/l)

Steroid dose (mg/kg) 0 300

0 328±88 a 547±109 a*

Cortisol 50 210±43 a 585±250 a*  
125 141±34 a －

250 378±20 a 1175±204 b*

Progesterone 125 1710±609 b 2226±226 c

250 1300±200 b 3295±212 c*

a,b,c One-way ANOVA (Turkey's pairwise comparisons) analysis was run among different doses of steroids at
the same Cd treatment level; different superscripts indicate a significant difference (p < 0.05). 
* Significantly different (Student t-test, p < 0.05) from the 0 µg/l cadmium group for each concentration of
steroids. 
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Medium and high doses of progesterone
induced increases in liver MT, while cortisol did not
unless a fish was exposed to waterborne Cd2+, sug-
gesting that progesterone is more potent than corti-
sol in stimulating liver MT in tilapia.  Progesterone
is the precursor in the biogenesis of corticosterone,
estradiol, aldosterone, and cortisol, and the major
glucocorticoid hormones are cortisol and corticos-
terone.  Progesterone may induce the expression
of MT via the pathways of both cortisol and corti-
costerone.  Although data concerning the respons-
es of MT to steroids other than cortisol and proges-
terone are unavailable in the present study, it is
reasonable to consider the possibility that MT
might show different responses to these steroids.
In rainbow trout (Oncorhynchus mykiss), injection
of estradiol-17ß in combination with cadmium
resulted in inhibition of the transcription and trans-
lation of MT (Olsson et al. 1995).  In cultured glial
cells, metals plus corticosterone caused a signifi-
cant increase in MT-I levels (Hidalgo et al. 1994).

In the present study, both progesterone and
cortisol showed additional effects on the stimula-
tion of liver MT expression in tilapia upon Cd2+

exposure.  Additional interactions between gluco-
corticoids and metals affecting MT expression
have been reported in different species.  In TRL-
1215 rat liver cells, the effect of progesterone pre-
treatment (0, 1, and 10 µM) on cytotoxicity (per-
cent of control) and MT content was not dose

dependent after cells were exposed 10 µM of Cd2+.
However, progesterone (100 µM) pretreatment
alone increased MT levels 2.4 fold, while Cd2+ (10
µM) alone resulted in a 7-fold increase over the
control.  The combination of Cd2+ exposure and
progesterone pretreatment caused a marked, 16-
fold induction in MT synthesis (Shimada et al.
1997).  Hepatic MT levels increased more in rats
treated with interleukin-6 and zinc plus dexam-
ethasone than in rats treated with interleukin-6 and
zinc alone (Sato et al. 1996).  In the present study,
both progesterone and cortisol showed additional
effects on the stimulation of liver MT expression in
tilapia and also enhanced fish survival upon Cd2+

exposure.  This suggests that these steroids prob-
ably enhance the resistance to waterborne Cd2+ in
fish by regulating the expression of MT, which is
critical to the mechanism for metal detoxification
as reported in other animals (Shimada et al. 1997,
Hemandez et al. 2000). 

In the present study, the effects of cortisol and
progesterone on liver MT contents and on fish mor-
tality upon Cd2+ challenge were all positive but not
dose dependent.  Several possible reasons were
considered.  (1) Effects of steroid treatment via
feeding may not follow the concentrations in feed
because of variable uptake efficiencies among fish.
(2) The range of steroid levels (50-250 mg/kg) may
be too narrow to reveal a dose-dependent effect.
(3) In addition to the induction of MT, some other
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Fig. 2. Changes in mortality of tilapia larvae after Cd2+ challenge (300 µg/l for 48 h).  Tilapia larvae were pretreated with 50, 125, or 250
mg/kg of cortisol or progesterone for 10 d and then were exposed to 300 µg/l Cd2+ for 48 h.  No significant difference was found
between the control and treatment groups.
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mechanisms (see below) may also contribute to
fish tolerance to Cd2+ toxicity.  It was noted that cor-
tisol pretreatment alone did not stimulate MT syn-
thesis, but diminished fish mortality during subse-
quent exposure to Cd2+ in the present study.  This
is probably because of the effect of cortisol on Cd2+

uptake in fish.  Hypocalcaemia after Cd2+ exposure
is an important symptom of Cd2+ toxicity, because
Cd2+ competes with Ca2+ for the pathways of Ca2+

uptake (Heath 1995, Hwang et al. 1995, Cheng et
al. 1997 1998, Hwang and Yang 1997).  In a trans-
genic strain of worm (Caenorhabditis elegans) car-
rying a stress-inducible lacZ reporter gene, the
transgene response to Cd2+ was strongly inhibited
by Ca2+ ions, and Ca2+ reduced the net accumula-
tion of Cd2+ (Guven et al. 1995).  Freshwater trout
injected with cortisol showed increased Ca2+

uptake, activity of Ca2+-ATPase, and activation of
chloride cell in gills (Flik and Perry 1989).  Taking
all these findings together into account, exogenous
cortisol in doses, which can not stimulate MT syn-
thesis may increase Ca2+ uptake in tilapia, and con-
sequently improve the survival upon subsequent
exposure to Cd2+. 

In the present study, neither progesterone nor
cortisol pretreatment caused a significant effect on
whole-body MT content or survival in tilapia larvae
following Cd2+ exposure.  In our previous studies
(Hwang and Wu 1993, Lin et al. 1999), administra-
tion of cortisol reduced the cumulative mortality
and diminished the degree of increase in body Na+

content in tilapia larvae after transfer to sea water.
However, cortisol did not cause a significant effect
on the ouabain binding of yolk-sac epithelia of lar-
vae even 12 h after the transfer, which differs from

what has been reported for adult fish (Lin et al.
1999).  Taking all these into consideration, two
possibilities are proposed.  (1) Cortisol may be
involved in some physiological mechanisms (such
as osmo- and ion- regulation) via other pathways
different from those in adult fish.  (2) Pathways for
cortisol control in some mechanisms (such as
metal detoxification) may be under or poorly deve-
loped in larval stages.  These remain to be studied
further.  However, the present results on fish lar-
vae provide additional data to support our previous
hypothesis.  In the presence of adverse environ-
mental factors, developing fish larvae may
respond via other pathways or mechanisms which
differ from those in adults, probably because of dif-
ferent physiological demands during development
(Hwang et al. 1996, Hwang and Young 1997,
Cheng et al. 1998, Lin et al. 2001).

Acknowledgments: The National Science
Council (NSC89-2313-B-021) financially supported
this study.  Thanks are extended to Dr. Pung-Pung
Hwang, Institute of Zoology, Academia Sinica, for
his critical discussion and helpful suggestions dur-
ing this work.

REFERENCES

Avella M, CB Schreck, P Prunet. 1991.  Plasma prolactin and
cortisol concentration of stressed coho salmon,
(Oncorhynchus kisutch) in freshwater or salt water.  Gen.
Comp. Endocr. 81: 21-27.

Barton BA, RE Eitzow. 1992.  Physiological stress responses of
walleye (Stizostedion vitreum) to handling and their
recovery in saline versus fresh water.  Gen. Comp.

116

Table 2.  Effects of exogenous steroids for 10 d on MT protein expression (ng/mg pro-
tein) in larval tilapia exposed to Cd for 48 h (n = 5-8)

Environmental Cd (µg/l)

Steroid dose (mg/kg) 0 300

0 204±50 303±73 a*

Cortisol 50 110±30 a 340±98 a*
125 123±17 a 255±50 a*
250 272 165±15 a

Progesterone 50 285±60 a 349.9±134.9 a

125 223±39 a 410±58 a*
250 158±1 a 370±70 a*

a,b,c One-way ANOVA (Turkey's pairwise comparisons) analysis was run among different doses of steroids
at the same Cd treatment level; different superscripts indicate a significant difference (p < 0.05).  
* Significantly different (Student t-test, p < 0.05) from the 0 µg/L Cd group for each concentration of steroids.



Wu et al. - Steroid Hormone and MT in Fish

Endocr. 92: 35-36.
Barton BA, CB Schreck, RD Ewing, AR Hemningsen, R Patino.

1985.  Change in plasma cortisol during stress and
smoltification in coho salmon, Oncorhynchus kisutch.
Gen. Comp. Endocr. 59: 468-471.

Belloso E, J Hernandoz, M Giralt, P Kille, J Hidalgo. 1996.
Effect of stress on mouse and rat brain metallothionein I
and III mRNA levels.  Neuroly. Endocrinol. 64: 430-439.

Bonham K, M Zafarullah, L Gedamu. 1987.  The rainbow trout
metallothioneins: molecular cloning and characterization
of two distinct cDNA sequences.  DNA 6: 519-528.

Carter AD, BK Felber, MJ Walling, MF Jubier, CJ Schmidt, DH
Hamer. 1984. Duplicated heavy metal control sequences
of the mouse metallothionein-I gene.  Proc. Natl. Acad.
Sci. USA 81: 7392-7396.

Chan KM. 1994.  PCR-cloning of goldfish and tilapia metalloth-
ionein complementary DNAs.  Biochem. Bioph. Res. Co.
205: 368-374

Chang MH, HC Lin, PP Hwang. 1997.  Effects of cadmium on
the kinetics of calcium uptake in developing tilapia larvae,
Oreochromis mossambicus.  Fish Physiol. Biochem. 16:
459-470.

Chang MH, HC Lin, PP Hwang. 1998.  Ca2+ uptake and Cd2+

accumulation in larval tilapia (Oreochromis mossambicus)
acclimated to waterborne Cd2+.  Am. J. Physiol. 274:
R1570-R1577.

Dethloff GM, S Daniel, TH Jonathan, CB Howard. 1999.
Alterations in physiological parameters of rainbow trout
(Oncorhynchus mykiss) with exposure to copper and cop-
per/zinc mixtures.  Ecotox. Environ. Safe. 42: 253-264.

Donaldson EM. 1981.  The pituitary-interrenal axis as an indi-
cator of stress in fish.  In AD Pickering, ed.  Stress and
fish.  New York: Academic Press, pp. 11-47.

Donaldson EM, UHM Fragerlund, JR McBride. 1984.  Aspects
of the endocrine stress response to pollutants in
salmonids.  In VW Cairns, PV Hodson, J Wiley, JO
Nriagu, eds.  Contaminant effects on fisheries.  New York:
Pablisher, pp. 213-220.

Dunn MA, JL Blalock, RJ Cousins. 1987.  Metallothionein.
Proc. Soc. Exp. Biol. Med. 185: 107-119.

Fevolden SE, T Refstie, KH Roed. 1991.  Selection for high
and low cortisol stress response in Atlantic salmon
(Salmon salar) and rainbow trout (Oncorhynchus mykiss).
Aquaculture 95: 53-65.

Fletcher T, A White. 1986.  Nephrotoxic and haematological
effects of mercuric chloride in the plaice (Pleuronectes
platessa).  Aquat. Toxicol. 8: 77-84.

Flik G, SF Perry. 1989.  Cortisol stimulates whole-body calcium
uptake and the branchial calcium pump in freshwater
rainbow trout.  J. Endocrinol. 120: 75-82.

Friberg L, CG Elinder, T Kjellstrom, GF Nordberg. 1986.
Cadmium and heath: a toxicological and epidemiological
appraisal: 2. Effects and response.  Boca Raton, FL: CRC
Press, pp. 257-287.

Gill TS, G Leitner, S Porta, A Epple. 1993.  Response of plasma
cortisol to environmental cadmium in the eel, Anguilla ros-
trata Lesueur.  Comp. Biochem. Phys. C 104: 489-495.

Goering PL, MP Waalkes, CD Klaassen. 1994.  Cadmium toxi-
city.  In RA Goyer, MG Cherian, eds.  Handbook of exper-
imental pharmacology; toxicology of metals, biochemical
effects.  New York: Springer-Verlag, pp.151-178. 

Guven K, AD Jennifer, DI de Pomerai. 1995.  Calcium modera-
tion of cadmium stress explored using a stress-inducible
transgenic strain of Caenorhabditis elegans. Comp.
Biochem. Phys. C 110: 61-70.

Hamilton SJ, PM Mehrle. 1986.  Metallothionein in fish: a
review of its importance in assessing stress from metal
contaminants. Trans.  Am. Fish. Soc. 115: 596-609.

Hamza-Chaffai A, C Amiard-Triquet, AH Abed.  1997.
Metallothionein-like protein: Is it an efficient biomarker of
metal contamination? A case study based on fish from
the Tunisian coast.  Arch. Environ. Con. Tox. 33: 53-62.

Heath AG. 1995.  Water and pollution and fish physiology.
Boca Raton, FL: CRC Press.  245 pp.

Hemandez J, J Carrasco, E Belloso, M Giralt, H Bluethmann,
DK Lee, GK Andrews, J Hidalgo. 2000.  Metallothionein
induction by restraint stress: role of glucocorticoids and
IL-6.  Cytokine 12: 791-796. 

Hidalgo J, A Armario, R Flos, JS Garvey. 1986.  Restraint
stress-induced changes in rat liver and serum metalloth-
ionein and zinc metabolism.  Experientia 42: 1006-1010. 

Hidalgo J, A Garcia, AM Oliva, M Giralt, T Gasull, B Gonzalez.
1994.  Effect of zinc, copper and glucocorticoids on met-
allothionein levels of cultured neurons and astrocytes
from rat brain.  Chem. Biol. Interac. 93: 197-219.

Houston A, S Blahut, A Murad, P Amikrtharaj. 1993.  Changes
in erythrocyte organization during prolonged cadmium
exposure: an indicator of heavy metal stress?  Can. J.
Fish. Aquat. Sci. 50: 217-224.

Hwang PP, SW Lin, HC Lin. 1995.  Different sensitivities to cad-
mium in tilapia larvae (Oreochromis mossambicus;
Teleostei).  Arch. Environ. Con. Tox. 29: 1-7.

Hwang PP, YC Tung, MH Chang. 1996.  Effect of environmen-
tal calcium levels on calcium uptake in tilapia larvae
(Oreochromis mossambicus).  Fish Physiol. Biochem. 15:
363-370.

Hwang PP, SM Wu. 1993.  Role of cortisol in hypo-osmoregula-
tion in larvae of the tilapia (Oreochromis mossambicus).
Gen. Comp. Endocr. 92: 318-324.

Hwang PP, CH Yang. 1997.  Modulation of calcium uptake in
cadmium-pretreated tilapia (Oreochromis mossambicus)
larvae.  Fish Physiol. Biochem. 16: 403-410.

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.

Kagi JHR, Y Kojima. 1987.  Metallothionein II, Experientia
Suppl.  Basel: Birkhauser.

Karin M, A Haslinger, H Holtgreve, RI Richards, P Krauter, HM
Westphal, M Beato. 1984.  Characterization of DNA
sequences through which cadmium and glucocorticoid
hormones induce the human metallothionein-II

A
gene.

Nature 308: 513-519.
Kelly EJ, EP Sandgren, RL Brinster, RD Palmiter. 1997.  A pair

of adjacent glucocorticoid response elements regulate
expression of two mouse metallothionein genes.  Proc.
Natl. Acad. Sci. USA 94: 10045-10050.

Kille P, J Kay, GE Sweeney. 1993.  Analysis of regulatory elements
flanking metallothionein genes in Cd-tolerant fish (pike and
stone loach).  Biochem. Biophys. Acta 1216: 55-64. 

Krieger A, MH Carolsfeld, J Delattre, PS Ceccarelli. 1989.
Determination of endocrine and metabolic indicators in
handling stress of young pacu Piaractus mesopotamicus.
Biol. Technol. Cepta. 2: 35-42.

Lin GR, CF Weng, JI Wang, PP Hwang. 1999.  Effects of corti-
sol on ion regulation in developing tilapia (Oreochromis
mossambicus) larvae on seawater adaptation.  Physiol.
Biochem. Zool. 72: 397-404.

Lin LY, CF Weng, PP Hwang. 2001.  Regulation of drinking rate
in euryhaline tilapia larvae (Oreochromis mossambicus)
during salinity challenges.  Physiol. Biochem. Zool. 74:

117



Zoological Studies 41(1): 111-118 (2002)

171-177.
Mazeaud MM, F Mazeaud. 1981.  Adrenergic responses to

stress in fish.  In AD Pickering, ed.  Stress and fish.  New
York: Academic Press, pp. 49-68.

Olsson PE, C Haux. 1985.  Rainbow trout metallothionein.
Inorg.  Chem. Acta 107: 67-71.

Olsson PE, P Kling, LJ Erkell, P Kille. 1995.  Structural and
functional analysis of rainbow trout (Oncorhyncus mykiss)
metallothionein-A gene.  Eur. J. Biochem. 230: 344-349.

Pratap HB, H Fu, RAC Lock, SE Wendelaar Bonga. 1989.  Effect
of waterborne and dietary cadmium on plasma ions of the
teleost Oreochromis mossambicus in relation to water cal-
cium levels.  Arch. Environ. Con. Tox. 18: 568-575.

Quaife C, RE Hammer, NK Mottet, RD Palmiter. 1986.
Glucocorticoid regulation of metallothionein during murine
development.  Dev. Biol. 118: 549-555.

Reid SD, G McDondald. 1988.  Effects of cadmium, copper,
and low pH on ion fluxes in the rainbow trout, Salmo
gairdneri.  Can. J. Fish. Aquat. Sci. 45: 244-253.

Sato M, J Yamaki, M Hamaya, H Hojo. 1996.  Synergistic
induction of metallothionein synthesis by interleukin-6,
dexamethasone and zinc in the rat.  Int. J.
Immunopharmacol. 18: 167-172.

Shimada HJ, F Hochadel, MP Waalkes. 1997.  Progesterone
pretreatment enhances cellular sensitivity to cadmium
despite a marked activation of the metallothionein gene.
Toxicol. Appl. Pharm. 142: 178-185.

Shiraishi N, RA Barter, H Uno, MP Waalkes. 1993.  Effect of
progesterone pretreatment on cadmium toxicity in the
male Fischer (F344/NCR) rat.  Toxicol. Appl. Pharm. 118:
113-118.

Sorensen EM. 1991. Cadmium. In Metal poisoning in fish.
Boca Raton, FL: CRC Press, pp. 175-234. 

Stuart GW, PF Searle, HY Chen, RL Brinster, RD Palmiter.
1984.  A 12-base-pair DNA motif that is repeated several

times in metallothionein gene promoters confers metal
regulation to a heterologous gene.  Proc. Natl. Acad. Sci.
USA 81: 7318-7322.

Stuart GW, PF Searle, RD Palmiter. 1985.  Identification of mul-
tiple metal regulatory elements in mouse metallothionein-
1 promoter by assaying synthetic sequences.  Nature
317: 828-831.

Tewari H, T Gill, J Pant. 1987.  Impact of chronic lead poison-
ing on the hematological and biochemical profiles of fish,
Barbus conchonius.  Bull. Environ. Contam. Toxicol. 38:
748-757.

Tort L, B Kargacin, P Torres, M Giralt, J Hidalgo. 1996.  The
effect of cadmium exposure and stress on plasma cortisol
metallothionein levels and oxidative status in rainbow
trout (Oncorhynchus mykiss) liver.  Comp. Biochem.
Phys. C 114: 29-34.

Tort L, L Madsen. 1991.  The effects of the heavy metals cad-
mium and zinc on the contraction of ventricular fibres in
fish.  Comp. Biochem. Phys. C 99: 353-358.

Vijayan MM, JF Leatherland. 1989.  High stocking density
affects cortisol secretion and tissue distribution in brook
charr Salvelinus fontinalis.  J. Endocrinol. 124: 311-318.

Waalkes MP, ZZ Wahba, RE Rodriguez. 1991.  Cadmium.  In
JB Sullivan, GR Krieger, eds.  Hazardous materials toxi-
cology.  Clinical principles of environmental health.
Baltimore, MD: Williams and Wilkins, pp. 845-852.

Wu SM, CF Weng, JC Hwang, CJ Hwang, PP Hwang. 2000.
Metallothionein induction in early 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.
Contamin. Toxicol. 62: 758-768.

118

本研究之目的為驗證假說：糖皮質激素會誘發吳郭魚金屬硫蛋白表現進而增加對水中鎘之耐性。

探討皮質醇與黃體酮前處理對吳郭魚 (Oreochromis mossambicus) 金屬硫蛋白表現及對鎘耐性之影響。

吳郭魚成魚（全長4-5 cm、體重5.0-6.0 g）或仔魚（全長0.5-0.7 cm、體重0.012-0.017 g），投餵以0（對照

組）、50（低劑量）、125（中劑量）和 250 mg/kg（高劑量）皮質醇與黃體酮10天。投餵實驗後，偵測成魚

肝臟或仔魚全魚之金屬硫蛋白含量及鎘處理後的死亡率。結果顯示投餵皮質醇與黃體酮可以增加吳郭

魚成魚在鎘水中之活存。中劑量及高劑量黃體酮具有提高吳郭魚成魚金屬硫蛋白表現之作用，而皮質

醇則作用不明。浸泡鎘後，高劑量皮質醇及中、高劑量的黃體酮都顯著地增加金屬硫蛋白之產生。然而

在仔魚有不同之結果，皮質醇與黃體酮前處理對仔魚鎘耐性或金屬硫蛋白誘導均無明顯之作用。我們

推論：類固醇激具有參與誘導吳郭魚成魚金屬硫蛋白合成與重金屬解毒之機制，但是此機制在仔魚尚

不明瞭。

關鍵詞：醣皮質固醇，金屬硫蛋白，鎘，耐受力，吳郭魚。
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