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Heavy metals have been shown to exert a wide range of effects on fishes, from
metabolic and physiological to behaviorad and ecologica (Forstner and Wittman,
1981). Cadmium is a heavy metal commonly used in ecotoxicological studies
because of its concentration arises in the environment due to industrial and
domestic sewage waste streams (Pickering et al. 1989). In fish, cadmium has
adverse effects growth and reproduction and causes osmoregulatory stress, and it
was shown to ater the structure and function of various organs, including liver
(Lemaire-Gony and Lemaire, 1992). Reports on the stress response of fish to
cadmium are scarce, and the available information is not consistent. Particularly,
the specific effects of cadmium on energy-producing metabolic pathways in fishes
have received little attention existing only a few studies describing changes in
plasma glucose or lactate levels (Thomas and Neff, 1985; Tort and Torres, 1988;
Pratap and Wendelaar-Bonga, 1990) but in none of them changes in the pathways
of carbohydrate metabolism were assessed. Therefore, the aim of the present study
was to characterize some of the effects of cadmium on several pathways of
carbohydrate metabolism in livers of Atlantic salmon.

MATERIALS AND METHODS

Immature parr Atlantic salmon (Salvo salar) of the srain Landcatch weighing
20.3 £ 0.7 g were obtained on May 1995 from a fish farm. Fish were acclimated,
14 fish per tank, for four weeks under laboratory conditions in 6 aquaria (200
litres) supplied with constantly running and aerated well water a 15 + 0.2 °C, 6.8

+ 0.02 pH, and under an artificial LD 12:12 regime (lights on at 08.00 h). The fish
were fed once daily in the morning (at 11.30 h) before the experiment with

commercial dry pellets (ration equivalent to 1.5% body wt. day-') and were food-
deprived during the experiment. The common water quality criteria were assessed
with no major changes being observed. To have enough tissue to anayse al the
parameters assessed in liver and in plasma, samples from two fish were pooled.
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After acclimatization, aguaria were randomly alocated to one of three treatment
groups: control, cadmium low dose (0.01 mg 1%), and cadmium high dose (0.1 mg
17) in which experimental fish were exposed during 8 h. Cadmium was
administered to the water in the aquaria from a stock solution of cadmium
chloride. After 8 hours of exposure fish were removed to tanks with clean water
and samplings were performed 24 h post-exposure. The control group, exposed
to clean water and removed after 8 h, was sampled along with the cadmium-
exposed fishes. On each sampling, al fish were removed quickly from the holding
aguaria with a dipnet and anesthesized with MS-222 (37.5 mg 1) buffered to pH
7.4 with sodium bicarbonate. The liver was quickly removed, weighed, frozen on
dry ice and stored at -80°C until further assay. Blood was obtained with
ammonium-heparinized syringes from the caudal peduncle. Plasma samples were
obtained after centrifugation of blood (10 min at 2000 x @), and were immediately
deproteinized (using 6% perchloric acid) and neutraized (using 1 mol.I" sodium
bicarbonate) before freezing them on dry ice and store at -80°C until further
assay.

Liver samples were homogenized using a Potter-Elvejhem teflon-in-glass
homogenizer held on ice with 10 vols of ice-cold stopping-buffer containing: 50
mmol.l*imidazole-HCI (pH 7.5) 15 mmol.I" 2-mercaptoethanol, 100 mmol.l*
KF, 5mmol.I"EDTA, 5 mmol.I"EGTA and 0.1 mmol.I" PMSF (added as dye
crystals immediately prior to homogenization). The homogenate was centrifuged
(2 min a 9000 x g) and the supernatant was used in enzyme assays. Aliquots of
the supernatant were deproteinized and neutralized to assay tissue glycogen using
the method of Keppler and Decker (1974). Glucose obtained after glycogen
breakdown and plasma glucose levels were determined with a glucose oxidase-
peroxidase method (Spinreact, Spain).

Reaction rates of liver enzymes were determined by increase or decrease in
absorbance of NADPH or NADH a 340 nm. The reactions were started by the
addition of homogenates (0.05 ml), at a preestablished protein concentration,
omitting the substrate in control cuvettes (final volume 1.1 ml), and alowing to
proceed a 20 °C at preestablished times. Protein was assayed per duplicate in
homogenates as detailed by Bradford (1976) using bovine seroalbumin (Sigma,
USA) as gtandard. The specific conditions for enzyme assays were as follows:

Glycogen phosphorylase (EC 2.4.1.1.; GPase) was assayed as described by Moon
et a. (1989) and Foster et al. (1993) with the following specific conditions: 50
mmol.l"* phosphate buffer (pH 7.0) 0.5 mmol.I" NADP, 5 pmol.|*glucose 1,6-
biphosphate, 2.5 mmol.I" AMP, excess phosphoglucomutase, excess glucose 6-
phosphate dehydrogenase, and 10 mg.ml*of glycogen (omitted for control).
GPase a activities were measured with 10 mmol.I" caffeine present, and total
GPase activities were estimated without caffeine.

Glycogen synthetase (EC 2.4.1.11.; GSase) was assayed through PK, as detailed
by Passonneau and Rottenberg (1973) and Foster et a. (1993). Specific assay
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conditions were: 50 mmol.lI" imidazole-HCI (pH 7.5) 150 mmol.I"KCI, 15
mmol.I"MgCl,5 mmol.I" PEP, 0.15 mmol.I" NADH, 2 mg.ml*glycogen,
excess pyruvate kinase, excess lactate dehydrogenase, and 6 mmol.I"UDP-
glucose (omitted for control). Total GSase activities were measured with 5 mmol.I
*glucose 6-phosphate (G6P) present, and GSase a activities were estimated in the
absence of G6P.

6-Phosphofructo 1-kinase (EC 2.7.1.11.; PFK) was assessed according to Moon
et a. (1989), and Su and Storey (1993), using 50 mmol.l*imidazole-HCI (PH
7.8), 175 mmol.I"KCI, 0.25 mmol.I*NADH, 2 mmol.I"ATP, 17.5 mmol.l"
MgCl,and excess adolase, triose phosphate isomerase and a-glycerol phosphate
dehydrogenase. Activities were determined at low (0.05 mmol.I") and high (2
mmol.l") fructose 6-phosphate (F 6P) concentrations (omitted for control). An
activity ratio was calculated in each tissue as the activity a low [F 6P)/high [F
6P]. Similarly, a fructose 2,6-bisphosphate (F 2,6-P,) activation ratio was
determined using low (1 pmol.I") and high (5 pmol.l") fructose 2,6-bisphosphate
concentrations, and 0.05 mmol.I"[F 6P].

Fructose 1,6-bisphosphatase (EC 3.1.3.11.; FBPase) was assessed mainly
following the method of Mommsen et a. (1980). Specific assay conditions were:
50 mmol.l"imidazole-HCl (pH 7.2) 0.4 mmol.I"NADP, 6 mmol.I"MgCl,and
excess phosphoglucose isomerase and glucose 6-phosphate dehydrogenase, and
0.03 mmol.I"fructose 1,6-bisphosphate (omitted for control).

The normal distribution of variables was tested using the Kolmogorov-Smirnov
test, and group variance homogeneity was assessed using the Cochrans C test.
Statistical differences were tested using a one-way analysis of variance, with
treatment (control, cadmium low and high doses) being the main factor. In those
cases where a significant effect was obtained in the anova, values were compared
using a Student-Newman-Keuls multiple range test.

RESULTS AND DISCUSSION

Cadmium was chosen to assess the effects of heavy metals on fish carbohydrate
metabolism because of its extensive appearance in the aguatic environment and the
availability of literature in its toxicity, chemistry and bioaccumulation during
continuous exposure (Handy, 1992). The liver was chosen to be assessed because
the concentration of cadmium in such tissue is known to remain high for severa
days post-exposure (Handy. 1992). Cadmium concentration in unpolluted waters
is around 0.036-0.06 pg cadmium.l™ (Gill et a. 1993), then we decided to study
the impact of those concentrations of cadmium suitable to induce acute effects in
fish metabolism. Thus, we used two experimental cadmium concentrations: low
(0.01 mg.l?) and high (0.1 mg."). Those doses were theoretically sublethal since
they were approximately 1/100"and 1/10"of the reported acute toxicity value
(LC,,) in samonids, which is around 1 mg.I* (Pickering et al. 1989). Accordingly,
no mortality was recorded in any group of cadmium-exposed Atlantic salmon in

627



Table 1. Effects of cadmium exposure on morphological parameters, liver glycogen and
protein levels, and plasma glucose and lactate levels in Atlantic salmon

Cadmium treatment

Parameter Control (7) low dose (7) high dose (4)
Body weight (g) 20.5 £1.19 199 * 1.31 20.8 + 1.56
Body length (cm) 12.8 £ 0.18 129 £ 0.22 12.9 £ 030
Liver weight (g) 0.16 = 0.01 0.15 + 0.02 0.16 + 0.01
Hepatosomatic index 0.79 = 0.05 0.79 + 0.07 0.83 + 0.09
Liver protein (mg.g" wet wt) 86.8 +3.8 935 4.9 103 £ 23
Liver glycogen (mg.g™ wet wt) 44.5 3.5 28.9 + 4.2* 124 £ 2.1* #
Plasma glucose (mg.100 ml™") 86.6 + 5.1 95.6 £ 3.5 120 + 13.7* #
Plasma lactate (umol.ml™) 337 £ 0.11 4.09 £ 0.07* 432 £ 0.11*

Experimental fish were exposed during 8 h to 0.01 mg cadmium.|* (low dose) or 0.1 mg
cadmium.|* (high dose).Data are shown as mean = SE.M. of (N) pools of two fish and were
analyzed by one-way ANOVA. *, significantly different (P<0.05) from the control fish. #,
significantly different (P<0.05) from the fish exposed to the low dose of cadmium

agreement with studies using similar doses in other fish species (Tort and Torres,
1988) indicating a clear sublethal effect of the two doses of cadmium used. No
significant changes were observed in the morphological parameters of the different
fish used in the study (Table 1). Also, no changes were observed in liver protein
levels (Table 1), which alowed us to express the data of enzyme activity in terms
of mg protein.

Stress in fish, including that due to toxicants, imposes a metabolic load that
consists in two components: an energy demand required to cope with the
disturbance and an energy cost to correct the accompanying hydromineral balance
(Barton and Iwama, 1991). Cortisol is known to increase in plasma after cadmium
exposure, with the levels remaining high during several days in species like striped
mullet (Thomas and Neff, 1985) rainbow trout Oncorhynchus mykiss (James and
Wigham, 1986) tilapia Oreochromis mossambicus (Pratap and Wendelaar-Bonga,
1990) and American eel Anguilla rostrata (Gill et al. 1993). It has been suggested
that this increased cortisol levels may function to sustain high levels of circulating
glucose after the initial catecholamine-induced increase in response to stressors
(Barton and Iwama, 1991; Gill and Epple, 1992). Thus, increased plasma glucose
and lactate levels were found in cadmium-exposed Atlantic salmon (Table 1),
which we may hypothesize are due to the effect of cortisol. These increased
plasma glucose and lactate levels are also in agreement with other studies
performed in dogfish Scyliorhinus canicula (Tort and Torres, 1988) while
increases in glucose have aso been found in striped mullet (Thomas and Neff,
1985) and tilapia (Pratap and Wendelaar-Bonga, 1990). However, in some cases,
no increases were found in plasma glucose levels after cadmium exposure such as
in American eel (Gill et a. 1993).
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Table 2. Effects of cadmium exposure on the activities of potential regulatory enzymes of glycogenolysis, glycogeness, glycolysis and gluconeogenesis
assayed in liver of Atlantic salmon.

Cadmium treatment

Parameter Contral (7) Low dose (7) High dose (4)
Glycogen phosphorylase

Total activity (U mg™ protein) 1.15 £ 0.10 0.93 + 0.09 094 + 0.01
%GPase a 552 %23 659 £2.1 * 759 £25 * #
Glycogen synthetase

Total activity (U mg™ protein) 0.23 + 0.01 0.26 + 0.02 0.16 + 0.01 * #
%GSase a 343 £ 08 245 09 * 21.7 £ 0.6 *
GSase a/GPase a activity ratio 0.13 £ 0.01 0.11 £ 0.01 * 0.09 £ 0.01 * #
6-phosphofructo 1-kinase

Optimal activity (U mg™ protein)  0.29 = 0.01 0.40 + 0.02 * 049 +0.04 * #
Activity ratio 0.15 £ 0.01 034 £ 0.04 * 0.40 + 0.01 *
F 2,6-P, activation ratio 0.36 * 0.07 0.42 = 0.03 0.45 + 0.03
Fructose 1,6—bisphosphatase 0.23 + 0.01 0.24 + 0.01 0.28 + 0.02

Experrmenta fish were exposed during 8 h to 0.01 mg cadmium.I” (low dose) or 0.1 mg cadmium.I” (high dose). Data are shown as mean + SE.M. of
(N) pools of two fish and were analyzed by one way ANOVA. *, significantly different (P<0.05) from the control fish. #, significantly different (P <0.05)
from the fish exposed to the low dose of cadmium.

One unit of enzyme activity is defined for glycogen phosphorylase as that which produces 1 umol NADPH min™, for glycogen synthetase as that which
utilizes 1umol NADH min™, for 6-phosphofructo I-kinase as that which utilizes 1 pmol fructose 6-phosphate min™, and for fructose 1,6-bisphosphatase
as that which utilizes 1 pmol fructose 1,6-bisphosphate min™.

% GPase a, percentage of total glycogen phosphorylase (a + b) in the active form (a).

% GSase a, percentage of total glycogen synthetase (a + b) in the active form ().

The activity ratio of 6-phosphofructo 1-kinase is defined as activity at low (0.05 mmol.I")/high (2 mmol.l™) substrate (fructose 6P) concentration.
Similarly, a fructose 2,6-bisphosphate activation ratio was determined using low (1 pmol.I™) and high (5 umol.I-1) fructose 2,6-bisphosphate
concentrations, and 0.05 mmol.I" fructose 6-phosphate concentrations.



The source for the increased glucose levels in plasma may be related to an
increased potential for glycogenolysis in liver. A clear fall was detected in liver
glycogen levels of cadmium-exposed Atlantic salmon (Table 1), which was dose-
dependent since the low glycogen levels were detected in those fish exposed to the
high cadmium concentration. Changes observed in the activity of the enzymes
involved in glycogen metabolism clearly correlated to changes in glycogen levels
in cadmium-exposed fish (Table 2). Thus, a dose-dependent increase in the %
GPase a as well as a dose-dependent decrease in the % GSase a were observed
suggesting an increased glycogenolytic potential in livers of cadmium-exposed
fish. The clear dose-dependent decrease in the GSase a/GPase a activation ratio
found in cadmium-exposed fish (Table 2) aso supports this contention since such
a decrease favours glycogen depletion. This increased glycogenolysis due to the
cadmium effect may be also related to the action of increased plasma cortisol
levels since this hormone is known to activate glycogenolysis in salmonid livers
(Vijayan and Moon, 1992).

Analyzing the effects of cadmium on liver glycolytic potentia there was observed
a clear increase in PFK activity not only considering the optimal activity but also
the activity ratio of the enzyme (Table 2) which means the existence of a less
phosphorylated enzyme and a subsequent more efficient catalysis at physiologica
concentrations of subdtrate, i.e. that the flux through glycolysis would be favoured.
An increased flux through glycolysis may be related to an increased energy
demand in liver. One of the possible uses for this energy would be the activation
of those metabolic pathways involved in detoxicant activities and/or the synthesis
of metallothioneins in the liver (Olsson et a. 1989). This is the first time, as far
as we are aware, in which this increased energy demand has been reported to
occur in the liver of a teleost fish due to cadmium exposure, though increases in
the activity of the tricarboxilic acid cycle have been reported to occur after
mercury exposure in mosquitofish Gumbusia holbrooki (Kramer et a. 1992). On
the other hand, the absence of changes in the activity of the gluconeogenic enzyme
FBPase (Table 2) is not surprising considering the above data indicating a genera
gearing up of liver carbohydrate metabolism to provide energy.

The results obtained in the present study demonstrate for the first time, as far as
we are aware, the existence in a teleost fish of changes in liver carbohydrate
metabolism after only an 8 h exposure to sublethal concentrations of cadmium.
These changes include an activation of liver glycogenolysis and glycolysis as well
as increased levels of plasma glucose and lactate. All these changes may be
attributed to a secondary stress response related to a primary increase of plasma
cortisol levels in cadmium-exposed fish.

Acknowledgements. This work was supported by research grants from the Xunta
de Galicia to MDA (XUGA 20001A93) and JARV (XUGA 26106A94). MJA was
recipient of a predoctora fellowship from Plan Nacional FPl. We are indebted to
Ms. A. Alonso by her excellent technical assistance.

630



REFERENCES

Barton BA, Iwama GK (1991) Physiological changes in fish from stress in aquaculture with
emphasis on the response and effects of corticosteroids. Annu Rev Fish Dis 1991:3-26
Bradford MM (1976) A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Anal Biochem
72:248-254

Forstner U, Wittmann GTW (1981) Meta pollution in the aguatic environment. Springer-
Verlag, Berlin

Foster GD, Youson JH, Moon TW (1993) Carbohydrate metabolism in the brain of the adult
lamprey. J Exp Zool 267:27-32

Gill TS, Epple, A (1992) Effects of cadmium on plasma catecholamines in the American edl,
Anguilla rostrata. Aquat Toxicol 23:107-117.

Gill TS, Leitner G, Porta S, Epple A (1993) Response of plasma cortisol to environmental
cadmium in the edl, Anguilla rostrata LeSueur. Comp Biochem Physiol 104C:489-495.

Handy RD (1992) The assessment of episodic metal pollution. |. Uses and limitations of tissue
contaminant analysis in rainbow trout (Oncorhynchus mykiss) after short waterborne
exposure to cadmium or copper. Arch Environ Contam Toxicol 22:74-81

James VA, Wigham T (1986) The effects of cadmium on prolactin cell activity and plasma
cortisol levels in the rainbow trout (Salmo gairdneri). Aquat Toxicol 8:273-280

Keppler D, Decker K (1974) Glycogen. Determination with amyloglucosidase. In: Bergmeyer
HU (ed) Methods of enzymatic analysis. Academic Press, New York, pp. 1127-1131.

Kramer VJ, Newman MC, Ultsch GR (1992) Changes in concentrations of glycolysis and
Krebs cycle metabolites in mosquitofish, Gambusia holbrooki, induced by mercuric
chloride and starvation. Environ Biol Fish 34: 315-320

Lemaire-Gony S, Lemaire P (1992) Interactive effects of cadmium and benzo(a)pyrene on
cellular structure and biotransformation enzymes of the liver of the european edl, Anguillla
anguilla. Aquat Toxicol 22:145-160

Mommsen TP, French CJ, Hochachka PW (1980) Sites and patterns of protein and amino acid
utilization during the spawning migration of salmon. Can J Zool 58:1785-1799

Moon TW, Foster GD, Plisetskaya EM (1989) Changes in peptide hormones and liver
enzymes in the rainbow trout deprived of food for 6 weeks. Can J Zool 67:2189-2193

Olsson P, Larsson A, Maage A, Haux C, Bonham K, Zafarullah M, Gedamu L (1989)
Induction of metallothionein synthesis in rainbow trout, Salmo gairdneri, during long term
exposure to waterborne cadmium. Fish Physiol Biochem 6:221-229

Passonneau JV, Rottenberg DA (1973) An assessment of methods for measurement of
glycogen synthetase activity including a new one-step assay. Ana Biochem 51:528-541

Pickering Q, Carle DO, Pilli A, Willingham T, Lazorchak JM (1989) Effect of pollution on
freshwater organisms. J WPCF 61:998-1041

Pratap HB, Wendelaar-Bonga SE (1990) Effects of water-borne cadmium on plasma cortisol
and glucose in the cichlid fish Oreochromis mossambicus. Comp Biochem Physiol
95C:313-317

Su JY, Storey KB (1993) Phosphofructokinase from liver of the rainbow trout, Oncorhynchus
mykiss. Arch Biochem Biophys 302:49-55

Thomas P, Neff JM (1985) Plasma corticosteroid and glucose responses to pollutants in striped
mullet: different effects of naphthalene, benzo[a]pyrene and cadmium exposure. In:
Calabrese A, Thurberg FP, Vernberg FJ, Vernberg WB (eds) Marine pollution and
physiology. University of South Carolina Press, Columbia, pp. 63-82

Tort L, Torres P (1988) The effects of sublethal concentrations of cadmium on haemotological
parameters in the dogfish, Scyliorhinus canicula. J Fish Biol 32:277-282

Vijayan MM, Moon TW (1992) Acute handling stress aters hepatic glycogen metabolism in
food-deprived rainbow trout (Oncorhynchus mykiss). Can J Fish Aquat Sci 49:2260-2266

631



