
Aquatic Toxicology 60 (2002) 257–267 www.elsevier.com/locate/aquatox

Seasonal variation in carbohydrate and lipid metabolism of
yellow perch (Perca fla�escens) chronically exposed to

metals in the field

H.M. Levesque a,b, T.W. Moon b, P.G.C. Campbell c, A. Hontela a,*
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Abstract

The effects of heavy metals on growth, intermediary metabolism and enzyme activities were investigated in yellow
perch (Perca fla�escens), sampled in summer and fall from lakes situated along a contamination gradient of Cd, Zn
and Cu in the mining region of Rouyn–Noranda, Québec. An exposure-dependent decrease in condition factor was
observed in both seasons. Liver glycogen and triglyceride reserves were higher in summer than in fall in fish from the
reference lake, while the seasonal pattern was different in fish from the contaminated lakes. Plasma free fatty acids
(FFA) levels were also influenced by season and contamination. Activities of malic enzyme (ME) and glucose
6-phosphate dehydrogenase (G6PDH) in the liver were higher in the summer than in the fall in reference lakes
whereas no seasonal variations were detected in fish from contaminated lakes. Activities of pyruvate kinase (PyK),
aspartate transaminase (AST), phosphoenolpyruvate carboxykinase (PEPCK) and malate dehydrogenase (MDH),
were higher in fish from contaminated lakes in fall but not in summer. Chronic exposure of yellow perch to sublethal
levels of heavy metals impairs growth and alters the seasonal cycling of liver glycogen and triglycerides as well as the
activities of metabolic enzymes. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The impact of pollutants on growth, survival
and fertility of fish is an important concern, yet

few studies have investigated the effects of life-
long exposures to metals on intermediary
metabolism and growth (Hontela, 1997). Fish
subjected to metals such as Cd, Cu or Zn, have a
reduced condition factor (Kearns and Atchinson,
1979; Munkittrick and Dixon, 1988; Laflamme et
al., 2000), and a reduced growth efficiency (Sher-
wood et al., 2000), the capacity to convert con-
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sumed food into body mass. Since reduced growth
can be mediated through direct effects of metals
on physiological functions of the fish or through
effects on the food web (Sherwood et al., 2002), it
is often difficult to establish direct cause–effect
relationships between contamination and reduced
growth in the field. Previous studies have shown
that chronic exposure to metals blunted the nor-
mal cortisol stress response (Brodeur et al., 1997;
Laflamme et al., 2000) and perturbed carbohy-
drate metabolism in perch (Sjöbeck et al., 1984).
Lowered muscle and visceral lipid stores in white
sucker (Catostomus comersioni ) chronically ex-
posed to Cu and Zn (Munkittrick and Dixon,
1988) were also reported. Exposure up to 30
weeks to Cd in the laboratory decreased growth
as well as liver glycogen reserves in rainbow trout
(Haux and Larsson, 1984; Ricard et al., 1998) and
tilapia (Pratap and Wendelaar Bonga, 1990), and
increased the activity of aspartate transaminase
(AST) and alanine transaminase (ALT), lactate
dehydrogenase (LDH) and malate dehydrogenase
(MDH) in Channa punctatus (Sastry et al., 1997).
However, the effects of chronic field exposures to
metals on intermediary metabolism of indigenous
fish and the seasonal variation of these effects
have not been determined thus far.

The present large-scale field study investigated
carbohydrate and lipid metabolism, and liver en-
zymes involved in gluconeogenesis (ALT, AST
and PEPCK), glycolysis (LDH and PyK) and
lipid metabolism (triglyceride lipase (TGL), ME
and G6PDH) in yellow perch (Perca fla�escens)
sampled in spring (post-spawning) and fall (go-
nadal recrudescence) from five lakes representing
a gradient of metal contamination.

2. Material and methods

2.1. Description of the sites and fish species

Yellow perch were sampled in six lakes of the
Abitibi mining region of Rouyn–Noranda, lo-
cated in western Quebec (48°00�N, 79°00�W) in
fall 1998 and summer 1999. A large smelter has
operated in Rouyn since 1927 and many lakes in
the surrounding area are contaminated by Cd, Zn

and Cu from atmospheric emissions from the
smelting complex and from runoff affected by
mining residues, resulting in a metal contamina-
tion gradient (Laflamme et al., 2000).

The two most contaminated lakes, Lake Du-
fault and Lake Osisko, are situated near Rouyn–
Noranda, while the intermediate lake, Lake
Bousquet is situated 20 km east downwind of the
smelter. The two reference lakes, Lake Opasatica
and Lake Dasserat, are located upwind of the
smelter. To more easily identify these lakes within
the manuscript, they will be numbered from the
reference sites to the most contaminated as L1 to
L5. The water temperature of the lakes was 18�
2 °C in the fall and 20�2 °C in the summer. For
detailed limnological characteristics, see Brodeur
et al. (1997), Laflamme et al. (2000), Sherwood et
al. (2000). Ambient water metal concentrations
are presented in Table 1.

Yellow perch was used for this study, because,
it is a relatively sedentary fish (Aalto and New-
some, 1990) that reflects the contamination of the
sites where it is sampled (Girard et al. 1998).
Moreover, it is an abundant species in the five
lakes sampled.

2.2. Capture of the fish

In the two sampling seasons, fish of both sexes
were captured by fishing rod, seine (30 m long, 2
m high at the extremities, 4 m high at the center,
1.5 cm mesh), or gill net (25 m long, 2 m high, 2.5
cm to 15 cm mesh), between 1600 and 2000 h in
the five lakes within a period of 3 weeks in
September and in June. The sampling procedure
is described in detail in Laflamme et al. (2000).
Briefly, captured fish were transferred to a large
holding tank in the boat, then transferred in
groups of ten to floating enclosures (0.5 m
width×1 m long×1 m deep) overnight (at least
16 h) to reduce the effects of capture stress and to
standardize the handling procedures. The day af-
ter capture, one group of fish was immediately
anesthetized with MS222 (control group),
whereas, fish from the other group were taken
from the enclosure and placed into a 20 l con-
tainer for 1 h of confinement (confinement group)
before anesthesia with MS222. Anesthetized fish
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were bled from the caudal vessels using a hep-
arinized syringe, then transported on ice to a field
laboratory located 20–45 min from the field site.
The time between the end of the blood sampling
at the site and the beginning of dissection in the
laboratory was kept the same (45 min) for all the
lakes. Blood was centrifuged (5 min, 13000 rpm,
Micro Centaur, Sanyo, VWR Scientific) and
plasma was frozen at −20 °C. Body mass,
length, and organ mass were recorded to evaluate
the condition factor ([weight (g)]/[length (cm)]3×
100), the hepatosomatic index (HSI) ([liver weight
(g)]/[total weight (g)]×100) and the gonadoso-
matic index (GSI) ([gonad weight (g)]/[total
weight (g)]×100). Liver and plasma were held in
liquid nitrogen in the field and were stored at
−80 °C until analysis.

2.3. Laboratory analyses

2.3.1. Analyses of metals
Concentration of Cd, Cu and Zn in the kidney

were measured by inductively coupled plasma
atomic emission spectrophotometry (ICP-AES)
using tissue homogenates corresponding to 100
mg of dry weight, as described previously by
Laflamme et al. (2000) for perch liver and head
kidney samples. When the tissue was too small,
samples (from four or fewer fish) were pooled.
One �g of metals per dry weight corresponds to

approximately 0.29 �g of metals per wet weight
(Ricard et al., 1998).

2.3.2. Plasma analyses
Plasma cortisol was measured by radioim-

munoassay (ICN Biomedicals, no. 07221106).
Plasma glucose and free fatty acids (FFA) were
determined with a calorimetric method (GOD-
PAP, Boehringer–Mannheim Diagnostica, num-
ber 166391 and Sigma, number RO-1383-175,
respectively).

2.3.3. Tissue analyses
Liver glycogen was measured using the enzy-

matic method described by Foster and Moon
(1986), Bleau et al. (1996), except digestion at
100 °C was replaced by sonication. Total lipids in
the liver were extracted according to the method
of Folch et al. (1957), Fournier and Weber (1994).
After evaporation under nitrogen, lipids were re-
suspended in dimethylsulfoxide (DMSO), and the
triglycerides were measured by spectrophotometry
at 540 nm (Sigma kit, number 337-A). Triglyce-
ride standards (Lipid-Lin-Trol L2648) and blank
controls were used with each series of samples to
validate the extraction processes.

Enzyme activities were measured under saturat-
ing substrate conditions according to standard
procedures of Moon and Mommsen (1987),
Mommsen et al. (1985). Briefly, liver pieces (0.2 g)

Table 1
Ambient water metal concentrations (mean�S.E.) in lakes from the Rouyn–Noranda mining region

Dissolved metal levels measured by in situ dialysis Metal in oxic sediments (nmol g per dry weight)Lake N
(nmol l−1)*

[Zn][Cu] Extract {Zn}[Cd] Extract {Cu}Total {Cd}

L1a 69�14 168�82 n.a. n.a. n.a.0.53�0.26
0.076�0.045 64�16 6.5�2.8L2 4 5.1�0.7 144�25 105�20

143�9 204�44L3 0.553�0.064 62.1�12.3 403.8�6.10 3 10.0�0.1
n.a. 590 105 000 68 500n.a. n.a.L4 1

2.7�0.3 200 19 400 18 000127�19 433�88L5 1

*Free metal ion concentrations were directly measured in aqueous media using dialysers installed at 10 cm above the sediments and
an ion-exchange technique (Fortin, unpublished data; see Fortin and Campbell, 1998 for details on the ion-exchange technique).
Means followed by the same letter are not significantly different (P�0.05, Tukey–Kramer); comparisons of means were made within
the same season. n.a, not available.

a Names of lakes are given in Section 2.1 and Section 3.1. Numbers of samples analyzed are between two and three.
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were homogenized (1:4, W/V) using sonication in
a buffer consisting of 0.5 M glycerol, 20 mM
Na2HPO4, 0.5 mM EDTA and 5 mM ß-mercap-
toethanol, 0.2% BSA, in the presence of a crystal
of phenylmethylsulfonyl fluoride (PMSF), a
protease inhibitor, and 1 �l aprotonin (10 mg
ml−1). The homogenate was centrifuged for 12
min at 12000 rpm at 4 °C (Micro Centaur,
Sanyo, VWR Scientific) and the supernatant was
used for enzyme assays. Reaction rates were as-
sayed spectrophotometrically at 340 nm following
the appearance or disappearance of NADH or
NADPH. Kinetic assays were run at 20 °C.

Assay conditions used were as follows, imidazol
50 mM, pH 7.8, was used as buffer:
– LDH (E.C.1.1.1.27): NADH (0.15 mM), pyru-

vate (5 mM).
– MDH (E.C.1.1.1.37): NADH (0.15 mM), ox-

aloacetate (0.5 mM).
– G6PDH (E.C.1.1.1.49): MgCl2 (10 mM),

NADP (0.5 mM), glucose 6-phosphate (10
mM).

– ME (E.C. 1.1.1.40): MgCl2 (10 mM), NADP
(0.5 mM), malate (1 mM).

– PyK (E.C.2.7.1.40): KCl (25 mM), MgCl2 (10
mM), NADH (0.15 mM), ADP (5 mM), PEP
(5 mM), excess PK-free LDH.

– PEPCK (E.C.4.1.1.32): MnCl2 (1.75 mM), 2
deoxyGDP (dGDP) (0.4 mM), NaHCO3 (20
mM), glycerol-free MDH (10 U ml−1), PEP (5
mM), NADH (0.15 mM).

– AST (E.C.2.6.1.1.): �-ketoglutarate (13 mM),
aspartate (40mM), NADH (0.15 mM), pyri-
doxal phosphate (2.5 mM).

– ALT (E.C.2.6.1.2): �-ketoglutarate (13 mM),
alanine (500 mM), NADH (0.15 mM), pyri-
doxal phosphate (2.5 mM).
The activity of liver TGL was measured using

the hydrolysis of 14C-triolein to [14C] oleic acid,
according to the method of Sheridan and Allen
(1984), Harmon et al. (1991). Briefly, liver pieces
were homogenized in buffer (1:10 V/W, 0.25 M
sucrose, 25 mM Tris, 1 mM EGTA, pH 7.4),
containing a crystal of PMSF added before soni-
cation. The homogenate was centrifuged for 20
min at 38000 g at 4 °C. The supernatant was used
to measure the activity of TGL. The radioactive
substrate was purified using an Amberlite ion-ex-

change resin according to Khoo and Steinberg
(1974). The reaction was stopped after 30 min
with a solution of chloroform:methanol:benzene
(1:2.4:2) with 0.1 �M of oleic acid added. Ra-
dioactive 14C-oleic acid released from 14C-triolein
was counted using a Packard 2500 TR liquid
scintillation analyzer.

2.4. Statistical analyses

For all tests, a statistical significance level of
0.05 (�=0.05) was used using the computer pro-
gram JUMP IN. Since no differences between sexes
were detected within each site (t-test), except for
GSI values, the two sexes were grouped for analy-
sis. Differences among groups were tested using
one-way analysis of variance (ANOVA). The
Tukey–Kramer test was used to differentiate
means. Data were transformed when necessary to
obtain normality and homoscedasticity.

3. Results

3.1. Exposure of the fish

The ambient metal concentrations measured in
the water column and the sediments are presented
in Table 1. A gradient was detected, with the
lowest levels measured in L. Opasatica and the
highest in L. Dufault. Kidney concentrations of
Cd and Zn also followed a significant (P�0.05)
contamination gradient from the most contami-
nated lakes (Osisko and Dufault), to intermediate
(Bousquet) and the least contaminated lakes used
as reference (Opasatica and Dasserat) (Fig. 1A
and B). Kidney concentrations of Zn were about
ten times higher than Cd, concentrations of Cu
were similar among lakes. Lakes are coded as L1
to L5, with L1 and L2 representing the most
pristine lakes (Opasatica, Dasserat), L3 intermedi-
ate (Bousquet), and L4 (Osisko) and L5 (Dufault)
the two most contaminated lakes.

3.2. Morphological characteristics

Fish from the most contaminated lakes (L4,
L5) had significantly lower (P�0.05) length,
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Fig. 1. Concentrations of Cd, Cu (A) and Zn (B) (mean�
S.E., �g g−1 dry weight), in pooled samples of kidney from
adult yellow perch collected in five lakes of the Rouyn–No-
randa mining area. Letters that are different indicate signifi-
cantly different values (P�0.01, Tukey–Kramer test). For
each lake, N=20 samples or pooled samples. Lakes are coded
as L1 to L5, (see Section 2), with L1 and L2 representing the
most pristine lakes and L5 the most contaminated lake, ac-
cording to the concentrations of metals in the water (Table 1)
and in fish kidneys.

were in gonadal recrudescence, and the GSI in
females and males decreased with the contamina-
tion gradient. In summer, the GSI could not be
determined, because, the sampling was done just
after the spawning season.

3.3. Glycogen and triglyceride reser�es

Liver glycogen and triglyceride levels, measured
as indicators of energetic reserves, were signifi-
cantly (P�0.05) higher in the summer compared
with fall in fish from the reference (L1) lake (Fig.
2A and B). However, this distinct seasonal in-
crease in liver reserves was not observed in the
contaminated lakes (L4 and L5). There were no
differences between lakes and seasons in liver
protein content (data not shown).

3.4. Metabolic enzymes

3.4.1. NADPH production
The production of liver NADPH (nicotinamide

adenine dinucleotide phosphate), implicated in
lipid synthesis, was estimated by measuring the
activity of two enzymes, glucose-6-phosphate de-
hydrogenase (G6PDH), an enzyme of the pentose
phosphate pathway, and ME. The activities of
G6PDH (Fig. 3A) and Me (Fig. 3B) were lower
(P�0.05) in fish from the contaminated lakes L4
and L5, as compared with intermediate (L3) and
reference (L1) lakes in the summer, indicating that
less NADPH was produced. There were no differ-
ences among lakes in the fall and the activities
were low. The seasonal increase in activity of both
enzymes observed in the reference lake was not
detected in the more contaminated lakes.

3.4.2. Lipid metabolism
Lipolysis was assessed by measuring TGL ac-

tivity (Fig. 3C). Liver TGL activity was not differ-
ent among lakes in summer, but in the fall, TGL
activity was higher (P�0.05) in fish from the
most contaminated lake (L5), compared with the
other lakes.

3.4.3. Gluconeogenic and amino acid metabolic
enzymes

Gluconeogenesis, the ability to produce glucose

weight and condition factor than fish from the
reference lakes (L1, L2) in both summer and fall
(Table 2). The HSI was not different between
lakes in the fall and although differences between
lakes were detected in the summer, they did not
follow the contamination gradient. In the fall, fish
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from non-carbohydrate substrates, was evaluated
by estimating the activity of liver phospho-
enolpyruvate carboxykinase (PEPCK), alanine
transaminase (ALT), AST and MDH (Table 4).
The activities of PEPCK, ALT and MDH were
significantly higher (P�0.05) in fish from the
most contaminated lake (L5) in the fall, whereas
there were no differences in the summer. No
differences were found among lakes and between
seasons for AST.

3.4.4. Glycolytic enzymes
Glycolytic activity was estimated by liver PyK

and lactate dehydrogenase (LDH) (Table 4). The
activity of PyK was higher (P�0.05) in fish from
the most contaminated lake (L5) compared with
fish from the reference and intermediate lakes in
the fall. No differences were found among lakes
or between seasons for liver LDH, an indicator of
anaerobic metabolism processes in the tissue.

3.5. Plasma FFA, cortisol, and glucose

Plasma FFA levels (Table 3) were lower in the
summer compared with fall in fish from the refer-
ence (L1) and intermediate (L3) lakes. The sea-

sonal pattern of plasma FFA was reversed in
contaminated lakes (L4 and L5).

Plasma cortisol and glucose were determined in
fish subjected to a standardized 1 h confinement
test and in unconfined controls (Table 3). The
increase in plasma cortisol and glucose levels in
response to confinement was significant only in
fish from the reference lakes (L1 and L2).

4. Discussion

This large-scale field study was designed to test
the hypothesis that chronic exposures to metals
impair growth of teleost fish through a perturba-
tion of intermediary metabolism and the activity
of metabolic enzymes. The exposure of yellow
perch was characterized by measuring metals in
the kidney of fish from five lakes situated along a
contamination gradient in a mining region. Con-
centrations of Cd and Zn increased in a steep
gradient up to about 150 �g g−1 dry weight (45
�g g−1 wet weight) for Cd and 2000 �g g−1 dry
weight (590 �g g−1 wet weight) for Zn, in the
most contaminated lake. Substantially lower kid-
ney burdens were reported in other field studies

Table 2
Morphological characteristics (mean�S.E.) of adult yellow perch collected in lakes of the Rouyn–Noranda mining region

HIS (%)a Condition factoraWeight (g)aLake GSI (%) femalesGSI (%) malesLength (cm)a

Fall
208.6�3.8b 111.9�6.9b 1.22�0.01aL1b 1.18�0.02b 4.244�0.34a 1.668�0.12ab

5.65�0.05a 1.972�0.08a1.08�0.001a1.20�0.07a76.8�4.6a190.1�3.4aL2
0.89�0.04b78.1�5.5a184.7�4.5bL3 1.659�0.18ab5.61�0.39a1.18�0.02b

65.4�2.7ac 0.91�0.04b 0.88�0.01cL4 1.36�0.61c193.8�2.8b 1.458�0.04b
130.4�0.9dL5 19.2�0.3d 1.25�0.02a 0.87�0.01c 2.963�0.22d 1.236�0.12d

Summer
L1 n.an.a1.22�0.02b1.60�0.04b92.1�4.6b188.4�3.8a

n.a1.08�0.02a1.23�0.04ac n.a74.8�4.7a186.1�3.8aL2
L3 178.2�4.1a 75.8�4.9a 1.17�0.04a 1.25�0.02b n.a n.a

177.1�3.1ab 48.2�3.8c 1.238�0.03acL4 0.88�0.02d n.a n.a
0.86�0.02d1.146�0.04c28.9�4.6d148.3�3.8bL5 n.an.a

Note: Means followed by the same letter are not significantly different (P�0.05, Tukey–Kramer); comparisons of means were made
within the same season. n.a., not available.

a Numbers of fish sampled are greater than 20 for all the lakes. Condition factor, HSI, and GSI are defined in Section 2.2, arrows
indicate the contamination gradient.

b Names of lakes are given in Section 2.1 and Section 3.1.
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Fig. 2. Seasonal variation in hepatic glycogen (A) and hepatic
triglycerides (B) concentrations (mean�S.E.) in adult yellow
perch from lakes of the Rouyn–Noranda mining region. Dif-
ferent letters show means that are significantly different (P�
0.05, Tukey–Kramer). For each lake, N=15. See legend of
Fig. 1 for details.

reported by Laflamme et al. (2000) for liver in
perch from the same lakes. Higher metal accumu-
lation in kidney than in liver has been shown in
other studies with fish (Harrison and
Klaverkamp, 1989; Olsvik et al. 2000). There was
no evidence for a gradient in Cu concentrations in
the kidney among fish from different lakes, and
the levels were similar to concentrations reported
previously for liver (Laflamme et al., 2000). Col-
lvin (1985) suggested that perch (Perca flu�iatilis)
actively regulate Cu concentrations in the gills
and in the liver by detoxification and excretory
processes.

A metal exposure-related decrease in condition
factor was detected in the present study, similar to
the growth impairment reported by Laflamme et
al. (2000), Sherwood et al. (2000) for this same
species from these lakes. A decrease in gonad size
was also evident in fish from the contaminated
lakes. Other size-related endpoints, including HSI,
varied among lakes but did not follow the con-
tamination gradient. The metabolic status, specifi-
cally liver reserves of glycogen and triglycerides,
and enzyme activities of growth-impaired fish
from lakes situated along a contamination gradi-
ent were investigated in the present study. Fish
use glycogen for immediate energy requirements
during acute stress (Lowe-Jinde and Niimi, 1984;
Vijayan and Moon, 1992), and they maintain
their liver glycogen reserves by mobilizing other
energy stores such as lipids and proteins (Sheridan
and Mommsen, 1991). In the present study, in the
summer, the lower liver glycogen content in fish
from the most contaminated lakes was associated
with the inability to increase plasma glucose, and
also cortisol, following confinement. Fish with the
highest tissue burdens of metals might not have
the capacity to increase their plasma glucose con-
centrations following an acute stress, because of
low liver glycogen reserves. The summer sampling
was carried out just after the spawning season, an
energetically demanding process further exhaust-
ing the liver glycogen reserves. Despite the differ-
ences observed in plasma glucose and liver
glycogen of fish from the contaminated lakes
compared with reference fish, no differences
among lakes in the summer could be detected in
PyK and LDH (glycolytic enzymes) or PEPCK,

with fish; 15 �g g−1 wet weight for Cd and 195 �g
g−1 wet weight for Zn in brown trout (Salmo
trutta) by Olsvik et al. (2000), and 8 �g g−1 dry
weight for Cd by Farag et al. (1995). Concentra-
tions of Cd and Zn measured in the kidney in the
present study were three times higher than those
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Fig. 3.

AST, ALT and MDH (gluconeogenic and
transaminase enzymes).

In contrast to the pattern in the summer, liver
glycogen reserves in the fall were higher in fish
from the contaminated and intermediate lakes,
but lower for the most contaminated lake, com-
pared with the reference lake. Our data show that
fish from the reference lake exhibit a distinct
seasonal cycle of liver glycogen reserves, with low
levels in early summer (post-spawning period) and
high levels in the fall (period of gonadal re-
crudescence). Fish from contaminated lakes, in
contrast, exhibit a very different pattern; low lev-
els and no seasonal cycling (L5), or a shifted cycle
with higher glycogen reserves in the fall instead of
summer (L4). This difference in the glycogen re-
serve-cycling, and probably in related metabolic
parameters, may be linked through a disrupted
capacity to use energy, to the lowest condition
factor and to the delayed gonadal recrudescence
diagnosed by low GSI (Table 1) in fish from
contaminated lakes.

Along with differences in plasma glucose and
liver glycogen reserves, the activities of gluconeo-
genic (PEPCK, MDH and AST) and glycolytic
(PyK) enzymes were increased in liver of fish from
the contaminated lakes during the fall. Further-
more, the higher activities of PyK and AST, both
in the summer and fall, in fish with the highest
tissue burdens of Cd and Zn, provide additional
evidence for higher metabolic demands in fish
chronically impacted by metals. Fish from the
reference lake exhibited a seasonal cycling in the
activity of AST and PyK, with low levels in the
summer, compared with high levels in the fall,
whereas fish from the most contaminated lake
(L5) exhibit high levels and no seasonal cycling.
An increase in the activity of hepatic PEPCK and
PyK, as well as a decrease in liver glycogen, have
been reported in fish subjected to acute stress
caused by factors other than metals (hypoxia,

Fig. 3. Seasonal variation in hepatic G6PDH (A), ME (B) and
TGL (C) activities (mean�S.E.) in adult yellow perch from
lakes of the Rouyn–Noranda mining region. Different letters
show lakes that are significantly different (P�0.05, Tukey–
Kramer). For each lake N=14. See legend of Fig. 1 for
details.
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Table 3
Plasma cortisol, glucose and FFA levels (mean�S.E.) in yellow perch collected in lakes of the Rouyn–Noranda

Fall Summer

FFA (mM) FFA (mM) Glucose (mg ml−1) Cortisol (ng ml−1)

Control Control Control Confined Control Confined

214.1�28.12.53�0.17*1.99�0.16n.a 278.0�33.1*n.aL1a

1.26+0.15 0.83�0.14 2.18�0.27L2 2.96�0.19* 175.5�28.9 261.2�30.1*
L3 1.27+0.22 0.83�0.15 1.42�0.14 1.62�0.15 263.8�29.7 309.9�31.2

0.76+0.08b 1.88�0.39b 2.52�0.20 2.34�0.23L4 199.4�19.9 175.8�32.1
0.65+0.11b 0.78�0.25 1.96�0.22L5 1.72�0.20 n.a n.a

Note: *, Significantly different from the control group of the same lake (t-test, P�0.05).
a Names of lakes are given in Section 2.1 and Section 3.1.
b Significantly different from the reference lakes of the same treatment (t-test, P�0.05). n.a., not available; N=15 for each

groups; control, fish sampled without confinement; confined, fish sampled following a 1 h confinement.

Wright et al., 1989; confinement, Vijayan et al.,
1997). Our results suggest that fish challenged by
environmental pollution may have a higher
turnover of glucose and more glucose may be
produced from non-carbohydrate substrates and
used.

Further evidence for increased energetic costs
and altered intermediary metabolism in fish from
polluted environments was provided by estimating
lipid metabolism. Fish sampled in the fall from
the two most contaminated lakes had low liver

triglycerides (and also glycogen) reserves and the
seasonal build-up of reserves observed in the ref-
erence lake, was not evident. The amount of liver
protein was not different (data not shown) among
lakes or between seasons. Whether fish rely on
muscle protein instead and whether this underlies,
at least in part, the smaller size of fish from the
most contaminated lakes, remains to be
investigated.

The activity of three enzymes involved in lipid
metabolism, glucose 6-phosphate dehydrogenase

Table 4
Enzyme activities (mean�S.E.) in the liver of adult yellow perch, collected in lakes of the Rouyn–Noranda mining region in the
fall and summer

EnzymesLake

AST ALT PEPCK LDH PyK MDH

Fall
0.335�0.03aL1a 0.387�0.04a 5.956�0.75a 0.117�0.02a 35.68�5.10a 1.59�0.24a
0.364�0.03a 0.415�0.04aL4 5.024�1.21a 0.055�0.02b 33.19�3.63a 2.58�0.28ab

3.04�0.27b73.23�7.88b0.557�0.03b 0.170�0.02aL5 9.700�1.15b0.449�0.04ab

Summer
0.493�0.03b 0.413�0.03a n.aL1 0.140�0.02a 62.11�6.55b 1.86�0.22a

L3 0.529�0.04b 0.516�0.04b 6.110�0.99a 0.060�0.02b 46.63�6.76a 1.75�0.23a
0.409�0.03ab 0.442�0.03ab n.aL4 0.125�0.02a 65.04�6.35b 2.11�0.21a
0.604�0.04b 0.588�0.05c 5.95�1.15aL5 0.146�0.02a 72.76�7.56b 2.14�0.23a

Note: Means followed by the same letter are not significantly different (P�0.05, Tukey–Kramer). n.a., not analyzed. Activities of
AST, ALT, LDH and MDH are expressed in �mol min−1 mg per protein; activity of PEPCK and PyK are expressed in nmol min−1

mg per protein. N=15. Fish were not subjected to the confinement stress test.
a Names of lakes are given in Section 2.1.
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(G6PDH), ME and TGL, were measured, for the
first time in an indigenous fish species exposed to
metals in the field. Both ME and G6PDH use
NADP as coenzyme, generating NADPH, which
is used for lipid synthesis. In fish sampled in the
summer in the contaminated lakes, the activities
of ME and G6PDH were lower than in fish from
the reference lakes, indicating that less NADPH
was produced. This could significantly compro-
mise lipogenesis. There were no differences in the
activity of these two enzymes among lakes in the
fall. Importantly, the activity of G6PDH and ME
in fish from the reference lakes exhibited a signifi-
cant seasonal variation, being higher in the sum-
mer than in the fall, whereas activities remained
low during both seasons in fish from the contami-
nated lakes. Concentrations of liver TG lipase, an
enzyme that hydrolyses triglyceride reserves, was
enhanced and liver triglyceride reserves were sig-
nificantly lower in the fall in fish from the most
contaminated lake. Plasma FFA levels were also
lower in fish from the two most contaminated
lakes, suggesting a significantly enhanced utiliza-
tion of lipid reserves and FFA in fish challenged
by chronic exposure to metals. Since the triglyce-
ride reserves were higher in the summer compared
with the fall in the reference lake, it appears that
fish from the contaminated lakes may be unable
to increase their lipid reserves in the summer
whereas the fish from reference lakes can do so.
This metabolic alteration may, as has been postu-
lated for glycogen reserves, contribute to the de-
layed gonadal recrudescence and lower condition
factor observed in fish from contaminated lakes
and possibly jeopardize winter survival.

The present study provides, for the first time in
an indigenous fish species, evidence that chronic
exposure to sublethal levels of Cd, Zn and Cu in
the environment can disturb the normal processes
of intermediary metabolism and energy cycling.
Our study suggests that the energetic costs of
detoxification processes have an impact on fish
growth through alterations of intermediary
metabolism. Yellow perch from contaminated
lakes could not respond normally to acute confi-
nement by increasing their plasma cortisol and
glucose levels, and their capacity to build up and
then use the glycogen and triglyceride reserves

was altered, compared with fish from the refer-
ence lakes. Our study also clearly demonstrated
that seasonal variation in metabolic processes
must be considered when interpreting the effects
of environmental contamination on fish
physiology.
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the analyses were funded by MITE-RN (Metals in
the Environment-Research Network). We thank
A. Lacroix, G. Sherwood, J. Dorval, A. Gravel
and J. Doire, for help in the field, V. Leblond for
help in the laboratory.

References

Aalto, S.K., Newsome, G.E., 1990. Additional evidence sup-
porting demic behavior of a yellow perch (Perca fla�es-
cens) population. Can. J. Fish Aquat. Sci. 47,
1959–1962.

Bleau, H., Daniel, C., Chevalier, G., Van-Tra, H., Hontela,
A., 1996. Effects of acute exposure to mercury chloride
and methylmercury on plasma cortisol, T3, T4, glucose
and liver glycogen in rainbow trout (Oncorhynchus
mykiss). Aquat. Toxicol. 34, 221–235.

Brodeur, J.C., Sherwood, G., Rasmussen, J.B., Hontela, A.,
1997. Impaired cortisol secretion in yellow perch (Perca
fla�escens) from lakes contaminated by heavy metals: in
vivo and in vitro assessment. Can. J. Fish Aquat. Sci.
54, 2752–2758.

Collvin, L., 1985. The effects of copper on growth, food
consumption and food conversion of yellow perch Perca
flu�iatilis L. offered maximal food ration. Aquat. Toxi-
col. 6, 105–114.

Farag, A.M., Stansbury, M.A., Hogstand, C., McConnel,
E., Bergman, H.L., 1995. The physiological impairment
of free-ranging brown trout exposed to metals in the
Clark Fork River, Montana. Can. J. Fish Aquat. Sci. 52,
2038–2050.

Folch, J., Lees, M., Sloane Stanley, G.H., 1957. A simple
method for the isolation and purification of total lipids
from animal tissues. J. Biol. Chem. 226, 497–509.

Fortin, C., Campbell, P.G.C., 1998. An ion-exchange tech-
nique for free-metal ion measurements (Cd2+, Zn2+):
applications to complex aqueous media. Int. J. Environ.
Anal. Chem. 72, 173–194.



H.M. Le�esque et al. / Aquatic Toxicology 60 (2002) 257–267 267

Fournier, R.A., Weber, J.-M., 1994. Locomotory energetics
and metabolic fuel reserves of the Virginia opossum. J.
Exp. Biol. 197, 1–16.

Foster, G.D., Moon, T.W., 1986. Cortisol and liver
metabolism of immature American eels, Anguilla rostrata
(LeSueur). Fish Physiol. Biochem. 1, 113–124.

Girard, C., Brodeur, J.C., Hontela, A., 1998. Responsiveness
of the interrenal tissue of yellow perch (Perca fla�escens)
from contaminated sites to an ACTH challenge test in
vivo. Can. J. Fish Aquat. Sci. 55, 438–450.

Harrison, S.E., Klaverkamp, J.F., 1989. Uptake, elimination
and tissue distribution of dietary and aqueous cadmium by
rainbow trout (Salmo gairdneri R.) and lake whitefish
(Coregonus clupeaformis M.). Environ. Toxicol. Chem. 8,
87–97.

Harmon, J.S., Michelsen, K.G., Sheridan, M.A., 1991. Purifi-
cation and characterization of hepatic triacylglycerol lipase
isolated from rainbow trout, Onchorhynchus mykiss. Fish
Physiol. Biochem. 9 (4), 361–386.

Haux, C., Larsson, A� ., 1984. Long-term sublethal physiology
effects on rainbow trout, Salmo gairdneri, during exposure
to cadmium and after subsequent recovery. Aquat. Toxi-
col. 5, 129–142.

Hontela, A., 1997. Endocrine and physiological responses of
fish to xenobiotics: role of glucocorticosteroid hormones.
Rev. Toxicol. 1, 1–46.

Kearns, P.K., Atchinson, G.J., 1979. Effects of trace metals on
growth of yellow perch (Perca fla�escens) as measured by
RNA–DNA ratios. Environ. Biol. Fish 4, 383–387.

Khoo, K.C., Steinberg, D., 1974. Hormone-sensitive triglyce-
ride lipase from rat adipose tissue. In: Lowenstein, J.M.
(Ed.), Methods in Enzymology, Volume XXXV Part. B,
vol. 35. Academic press, New York, pp. 181–189.

Laflamme, J.S., Couillard, Y., Campbell, P.G.C., Hontela, A.,
2000. Interrenal metallothionein and cortisol secretion in
relation to Cd, Cu, and Zn exposure in yellow perch, Perca
fla�escens, from Abitibi lakes. Can. J. Fish Aquat. Sci. 57,
1692–1700.

Lowe-Jinde, L., Niimi, A.J., 1984. Short-term and long term
effects of cadmium on glycogen reserves and liver size in
rainbow trout (Salmo gairdneri Richardson). Arch. Envi-
ron. Contam. Toxicol. 13, 759–764.

Moon, T.W., Mommsen, T.P., 1987. Enzymes of intermediary
metabolism in tissues of the little skate, Raja erinacea. J.
Exp. Zool. 244, 9–15.

Mommsen, T.P., Walsh, P.J., Moon, T.W., 1985. Gluconeoge-
nesis in hepatocytes and kidney of atlantic salmon (Salmo
salar). Mol. Physiol. 8, 89–100.

Munkittrick, K.R., Dixon, D.G., 1988. Growth, fecundity,
and energy stores of white sucker (Catostomus commer-
soni ) from lakes containing elevated levels of copper and

zinc. Can. J. Fish Aquat. Sci. 45, 1355–1365.
Olsvik, P.A., Gundersen, P., Andersen, R.A., Zacharissen,

K.E., 2000. Metal accumulation and metallothionein in
two populations of brown trout, Salmo trutta, exposed to
different natural water environments during run-off
episodes. Aquat. Toxicol. 50, 301–316.

Pratap, H.B., Wendelaar Bonga, S.E., 1990. Effects of water-
borne cadmium on plasma cortisol and glucose in the
cichlid fish Oreochromis mossambicus. Comp. Biochem.
Physiol. 95C, 313–317.

Ricard, A.C., Daniel, C., Andersen, P., Hontela, A., 1998.
Effects of subchronic exposure to cadmium chloride on
endocrine and metabolic functions in rainbow trout
Oncorhynchus mykiss. Arch. Environ. Contam. Toxicol 34,
377–381.

Sastry, K.V., Sachdeva, S., Rathee, P., 1997. Chronic toxic
effects of cadmium and copper, and their combination on
some enzymological and biochemical parameters in
Channa punctatus. J. Environ. Biol. 18, 291–303.

Sheridan, M.A., Allen, W.V., 1984. Partial purification of a
triacylglyceriol lipase (EC 3.1.1.2.) isolated from steelhead
trout (Salmo gairdneri ) adipose tissue. Lipids 19, 347–352.

Sheridan, M.A., Mommsen, T.P., 1991. Effects of nutritional
state on in vivo lipid and carbohydrate metabolism of coho
salmon, Onchorhynchus kisutch. Gen. Com. Endocrinol.
81, 473–483.

Sherwood, G.D., Rasmussen, J.B., Rowan, D.J., Brodeur, J.,
Hontela, A., 2000. Bioenergetic costs of heavy metal expo-
sure in yellow perch (Perca fla�escens): in situ estimates
with a radiotracer (137Cs) technique. Can. J. Fish Aquat.
Sci. 57, 441–450.

Sherwood, G.D., Pazzia, I., Moeser, A., Hontela, A., Ras-
mussen, J.B., 2002. Shifting gears: enzymatic evidence for
the energetic advantage of switching diet in wild-living fish.
Can. J. Fish Aquat. Sci. 59, 229–241.
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