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Abstract Stress in fish can be assessed by means of
a bioenergetic approach, based on the evaluation of
changes in their physiological parameters. The objec-
tive of this study was to determine the impact of
sublethal water-borne cadmium (Cd) on the energetic
balance of juvenile Cyprinus carpio under laboratory
conditions after a short-term exposure. Fish were
exposed to a concentration of Cd (0.15 mg Cd 17
for 2 weeks. This concentration is environmentally
realistic since it is usually found, even at higher
values, in heavily polluted periurban water bodies of
Argentina. No mortality was recorded among the
animals used in the experiments. Food intake, food
assimilation and assimilation efficiency, fecal pro-
duction, liver glycogen content, oxygen consumption,
oxygen extraction efficiency, specific metabolic rate,
ammonia excretion and ammonia quotient (AQ),
condition factor, and liver somatic index were deter-
mined. The overall balance was expressed as the
scope for growth (SFG). The morphological indices
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and the liver glycogen content of Cd-exposed fish
showed no significant differences when compared to
those of controls. There was a significant decrease in
the food intake, fecal production, and food assimila-
tion rates as well as in AQ; the SFG exhibited a
highly significant decrease. The remaining parameters
(assimilation efficiency, oxygen consumption, oxygen
extraction efficiency, specific metabolic rate, and
ammonia excretion) increased after the exposure to
Cd. We concluded that the sub-chronic exposure of
Cyprinus carpio to a sublethal concentration of Cd
causes important alterations in the energy-related
homeostasis of fish. Most of the responses are
indicative of physiological adaptations to compensate
an increased energy requirement due to the impair-
ments caused by the metal.

Keywords Cyprinus carpio - Energy metabolism -
Scope for growth - Cadmium

Introduction

Among divalent metals, cadmium (Cd) is one of the
most hazardous biotoxics (Hellawell 1986). When
present in the water column, Cd readily accumulates
in various tissues, especially in the gills, liver,
kidneys, and gonads of fish (Bentley 1991), causing
several physiological disturbances (Jezierska and
Witeska 2001). The evaluation of the effects of
Cd*" on fish is of particular interest since fish are
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crucial components of aquatic ecosystems, playing a
major role in the food chain. Therefore, it is very
important to consider the effect of toxicants on their
physiological parameters, to determine the levels of
xenobiotics that are compatible with their life, and to
detect biomarkers sensitive to the sublethal toxico-
logical effects of pollutant exposure especially at
early stages of their development (Sanchez and
Porcher 2009).

When comparing results referred to the impact of
heavy metals, it appears that the sensitivity of fish as
well as the nature of the responses is not uniform
among teleosts. This observation leads to wonder
about the specificity of the responses of fish when
exposed to different heavy metals (De Boeck et al.
1995; Hashemi et al. 2008; Kunwar et al. 2009).
Cadmium-exposed fish may show skeletal deformi-
ties, alterations in several enzymatic systems,
including those involved in neurotransmission, trans-
epithelial transport and intermediate metabolism,
alteration of mixed function oxidase activities, abnor-
mal swimming, changes in individual and social
behavior, and metabolic disorders, among others
(Scott and Sloman 2004; Wright and Welbourn
1994). We have previously shown that exposure of
Cyprinus carpio to sublethal cadmium concentrations
results in gill epithelium damage (Ferrari et al. 2005,
2009), which may lead to alterations in ion and gas
exchange and energy balance. At the cellular level,
heavy metals can cause a number of adverse effects,
such as alterations in the communication between
cells and in the interaction with intracellular signal
transduction proteins, which may in turn lead to
alterations in cell growth and differentiation (Goering
et al. 1995). More recently, it has been shown that
sublethal Cd also causes important changes in the
swimming activity of C. carpio in captivity (Eissa
2009; Eissa et al. 2006, 2009, 2010).

In acute water pollution incidents, the physiolog-
ical disturbances of fish are well known, e.g.,
respiratory distress, loss of locomotor ability, and
behavior alterations. Such responses to environmental
stressors have little value as biomarkers because they
are insensitive endpoints from the ecosystem per-
spective and give little information on environmental
contamination. In an extreme case, death is indicative
that the lethal threshold has been exceeded.

In contrast, when the exposure is chronic or sub-
lethal, biomarkers based on changes in physiological
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parameters within the natural homeostasis variability
associated with biotic and abiotic parameters allow
correlating those changes with the effects of exposure
to pollutants (Handy and Depledge 1999; Wendelaar
Bonga 1997). Biomarkers also serve as indirect
indicators of the degree of environmental deterioration
and provide a better understanding of how pollutants
may affect the overall fitness of the organisms and,
eventually, of the structure of the ecological systems
(Schelenk et al. 2008; van der Oost et al. 2003). Foreign
chemicals may trigger a set of compensatory and
adaptive responses in order to restore or readjust the
altered processes to their “normal” levels in order to
cope with the adverse stressful effects of pollutants
(Sibly and Calow 1986).

Among the processes that may be affected by the
exposure to heavy metals are the metabolic rate, the
excretion of ions (e.g., ammonium), respiration, food
consumption, and growth rates (Alves et al. 2006;
Hashemi et al. 2008; Wilson et al. 1994).

Gills comprise a large part of the fish body in
contact with the external environment and play a key
role in gas, ion, and water exchanges between the
extracellular fluids and the surroundings (Evans et al.
2005). They also represent an important site of uptake
of heavy metals (Ossana et al. 2009), which can be
accumulated at levels several orders of magnitude
above those found in the environment causing lesions
that impair gas and ion exchange (Ferrari et al. 2009;
Witeska et al. 2006).

The aim of the present study was to evaluate the
effects of semi-chronic exposure to a sublethal
concentration of cadmium on a suite of indicators
of the energy balance state of juvenile Cyprinus
carpio under laboratory conditions.

Materials and methods
Test organisms

Juveniles of common carp (Cyprinus carpio) of
approximately initial wet weight of 5.5-6.0 g, with-
out previous environmental or dietary exposure to
pollutants, were obtained from a commercial hatch-
ery. Stock fish were kept in containers with contin-
uously aerated and dechlorinated tap water (TW)
from Lujan city (hardness, 80-90 mg CaCO5 1™") for
at least 30 days before use and fed ad libitum “Tetra
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Animin” fish food composed of (%): carbohydrates
30.0, proteins 42.7, fat 10.5, ashes 10.5, moisture 6.3,
and of a gross energy value of 14.316 J g~'. The
analysis of the food showed absence of cadmium.
Fish were kept under constant conditions (12 h light/
12 h dark photoperiod; 21 + 2°C) during the holding
and experimental periods.

Experimental design

The experiments were carried out in duplicate with a
continuous flow-through system, consisting of four
15 1 aquaria, two of them with TW (control group)
and two with a solution of cadmium in TW (exposed
group). Media were delivered to each aquaria from
two tanks (one for the control group and other for the
exposed group) in a flow-through exposure setup at a
rate of 20-25 ml min~' by a Masterflex™ multi-
channel peristaltic pump. In the corresponding tank,
the metal solution was prepared daily by adding
CdCl, (analytical grade, Merck) to the TW to bring
the concentration to the nominal level.

The nominal cadmium concentration assayed was
0.15 mg Cd 17'; actual mean concentrations averaged
0.13 mg 17", The protocol comprised two consecutive
periods: acclimation (which lasted 7 days) and expo-
sure (which lasted 15 days). At the beginning of
acclimation period, carps from the holding group were
randomly divided into groups of five, weighed indi-
vidually, and placed into each of the four aquaria with
TW. The amount of food provided daily in this period
was equivalent to 2.5% of the total body mass of fish
contained in each aquarium. Food was offered for 2 h
and after that the aquaria were cleaned to minimize any
fecal ingestion. At the beginning of exposure period,
two aquaria continued with TW (control groups),
while in the other two TW was replaced by the
cadmium solutions (exposed groups). During this
period, the daily food ration for all animals was 2%
of total wet weight per aquarium (bw). The moisture-
free body biomass (dw) was estimated as 27% of bw
(Wilson et al. 1994).

The water chemistry during the assay was moni-
tored five times a week in each aquarium; the
parameters recorded were temperature, dissolved
oxygen (oxymeter Hanna [+£0.1 mg 17']), pH (Mettler
pH meter [£0.01]), hardness (Aquamerck test kit,
Merck, sensitivity 1 mg 1! CaCO0s5), and cadmium
concentration (mg 17') using an atomic absorption

spectrometer with air/acetylene flame (Instrumenta-
tion Laboratory, model 457) at 228 nm.

The following physiological parameters were
determined daily in each aquarium:

Food intake (I): food was offered for 2 h; then, the
excess was removed by siphoning, filtered, and
dried at 60°C to constant weight. Intake was
estimated as the difference between the given and
the remaining food weight.

Fecal production (F): beginning 24 h after the first
feeding, feces were collected by siphoning prior
to each food offer, filtered, and dried at 60°C to
constant weight.

Assimilation (A) (=Absorption) was calculated as
I-F

Food intake (I), F, and A were expressed as
Jgdw ' day'.

Assimilation efficiency (U) (= Utilization) was
calculated as U = (I — F/I) * 100 (Alcaraz and
Espina 1997) and expressed as percentage.

In order to ensure standard experimental condi-
tions, the last feeding was 36 h before the end of the
assay.

At the end of the exposure period, the oxygen
consumption rate and the excreted ammonia in both
control and exposed groups were measured individu-
ally. For this purpose, each fish was transferred to a
plastic vessel containing approximately 300 ml of
aerated TW (mean value of 6.25 mg O, 17" with the
flow-through switched off. Two samples were taken
before and after the containers were sealed for 45 min.
The initial and final DO were measured (an additional
sample was taken at the end for the determination of
the excreted NH,. The DO was determined by the
Winkler method and the excreted NH, by a Merck kit
(Spectroquant 1.14752); range of 0.03-3.00 mg
NH,4 171). Oxygen consumption was calculated as
the difference between DO; and DOy. Oxygen con-
sumption and NH, excretion rates were expressed as
J g dw™! day~". Then, each animal was anesthetized
ina0.15 g 17" MS222 (Sigma) solution, weighed, and
their length measured by means of a caliper. The liver
was dissected, weighed, and its glycogen content was
immediately determined with the anthrone reagent
(Seifter et al. 1950; Sancho et al. 1998). Results were
expressed as [lg mg tissue .

The specific metabolic rate (SMR), the oxygen
extraction efficiency (OEE), and the ammonia
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quotient (AQ) were calculated from the results of the
above-mentioned individual measurements as fol-
lows: SMR =as mg O, g bw ' h™!, OEE (%) =
(DO; — DOy) * 100/DO; (Espina et al. 2000), and the
AQ = the mole to mole ratio of ammonia excreted to
oxygen consumed (De Boeck et al. 1995; Owen et al.
1998). The Scope for Growth (SFG) was determined
as SFG = A — (AQ + SMR) (Roast et al. 1999) and
expressed as J g dw™' day .

In addition, two non-specific morphological stress
indicators, the condition factor (CF) and the liver-
somatic index (LSI), were calculated using the
following formulas: CF = ww/(length)® * 100 and
LSI = (liver weight/ww) * 100.

The unit conversions were calculated on the basis of
the following equivalences corresponding to ammon-
jotelic species: 1 Joule = 0.239 cal = 5.94 (cal mg™"
NH4" (NH,-N), 3.38 cal/mg O, (Elliott and Davison,
1975).

Data were presented as mean + SEM.

Statistical analyses

Assumptions of normality and homoscedasticity were
tested with Kolmogorov—Smirnov and Bartlett tests,
respectively. The significance of differences between
the groups was tested by one-way ANOVA followed
by Tukey’s test or by the non-parametric Kruskal—
Wallis test. For parameters recorded daily in each
replicate (I, F, A, and U), a covariance analysis was
used to test the association with time (Zar 2010). Data
were statistically analyzed with the InfoStat program.
The level of significance was set at P < 0.05.

Results

During the study, neither unhealthy nor death fish
were recorded.

No significant differences were observed in the
abiotic parameters of the media, except for the
cadmium content (Table 1); DO levels were within
the species’ tolerance limits. The actual metal
concentrations remained constant in the aquaria with
Cd, while they were always below the analytical
detection limit (0.5 pg1™") in the control aquaria.
The effective cadmium concentration was 86.7% of
the nominal concentration.
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At the end of the assays, no significant differences
were observed in the body weight of both groups of
fish relative to the initial values. Similarly, the CF,
the LSI, and the liver glycogen content remained
unchanged (Table 2).

The values of food intake (I), fecal production (F),
and assimilation (A) were significantly lower in the
metal-exposed fish; I and A were reduced in a similar
magnitude, while F decreased by 50%. In contrast, the
assimilation efficiency (U) increased significantly in
the Cd-exposed group (Table 3). In all cases, the
covariation with the exposure time was not significant.

Cd-exposed fish exhibited a significant increase in
the oxygen consumption rate, OEE, and in the SMR,
while the scope for growth (SFG) was dramatically
decreased. Fish exposed to the metal showed a
significant increase in ammonia excretion and a
parallel decrease in AQ as compared to controls
(Table 4).

Discussion

Cd occurs in periurban contaminated rivers of Argen-
tina over a wide range of concentrations, with values as
high as 700-1,700 pg Cd™ 17" (Salibian 2006).
Interestingly, these polluted rivers hold a relatively
diverse ichthyofauna. So, the concentration of Cd
assayed in this work may be considered as environ-
mentally relevant. In our laboratory, under similar
experimental conditions, juveniles of C. carpio of the
same age showed no changes in their survival after a
2-week exposure to 1.0 and 1.6 mg Cd™* 17'(de la
Torre et al. 2000; de 1a Torre 2001). On the other hand,
numerous studies have shown that a number of
freshwater teleost species of comparable body size
were exposed to concentrations close to that used in
this work without any evidence of lethality (see
Table 5). Considering the range of the metal concen-
trations assayed, it becomes evident that juvenile carps
appear to be resistant to a wide range of Cd
concentrations.

Early acute or chronic toxicity studies on the
effects of chemicals have adopted survival as the
endpoint of the assays. However, other endpoints may
be adopted as sensitive and ecologically relevant in
sublethal conditions. In the present work, the changes
in the whole-body energy balance as biomarkers of
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Table 1 Water quality parameters in control and cadmium-exposed groups of juvenile Cyprinus carpio

Parameter Controls Cd>* exposed

Control 1 Control 2 Cadmium 1 Cadmium 2
DO (mg 17") 4.06 £+ 0.23 (12) 4.08 £ 041 (12) 4.00 £ 047 (12) 4.14 £ 0.36 (12)
pH 8.50 + 0.05 (12) 8.61 £ 0.04 (12) 8.62 £ 0.03 (12) 8.68 + 0.04 (12)
Hardness (mg CaCO; 17" 75 £2(5) 74 £ 2 (5) 75 £ 2 (6) 73 £ 2 (6)
Cd** (mg 17" ND (11) ND (9) 0.13 £ 0.03 (11) 0.13 £ 0.03 (9)

Data expressed as mean == SEM; number of measurements in parenthesis
ND not detected

Table 2 Body weight (BW), body length (BL), morphological parameters (CF; LIS), and liver glycogen content in control and

cadmium-exposed juvenile Cyprinus carpio measured at the end of the assay

Group BW (g) BL (cm) CF LSI (%)

Glycogen (ug mg tissue ")

Control 5.76 + 0 37* (10)

5.94 £ 0. 27" (10)

7.65 £ 0.14 (10)
7.66 + 0.15 (10)

1.27 £ 0.03 (10)
1.42 £ 0.07 (10)

0.4 1+ 0.04 (10)

Cd-exposed 0.47 £ 0.08 (10)

0.17 £ 0.01 (10)
0.19 £ 0.02 (9)

Data expressed as mean == SEM; number of measurements in parenthesis
# Initial body weight (g); 5.49 + 0.20 (N = 20)

Table 3 Food intake (I), feces production (F), assimilation (A) and assimilation efficiency (U) in control and cadmium-exposed

juvenile Cyprinus carpio

Parameter Control group Cd-exposed group® % Change
Food intake (I) (J g dw™"' day™") 1597.59 + 41.15 (30) 1364.09 £ 84.60* (29) —14.6
Feces production (F) (J g dw™' day™") 176.36 £+ 17.62 (30) 84.60 £ 15.70* (29) -52.0
Assimilation (A) (J g dw™' day ") 1421.23 + 41.40 (30) 1280.71 £ 47.26* (29) -9.9
Assimilation efficiency (U) (%) 88.92 + 1.07 (30) 93.76 £ 1.34* (29) +5.4

Data expressed as mean == SEM; number of measurements in parenthesis

* Indicate statistically significant differences from the control at P < 0.05. Last column shows the changes (as %) of Cd-exposed

group relative to the mean values of the control group

* One sample of feces from the replicate 1 (day 11 of exposure) was lost; thus, the number of determinations for this group was 29

Table 4 Oxygen consumption, oxygen extraction efficiency (OEE), specific metabolic rate (SMR), ammonia excretion (NHy),

ammonia quotient (AQ) and scope for growth (SFG) in controls and Cd-exposed juvenile Cyprinus carpio

Parameter Control group Cd-exposed group % Change
Oxygen consumption (J g dw™' day™") 832.39 + 36.75 (10) 1244.58 + 52.70* (10) +49.51
OEE (%) 69.72 £ 4.24 (10) 82.70 £ 2.45* (10) +18.61
SMR (mg O, g bw' h™h) 0.67 £ 0.04 (10) 1.00 £ 0.04* (10) +49.25
NH, (J g dw™" day™") 159.11 £ 8.16 (9) 193.60 £ 9.46* (10) +21.67
AQ 0.11 £ 0.01 (9) 0.08 £ 0.01* (10) —27.27
SFG (J g dw™' day™") 459.15 £+ 26.62 (10) -166.05 + 50.19* (10) —136.2

Data expressed as mean == SEM, number of measurements in parenthesis

* Indicate statistically significant differences relative to the control at P < 0.05. Last column shows the changes (as %) of Cd-

exposed group relative to the means of the control group
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Table 5 Cadmlum Species Body Assayed concentration ~ References

concentration tolerant range weight ()  (mg Cd>" 1))

of selected teleosts g8 £

compared .to the . Carassius auratus 25+£05 10 Battaglini et al. (1993)

concentration assayed in )

this study Pimephales promelas 1.7 £ 0.3 0.1 Watson and Benson (1987)
Lepomis cyanellus 0.5-5.0 3-11 Carrier and Beitinger (1998)
Mistus vittatus 2.0-3.5 10-50 Datta and Sinha (1990)
Labeo rohita 3.0-5.0 10-50 Datta and Sinha (1990)
Pagrus major 4.69 0.3 Kuroshima et al. (1993)
Cyprinus carpio 32+ 04 0.1-10 Abel and Papoutsoglou (1986)
Tilapia aurea 3.1 £03 0.1-100 Abel and Papoutsoglou (1986)
Cyprinus carpio 0.15 2-9 Suresh et al. (1993)
Cyprinus carpio 5.5-6.0 0.15 This paper

short -term exposure to the metal of a freshwater fish
were evaluated.

The degree of toxicity of heavy metals for fish is
known to be modulated by biological factors as well
as by environmental factors (Fangue et al. 2008;
Newman and Clements 2008; Pottinger and Calder
1995). It has also been shown that the stress
responses are inherent to the conditions associated
with the assays (Strand et al. 2007). In order to reduce
the influence of those factors, which may contribute
to changes in their relative contribution to the balance
of energy sources and thus to misleading results,
animals of uniform size were used and the physico-
chemical conditions of the media were kept constant
throughout the assays (Table 1). The homogeneous
experimental conditions of the present study allowed
us to conclude that the changes recorded were due to
the effect of cadmium. It is important to point out that
the only source of Cd for fish was that present in the
media. We can thus establish that fish were able to
take up the metal mainly through their gills and that
Cd bioavailability was constant along time.

The condition factor (CF) and liver somatic index
(LSI) are gross non-specific indices indicative of the
potential adverse effects of the toxic on the fish
health status. CF has been correlated with biochem-
ical, physiological, and reproductive parameters
(Eastwood and Couture 2002; Smolders et al.
2002), being an indicator of fish energy reserves.
Decreases in CF reflect environmental stress-induced
alterations secondary to the presence of chemical
pollutants in the environment. Likewise, LSI reflects
alterations in the metabolic activity of the liver,
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acting as an appropriate biomarker of the toxic effect
of a polluted environment. In previous studies,
juveniles of C. carpio exposed to higher concentra-
tions of Cd (0.5 and 2 mg 1™") showed statistically
significant differences in both indexes in relation to
the controls (de la Torre 2001; Ferrari et al. 2006).
The fact that those indexes were not altered after an
exposure to a lower sublethal concentration of the
metal suggests that neither the fitness of fish nor the
metabolism of the liver were affected; the stability of
CF and LSI may be attributed to the relatively short
time of exposure.

The basis for the use of energetic parameters that
accounts for physiological mechanisms to evaluate
the impact of environmental stressors is that energy is
required to neutralize the effects of toxicants and
maintain the animal homeostasis (Giesy and Graney
1989). Internal and external factors may influence the
relative value of proteins, lipids, and carbohydrates as
energy sources for fish. Since the body weight of both
groups of fish did not exhibit significant decreases,
we may conclude that the food regime provided
sufficient energy for maintenance requirements. It
might be concluded that the metal concentration did
not cause a stressful condition in terms of energy
stores; this was suggested in the particular case of the
liver glycogen content of the Cd-exposed fish, which
showed that the stress did not trigger its use as a
source of energy. This behavior may probably be
attributed either to the short period of exposure to the
fact that the food provision (with a high content of
carbohydrates and proteins) was not interrupted
during the assays, or to the fact that C. carpio can
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store glycogen in liver amounting more than 10% of
the tissue weight (Navarro and Gutiérrez 1995).
However, it is worth mentioning that Soengas et al.
(1996) reported that after an acute exposure of 8 h to
a 0.1 mg Cd*" 17! solutions, the liver glycogen of
Salmo salar was reduced by 72% without changes in
the liver weight. In this respect, it is interesting that
Asagba et al. (2008) showed that the catfish Clarias
gariepinus exposed during 7 days to Cd solutions of
comparable concentrations with ours did not exhib-
ited accumulation of the metal in the liver.

Food intake behavior in fish was affected by metals
under stress conditions (Table 3). In Cd-exposed fish,
there was a significant reduction in the food con-
sumption and the fecal production, in spite the fact of
the short exposure time to the metal. This reduced
food consumption could result in a restriction of the
calorie intake with a secondary consequence of an
increased energetic cost to partially resist or to
compensate the stressor’s effect. In addition, the
reduction in I was accompanied with a reduction in A
in a comparable magnitude possibly because of the
damage in the intestinal epithelium (Peters 1982),
which was compensated only partially by a modest
increase in the dietary assimilation efficiency (U). In
contrast, the percentages of reduction observed sug-
gest that the effect on the fecal production of
Cd-exposed fish was not proportional to the reduction
in the food consumption. The reduction in the appetite
appears to be an effect attributable to the metal, which
may be related to the possibility of a decrease in the
sensitivity of the olfactory nerves to the nutrients of
the food (Sloman and Wilson 2006). The data
presented in Table 3 suggest that the reduction in
fecal production may be dissociated from that of the
assimilation and that other toxic effects must be
responsible, either directly or indirectly, for such
effect, probably tending to compensate the energetic
deficit secondary to a reduction in food consumption.
This compensation seems to have been effective, as it
appears from the fact that body weight of fish was not
altered at the end of the exposure to the toxic. In
addition, the lack of covariation between I, F, A, or U
and time may indicate that changes were cadmium-
induced responses.

It is interesting to point out that the animals
exhibited those significant changes, before a modifi-
cation in other indicators such as CF, indicating
adverse effects in the general condition of animals.

This suggests that these changes would be secondary
to the metabolic adjustment caused by the metal, as
part of the homeostatic response of the animal to the
stress.

Moza et al. (1995) reported that Carassius auratus
exposed to 0.05, 0.15, and 0.30 mg Cd 17! showed
decreased I, U, and specific growth ratio (SGR).
These authors assumed that as the exposure time to
Cd is lengthened the feed conversion efficiency,
associated with increasing metal levels, may provoke
a poor utilization of food reflected in a negative effect
on the SGR. Fish fed diets with As, Cd, Cu, Pb, and
Zn also exhibited decreased food intake, growth, and
survival rates. De Boeck et al. (2000) showed that the
exposure of C. carpio to a salt stress provoked a
reduction in the food consumption.

In the present study, carps showed an important
increase in the standard metabolic rate, which was
evidenced by a parallel increase in oxygen consump-
tion and a subsequent increase in oxygen extraction
efficiency (Table 4). These results suggest a com-
pensatory response to an early increased demand for
energy. It is interesting that these responses of critical
physiological parameters to the stressor appeared
early, after a relatively short period of exposure.

Some fish respond to metals by regulating their
standard metabolic rate as an adaptive reaction.
Couture and Kumar (2003) observed a decrease of
25% in the metabolic rate of Perca flavescens
exposed to cadmium-contaminated water from Cana-
dian lakes. The exposure of juvenile Oncorrhynchus
mykiss to sublethal concentrations of aluminum
caused a decrease in food intake, but not in the
metabolic rate (Allin and Wilson 1999). In contrast,
Pimephales promelas exposed to 1, 1.5, and 2.0 mg
Cd*>" 17! decreased its metabolic rate by 30-60%
(Pistole et al. 2008). Oreochromis niloticus exposed
to 0.35, 0.75, 1.5, and 3.0 mg Cd*" 17! exhibited
metabolic alterations, decreased glycogen content,
and glucose uptake in white muscle (Almeida et al.
2001). Similar results were obtained after exposure
of C. carpio to sublethal concentrations of copper
(De Boeck et al. 2006).

Proteins play a central role in the energy production
during the stress caused by toxicants. In this study, the
results indicate that although the aerobic energy
metabolism increased, growth was not affected, sug-
gesting a possible reallocation of energy use from
growth to other processes in order to readjust
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metabolism to cope with other effects of Cd (Wend-
elaar Bonga 1997), maintaining the basal titers of
biotransformation enzymes as well as their induction
(Morrow et al. 2004). The particular contribution of
protein catabolism to the total energy production of
freshwater fish can be assessed by the determination of
the ammonia quotient (AQ). Most of the end products
nitrogenous metabolism result from protein catabo-
lism, ammonia being the principal one. Thus, AQ
estimates the proportion of proteins involved in
respiration evaluated as the oxygen consumption rate
(De Boeck et al. 1995; Owen et al. 1998). The decrease
in AQ observed in the cadmium-exposed group
(Table 4) may indicate that the increase in the energy
requirements was possibly compensated by a partial
stimulation of the protein catabolism, being carbohy-
drates and/or lipids the alternative aerobic sources used
to overcome the stress due to the metal exposure. This
response could be incipient, as suggested by the
increases in oxygen consumption and OEE recorded.
In other words, the rate of protein breakdown may not
be acute because of those compensatory responses,
together with the fact that the oxygen concentration in
the water remained constant, thus excluding the
possibility of a switch to an anaerobic degradation of
proteins. Besides, the AQ in fish that degrade proteins
aerobically is much higher than that measured by us;
the quotient may be reduced in its magnitude when
other nutrients are used (Kutty 1978). Juveniles of C.
carpio exposed to copper behave in a similar way (De
Boeck et al. 1995), while adult females of the same
species exposed to either acute or chronic concentra-
tions of cadmium showed an increase in protease
activity, free amino acids, and aminotransferase activ-
ity in the liver and kidneys (De Smet and Blust 2001).
Assays performed under experimental conditions
almost identical to ours, C. carpio exposed for 14 days
to a much higher concentration of the metal showed a
60-98% increase in liver transaminases activities, thus
indicating that cadmium might induced the activation
of the amino acid catabolism (de la Torre et al. 1999).

The growth of living systems depends on the net
balance between the dietary energy intake, the energy
used for metabolic and stress-related processes, the
energy lost in the excreta and feces, and on the interplay
of different physiological processes (digestion, assim-
ilation, respiration, and excretion). Thus, growth can be
affected by interfering substances with the overall
stability and functioning of these processes. On this
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basis, the effects of pollutants on the energy balance and
animal growth could be analyzed using an integrated
approach and quantified by means of the scope of
growth (SFG). This parameter has the advantage of
integrating the responses to a range of biomarkers into a
single value that reflects the energy status of the animal
(Widdows and Salkeld 1993), being an indirect non-
specific indicator of the levels of pollution in the
environment in relation to the maintenance of the energy
balance, providing information on its impact on the
ability to survive, grow, and reproduce (Widdows and
Donkin 1991). A decrease to negative values in SFG due
to exposure to different pollutants has been previously
reported in fish (Alcaraz and Espina 1997; Espina et al.
1986; Strand et al. 2007) as a clear indication of an acute
reduction in the energy available for growth using the
energy reserves. Changes in the SFG of fish are
indicators of great ecological importance that has
proven a sensitive index of stress during exposure to
metals. In the present study, this parameter decreased
significantly after a 2-week exposure to sublethal
concentrations of cadmium. This result suggests an
energy deficit that would account for the increases in
oxygen-related parameters (SMR, OEE) and in the AQ.

The analysis of our results shows that the main
effects of the exposure of Cyprinus carpio to 0.15 mg
Cd/I"" on the energy metabolism were compensatory.
The responses observed can be related to the general
adaptation syndrome (Seyle 1973), which states that
a number of quantifiable responses under stress
conditions contribute to resisting the adverse effects
of a toxicant for a finite period of time.

Acknowledgments Authors wish to thank Mr. J. Perez (CIC)
for cadmium measurements, Eng C. Marchesich for the
determination of analytical composition of fish food, Dr.
Mariela Borgnia for her help during experiments and to the
reviewers’ valuables comments and suggestions that helped
them to improve the original text of the manuscript This work
was supported by grants from the National University of Lujan
(Basic Sciences Department) and the Scientific Research
Commission of Buenos Aires (CIC).

References

Abel PD, Papoutsoglou SE (1986) Lethal toxicity of cadmium
to Cyprinus carpio and Tilapia aurea. Bull Env Contam
Toxicol 37:382-386

Alcaraz G, Espina S (1997) Scope for growth of juvenile Grass
carp, Ctenopharyngodon idella exposed to nitrite. Comp
Biochem Physiol 116:85-88



Fish Physiol Biochem (2011) 37:853-862

861

Allin CJ, Wilson RW (1999) Behavioural and metabolic effects
of chronic exposure to sublethal cadmium in acidic soft
water in juvenile rainbow trout (Oncorhynchus mykiss).
Can J Fish Aquat Sci 56:670-673

Almeida JA, Novelli ELB, Dal Pai Silva M, Alves Junior R
(2001) Environmental cadmium exposure and metabolic
responses of the Nile tilapia. Oreochromis niloticus En-
vironm Pollut 114:169-175

Alves LC, Glover CN, Wood CM (2006) Dietary Pb accumu-
lation in juvenile freshwater rainbow trout (Oncorhynchus
mykiss). Arch Environ Contam Toxicol 51:615-625

Asagba SO, Eriyamremu GE, Igberaese ME (2008) Bioaccu-
mulation of cadmium and its biochemical effect on
selected tissues of the catfish (Clarias gariepinus). Fish
Physiol Biochem 34:61-69

Battaglini P, Andreozzi G, Antonucci R, Arcamone N, De
Girolamo P, Ferrara L, Gargiulo G (1993) The effects of
cadmium on the gills of the goldfish Carassius auratus L.:
metal uptake and histochemical changes. Comp Biochem
Physiol 104C:239-247

Bentley PJ (1991) Accumulation of cadmium by channel cat-
fish (Ictalurus punctatus): influx from environmental
solutions. Comp Biochem Physiol 99C:527-529

Carrier R, Beitinger TL (1988) Resistance of temperature tol-
erance ability of green sunfish to cadmium exposure. Bull
Env Contam Toxicol 40:475-480

Couture P, Kumar PR (2003) Impairment of metabolic capacities
in copper and cadmium contaminated wild yellow perch
(Perca flavescens). Aquat Toxicol 64:107-120

Datta DK, Sinha GM (1990) Comparative static bioassay of
cadmium toxicity for two Indian freshwater teleosts.
J Freshwater Biol 2:313-321

De Boeck G, De Smet H, Blust R (1995) The effect of sub-
lethal levels of copper on oxygen consumption and
ammonia excretion in the common carp, Cyprinus carpio.
Aquat Toxicol 32:127-141

De Boeck G, Vlaeminck A, Van der Linden A, Blust R (2000)
The energy metabolism of common carp (Cyprinus car-
pio) when exposed to salt stress: an increase in energy
expenditure or effects of starvation? Physiol Biochem
Zool 73:102-111

De Boeck G, vander Ven K, Hattink J, Blust R (2006) Swimming
performance and energy metabolism of rainbow trout,
common carp and gibel carp respond differently to suble-
thal copper exposure. Aquat Toxicol 80:92—-100

de la Torre FR (2001) Estudio integrado de la contaminacién
acudtica mediante bioensayos y parametros fisiologicos y
bioquimicos indicadores de estrés ambiental. Doctoral
Dissertation, Faculty of Exact and Natural Sciences,
University of Buenos Aires

de la Torre FR, Ferrari L, Salibian A (1999) Enzyme activities
as biomarkers of freshwater pollution: response of fish
branchial Na+ K-ATPase and liver transaminases. Envi-
ron Toxicol 14:313-319

de la Torre F, Ferrari L, Salibian A (2000) Long-term in situ
water toxicity bioassays in the Reconquista river
(Argentina) with Cyprinus carpio as sentinel organism.
Water Air Soil Pollut 121:205-215

De Smet H, Blust R (2001) Stress responses and changes in
protein metabolism in carp Cyprinus carpio during cad-
mium exposure. Ecotoxicol Environ Saf 48:255-262

Eastwood S, Couture P (2002) Seasonal variations in condition
and liver metal concentrations of yellow perch (Perca
flavescens) from a metal-contaminated environment.
Aquat Toxicol 58:43-56

Eissa BL (2009) Biomarcadores comportamentales, fisiologi-
cos y morfoldgicos de exposicion al Cadmio en peces
pampeanos. Doctoral Dissertation, Faculty of Exact and
Natural Sciences, University of Buenos Aires

Eissa BL, Salibian A, Ferrari L (2006) Behavioral alterations in
juvenile Cyprinus carpio exposed to sublethal waterborne
cadmium. Bull Environ Contam Toxicol 77:931-937

Eissa BL, Ossana NA, Salibian A, Ferrari L, Pérez RH (2009)
Cambios en la velocidad de nado como indicador del
efecto toxico del Cadmio en Astyanax fasciatus y Aus-
traloheros facetum. Biologia Acudtica 26:83-90

Eissa BL, Osanna NA, Ferrari L, Salibian A (2010) Quantita-
tive behavioral parameters as toxicity biomarkers: fish
responses to waterborne cadmium. Arch Environ Contam
Toxicol 58:1032-1039

Elliott JM, Davison W (1975) Energy equivalents of oxygen
consumption in animal energetics. Oecologia 19:195-201

Espina S, Diaz F, Rosas C, Rosas I (1986). Influencia del deter-
gente en el balance energético de Ctenopharyngodon idclla a
través de un bioensayo cronico Contam Ambient 2:25-37

Espina S, Salibidn A, Diaz F (2000) Influence of cadmium on
the respiratory function of the grass carp Ctenopharyng-
odon idella. Water Air Soil Pollut 119:1-4

Evans DH, Piermarini PM, Choe KP (2005) The multifunc-
tional fish gill: dominant site of gas exchange, osmoreg-
ulation, acid-base regulation, and excretion of nitrogenous
waste. Physiol Revs 85:97-177

Fangue NA, Mandic M, Richards JG, Schulte PM (2008)
Swimming performance and energetics as a function of
temperature in killifish Fundulus heteroclitus. Physiol
Biochem Zool 81:389—401

Ferrari L, Eissa BL, Ossana N, Salibian A (2005) Efectos de la
exposicion a cadmio subletal sobre la morfologia de las
branquias de Cyprinus carpio. Acta Toxicol Argent
13(Suppl):18-19

Ferrari L, Eissa BL, Salibian A, Borgnia M. (2006) Analisis de
parametros morfolégicos y fisiologicos como biomarcadores
de contaminacién por Cadmio en juveniles de Cyprinus
carpio. In: Herkovits J (ed) Salud ambiental y humana: una
vision holistica, SETAC-Buenos Aires. pp 106-108

Ferrari L, Eissa BL, Ossana NA, Salibian A (2009) Effects of
sublethal waterbone cadmium on gills in three teleosteans
species: scanning electron microscope study. Internat J
Environ Health 3:410-426

Giesy JP, Graney RL (1989) Recent developments in the in-
tercomparisons of acute and chronic bioassays and bio-
indicators. Hydrobiologia 188(189):21-60

Goering PL, Waalkes MP, Klaassen CD (1995) Toxicology
of cadmium. In: Goyer RA, Cherian MG (eds) Toxicology of
metals—biochemical aspects. Springer, Berlin, pp 189-214

Handy R, Depledge MH (1999) Physiological responses: their
measurement and use as environmental biomarkers in
Ecotoxicology. Ecotoxicology 8:329-349

Hashemi S, Blust R, De Boeck G (2008) Combined effects of
different food rations and sublethal cooper exposure on
growth and energy metabolism in common carp. Arch
Environ Contam Toxicol 54:318-324

@ Springer



862

Fish Physiol Biochem (2011) 37:853-862

Hellawell JM (1986) Biological indicators of freshwater pol-
lution and environmental management. Elsevier Applied
Science Publishers, London, p 546

Jezierska B, Witeska M (2001) Metal toxicity to fish. Wy-
dawnictwo Akademii Podlaskiej, Siedlce, p 318

Kunwar PS, Tudorache C, Eyckmans M, Blust R, De Boeck G
(2009) Influence of food ration, copper exposure and
exercise on the energy metabolism of common carp
(Cyprinus carpio). Comp Biochem Physiol 149C:113-119

Kuroshima R, Kimura S, Date K, Yamamoto Y (1993) Kinetic
analysis of cadmium toxicity to red sea bream, Pagrus
major. Ecotoxicol Environ Saf 25:300-314

Kutty MN (1978) Ammonia quotient in sockeye salmon (On-
corhynchus nerka). J Fish Res Bd Can 35:1003-1005

Morrow MD, Higgs D, Kennedy CJ (2004) The effects of diet
composition and ration on biotransformation enzymes and
stress parameters in rainbow trout, Oncorhynchus mykiss.
Comp Biochem Physiol 137C:143-154

Moza U, De Silva SS, Mitchell BM (1995) Effect of sub-lethal
concentrations of cadmium on food intake, growth and
digestibility in the goldfish, Carassius auratus L. J Envi-
ron Biol 16:253-264

Navarro I, Gutiérrez J (1995) Fasting and starvation. In: Ho-
chachka PW, Mommsen TP (eds) Biochemistry and
molecular biology of fishes, vol 4. Elsevier, Amsterdam,
pp 393-434

Newman MC, Clements WH (2008) Ecotoxicology. A com-
prehensive treatment. CRC Press, Boca Raton

Ossana NA, Eissa BL, Salibian A (2009) Cadmium biocon-
centration and genotoxicity in the common carp (Cyprinus
carpio). Internat J Environ Health 3:302-309

Owen SF, Houlihan DF, Rennie MJ, van Weerd JH (1998)
Bioenergetics and nitrogen balance of the European eel
(Anguila anguila) fed at high and low ration levels. Can J
Fish Aquat Sci 55:2365-2375

Peters G (1982) The effect of stress on the stomach of the Euro-
pean eel, Anguilla anguilla. J Fish Physiol 21:497-512

Pistole DH, Peles JD, Taylor K (2008) Influence of metal
concentrations, percent salinity and length of exposure on
the metabolic rate of fathead minnows (Pimephales
promelas). Comp Biochem Physiol 148C:48-52

Pottinger TG, Calder GM (1995) Physiological stress in fish
during toxicologicl procedures: a potentally confounding
factor. Environ Toxicol Water Qual 10:135-146

Roast SD, Widdows J, Jones MB (1999) Scope for growth
of the estuarine mysid Neomysis integer (Peracarida:
Mysidacea): effects of the organophosphate pesticide
chlorpyrifos. Mar Ecol Progr Ser 191:233-241

Salibian A (2006) Ecotoxicological assessment of the highly
polluted Reconquista River of Argentina. In: Ware GW
(ed) Rev Environm Contam Toxicol, vol 185, pp 35-65

Sanchez W, Porcher JM (2009) Fish biomarkers for environ-
mental monitoring within the water framework directive
of the European Union. Trends Anal Chem 28:150-158

Sancho E, Ferrando MD, Fernadez C, Andreu E (1998) Liver
energy metabolism of anguilla after exposure to fenitro-
thion. Ecotoxicol Environ Safety 41:168-175

Schelenk D, Handy R, Steinert S, Depledge MH, Benson W
(2008) Biomarkers. In: Di Giulio RT, Hinton DE (eds)
The toxicology of fishes. CRC Press, Boca Raton,
pp 683-731

@ Springer

Scott GS, Sloman KA (2004) The effects of environmental
pollutants on complex fish behavior: integrating behav-
ioral and physiological indicators of toxicity. Aquat
Toxicol 38:369-392

Seifter S, Dayton S, Novic B, Montwyler E (1950) The esti-
mation of glycogen with the anthrone reagent. Arch
Biochem 25:191-200

Seyle H (1973) The evolution of the stress concept. Am Sci
61:692-699

Sibly RM, Calow P (1986) Physiological ecology of animals.
An evolutionary approach. Blackwell Scientific Publica-
tions, Oxford

Sloman KA, Wilson RW (2006) Anthropogenic impacts upon
behaviour and physiology. In: Sloman KA, Wilson RW,
Balshine S (eds) Behaviour and physiology of fish. Aca-
demic Press, San Diego, pp 413-458

Smolders R, Bervoets L, De Boeck G (2002) Integrated condi-
tion indices as measure of whole effluent toxicity in zeb-
rafish (Danio rerio). Environ Toxicol Chem 21:87-93

Soengas JL, Agra-Lago MJ, Carballo B, Andrés MD, Veira
JAR (1996) Effect of acute exposure to sublethal con-
centrations of cadmium on liver carbohydrate metabolism
of Atlantic salmon (Salmo salar). Bull Environ Contam
Toxicol 57:625-631

Strand A, Magnhagen C, Alanara A (2007) Effects of repeated
disturbances on feed intake, growth rates and energy
expenditures of juvenile perch, Perca fluviatilis. Aqua-
culture 265:163-168

Suresh A, Sivaramakrishna B, Radhakrishnaiah K (1993)
Effect of lethal and sublethal concentrations of cadmium
on energetics in the gills of fry and fingerlings of Cyprinus
carpio. Bull Env Contam Toxicol 51:920-926

van der Oost R, Beyer J, Vermeulen NPE (2003) Fish bio-
accumulation and biomarkers in environmental risk
assessment: a review. Environ Toxicol Pharmacol 13:
57-149

Watson CF, Benson WH (1987) Comparative activity of gill
ATPase in three freshwater teleosts exposed to cadmium.
Ecotoxicol Environ Saf 14:252-259

Wendelaar Bonga SE (1997) The stress response in fish.
Physiol Rev 77:591-625

Widdows J, Donkin P (1991) Role of physiological energetics
in ecotoxicology. Comp Biochem Physiol 100C:69-75

Widdows J, Salkeld PN (1993) Practical procedures for the
measurement of scope for growth. MAP Teach Rep Ser
71:147-172

Wilson RW, Bergman HL, Wood CM (1994) Metabolic costs
and physiological consequences of acclimation to alumi-
num in juvenile rainbow trout (Oncorhynchus mykiss).1:
acclimation specificity, resting physiology, feeding and
growth. Can J Fish Aquat Sci 51:527-535

Witeska M, Jezierska B, Wolnicki J (2006) Respiratory and
hematological response of tench, Tinca tinca (L.) to a short-
term cadmium exposure. Aquacult Internat 14:141-152

Wright DA, Welbourn PM (1994) Cadmium in the aquatic
environment: a review of ecological, physiological, and
toxicological effects on biota. Environ Rev 2:187-214

Zar JH (2010) Biostatistical analysis. Prentice Hall, Upper
Saddle River



	Energy balance of juvenile Cyprinus carpio after a short-term exposure to sublethal water-borne cadmium
	Abstract
	Introduction
	Materials and methods
	Test organisms
	Experimental design
	Statistical analyses

	Results
	Discussion
	Acknowledgments
	References


