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Abstract

Several biological studies associate vanadium and cadmium with the production of reactive oxygen species (ROS), leading to lipid
peroxidation and antioxidant enzymes alterations. The present study aims to analyse and compare the oxidative stress responses induced by an
acute intravenous exposure (1 and 7 days) to a sub-lethal concentration (5 mM) of two vanadium solutions, containing different vanadate n-
oligomers (n=1–5 or n=10), and a cadmium solution on the cardiac muscle of the marine teleost Halobatrachus didactylus (Lusitanian toadfish).
It was observed that vanadium is mainly accumulated in mitochondria (1.33±0.26 μM), primarily when this element was administrated as
decameric vanadate, than when administrated as metavanadate (432±294 nM), while the highest content of cadmium was found in cytosol (365±
231 nM). Indeed, decavanadate solution promotes stronger increases in mitochondrial antioxidant enzymes activities (catalase: +120%;
superoxide dismutase: +140%) than metavanadate solution. On contrary, cadmium increases cytosolic catalase (+111%) and glutathione
peroxidases (+50%) activities. It is also observed that vanadate oligomers induce in vitro prooxidant effects in toadfish heart, with stronger effects
induced by metavanadate solution. In summary, vanadate and cadmium are differently accumulated in blood and cardiac subcellular fractions and
induced different responses in enzymatic antioxidant defence mechanisms. In the present study, it is described for the first time the effects of equal
doses of two different metals intravenously injected in the same fish species and upon the same exposure period allowing to understand the
mechanisms of vanadate and cadmium toxicity in fish cardiac muscle.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

In recent years, there has been a growing concern over the
increase in heavymetals contamination affecting the terrestrial and
aquatic environments and ultimately how it would affect human
health. The release of pollutants, especially heavy metals, into the
aquatic environment is known to cause detrimental effects to the
environment and to the living organisms, giving a significant
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interest to the study of oxidative stress responses in aquatic
organisms induced by toxic metals. Besides the interest and
usefulness of piscine models to oxidative stress studies (Kelly
et al., 1998), it is becoming apparent that oxidative stress also
affects aquatic organisms that are more exposed to environmental
pollutants. Fish accumulate heavy metals in higher concentrations
in their tissues, mainly through ingestion of contaminated food or
by environmental absorption along the gill surface (Kraal et al.,
1995), with metals being accumulated mainly in metabolically
active tissues (Kock and Hofer, 1998), such as the kidney, liver,
gills and digestive tract (Miliou et al., 1998). In fact, several works
have reported that some fish species are far more sensitive to heavy
metals toxic effects than mammals (Kelly et al., 1998). These
studies have associated metals mainly with hepatic and renal
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toxicity (Palace andKlaverkamp, 1993; Palace et al., 1993; Bagchi
et al., 1997; Zikic et al., 1998; Vaglio and Landriscina, 1999).
However, recent studies have suggested that heart shows a great
vulnerability to metal intoxication (Tort andMadsen, 1991; Sarkar
et al., 1995; Correia et al., 1998; Coucelo et al., 1998; Wang et al.,
1999; Aureliano et al., 2002; Soares et al., 2006, 2007d). Indeed,
one of the physiological responses to metal pollution is the
alteration of cardiac function (Tort and Madsen, 1991).

Several biological studies have associatedmetals, such as lead,
cadmium, copper, zinc, mercury, arsenate and vanadium, with the
ability to produce reactive oxygen species (ROS), resulting in
lipid peroxidation and antioxidant enzymes alterations, leading to
oxidative stress (Hu, 2000). Vanadium and cadmium are two
metals involved in such effects. In the ocean seawater, the
concentrations of vanadium and cadmium range from approxi-
mately 1 to 3 μg/L and 0.01 to 42 μg/L (Miramand and Fowler,
1998; Hu, 2000). Cadmium are among the most abundant toxic
metals in our environment, with no biological function in superior
organisms described so far, which is very toxic even at very low
concentrations. The adverse effects of this toxic metal have been
studied in many animal species – such as fish – in reproductive,
respiratory and haematological systems and in specific target
organs, such as the liver and kidney (Verbost et al., 1989; Ricard et
al., 1998; Sarkar et al., 1998; Vaglio and Landriscina, 1999; Hu,
2000; Soares et al., 2003; Risso-de Faverney et al., 2004). Besides
the toxic effects of this metal has yet to be completely understood,
it is well known that cadmium-induced oxidative stress leads to
lipid peroxidation and changes in antioxidants enzymes activity
(Viarengo, 1989; Correia et al., 1998; Kostic et al., 1993; Shukla
et al., 2000). Although cadmium has been studied most
extensively, toxicity (such as hepatotoxicity) occurs upon
exposure to many metals, including vanadium (Dong et al.,
1998; Valko et al., 2005). In contrast, vanadium is involved in
many physiological systems, although not considered an essential
element (Nechay et al., 1986; Harland and Harden-Williams,
1994). Its physiological role is still far from a clear identification.
At higher concentrations (N1–10 nM), vanadium becomes toxic
to the cells inducing several injury effects at specific target organs,
such as liver and kidney, inducing oxidative damage, lipid
peroxidation and changes in haematological, reproductive and
respiratory systems (Zychlinski et al., 1991; Zaporowska and
Wasilewski, 1992; Stohs and Bagchi, 1995; Domingo, 1996;
Byczkowski and Kulkarni, 1998). In order to not generalize the
toxic effects promoted by metallic elements a comparative
approach in toxicological studies is always needed to precisely
characterize the exact effects promoted by different metals and
therefore to define the appropriated stressmarkers to eachmetal in
study.

Vanadate has a very complex chemistry and different states of
protonation and conformations can occur simultaneously in
equilibrium in vanadate solutions (Chasteen, 1983; Amado et al.,
1993; Crans, 1994). In biological systems, the most relevant
oxidation states are +4 (vanadyl), which predominates in extra-
cellular body fluids, and +5 (vanadate), the most common
intracellular form. It is known that these vanadate oligomers
interact with several proteins besides affecting numerous biological
mechanisms, such as membrane-bound transport systems and
energy transduction (Crans, 1995; Aureliano and Madeira, 1998).
Different vanadate-induced effects in biological systems were
described to be dependent on the oligomeric species present
(Aureliano andMadeira, 1994; Aureliano et al., 2002; Borges et al.,
2003; Soares et al., 2003, 2006, 2007a, 2007b, 2007c, submitted for
publication, 2007d; Tiago et al., 2004; Aureliano and Gândara,
2005; Gândara et al., 2005; Aureliano et al., 2007). In the present
study, besides the comparative study of vanadium and cadmium-
induced oxidative stress, we further explored this hypothesis and
report the different oxidative stress responses induced by distinct
vanadate oligomers on the heart of Halobatrachus didactylus.

Since 1999, our research team has performed investigation on in
vivo vanadate-induced oxidative stress responses in fish. In a
previously article we reported the major conclusions about
subcellular vanadium distribution, lipid peroxidation, antioxidants
enzymes activities besides several oxidative stress markers upon in
vivo administration of different vanadate oligomers (Soares et al.,
2007d). Earlier studies indicated that in vivo exposure to 5 mM
vanadate or cadmium solutions intraperitoneally (i.p.) injected
affect differently subcellular metal distribution and antioxidant
enzymes activities (catalase, CAT; superoxide dismutase, SOD; and
glutathione peroxidases, GPx), induce lipid peroxidation, methae-
moglobinemia and tissue damage in several organs, namely kidney,
liver and heart of theH. didactylus (Correia et al., 1998; Aureliano
et al., 2002; Borges et al., 2003; Soares et al., 2003) without,
however, establishing a relationship between the promoted effects
and/or cellular targets and a specific metal. In this sense, in the
present study we intent to further explore the oxidative stress
responses induces by thesemetals in cardiac tissue, trying to answer
to several questions that still remain to be addressed: (i) The route of
exposure to cadmium influences the acute toxicity effects induced
by this metal, as it happens with vanadate oligomers intoxication
(Soares et al., 2007d)? (ii) Vanadate oligomers induce similar
responses in enzymatic defence mechanisms against oxidative
stress than other toxic metals, such as cadmium?

Thus, in the present study we intent to analyse and compare,
for the first time, the oxidative stress responses induced by
equal doses of two different toxic metals, with distinct
metabolisms, intravenous injected on the cardiac muscle of
the same marine teleost species (H. didactylus) and upon the
same exposure period. Fish were exposed in parallel to both
metals in an acute exposure (1 and 7 days) to a sub-lethal
concentration (5 mM) of two vanadium, containing different
vanadate n-oligomers (n=1–5 or n=10), and one cadmium
solutions. Different patterns of metal accumulation and
oxidative stress were observed for vanadium and cadmium.

2. Material and methods

2.1. Metal solutions

Metavanadate solution (50 mM, pH 6.7) was prepared from
ammonium metavanadate extra pure (≥98.5%) (NH4VO3,
Riedel-de Haën). Decavanadate solution (50 mM) was obtained
by adjusting the pH of the former solution to 4.0 (Aureliano and
Madeira, 1994). However, the pH was always ascertained to 7.0
immediately before administration. Vanadate solutions were
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diluted to the final concentration (5 mM) in 0.9% NaCl (pH 8.0)
before in vivo administration. Cadmium solution (5 mM) was
prepared from cadmium chloride monohydrate extra pure
(≥98%) (CdCl2·H2O, Riedel-de Haën).

2.2. Animals and in vivo treatments

Experiments were made with H. didactylus (Lusitanian
toadfish) specimens of both sexes collected from an unpolluted
area of the south coast of Portugal (Ria Formosa lagoon). Fish with
bodymass ranging from161 to 713 g (358±127 g) and body length
ranging from 22 to 35 cm (27±3 cm) were kept in 450 L tanks, in
aerated and recirculating seawater, under controlled conditions
(20 °C, 35‰ and exposed to natural day/night cycles) for 1 month
prior to experimentation. During this acclimatization period, fish
were fed three times a week with squid ad libitum and were starved
for 2 days, before sacrificed with anaesthetic overdosage of 2-
fenoxietanol (bath). For in vivo experiments, 54 individuals were
randomly divided in four groups (Placebo, Vn — metavanadate,
V10— decavanadate and Cd— cadmium), each group containing
equal number ofmales and females and treated with an intravenous
(i.v.) injection of 1 mL/kg of 0.9% NaCl, 5 mM vanadium, as
metavanadate or decavanadate solutions, or 5 mM cadmium
chloride, respectively; sub-groups of six individuals (3 males and 3
females) were sacrificed 1 and 7 days after injection, respectively.
Simultaneously, at the beginning of the experiment, a control group
(n=6) was sacrificed to determine basal values (Table 1). All the
experiments on animals follow the National Research Council's
guide for the care and use of laboratory animals.

2.3. Toxicity test (24 h LC50)

A statistic bioassay (Reed and Muench, 1938) was performed
to determine the 24 h-lethal concentrations of vanadate oligomers
Table 1
Vanadium (V) and cadmium (Cd) amounts; catalase (CAT), superoxide
dismutase (SOD), total and selenium-dependent glutathione peroxidases (total
GPx and Se–GPx, respectively) activities; lipid peroxides (TBARS —
thiobarbituric acid-reactive substances); reduced glutathione (GSH); total
NADH oxidase activity; reactive oxygen species (ROS) and superoxide anion
radical (O2

.-) basal/control values in cardiac tissue of H. didactylus

Basal/control values

V amount in heart tissue 463±163 nmole/g dry mass
Cd amount in heart tissue 71.2±8.9 nmole/g dry mass
CAT activity (mitochondria) 4±1 μmol/min/mg protein
CAT activity (cytosol) 2±0 μmol/min/mg protein
SOD activity (mitochondria) 44±14 U/mg protein
SOD activity (cytosol) 10±2 U/mg protein
Cytosolic total GPx activity 0.193±0.38 μmol/min/mg protein
Cytosolic Se–GPx activity 0.143±0.033 μmol/min/mg protein
Lipid peroxidation 0.862±0.100 μM MDA/g tissue

29.7±5.3 a.u./min/mg protein
Reduced GSH content 2.64±0.68 nmol GSH/mg protein
Total NADH oxidase activity 1.83±0.39 nmol NADH/min/mg protein
Mitochondrial overall
ROS production

33.2±4.1 a.u./min/mg protein

Mitochondrial O2
.- production 10.81±0.76 nmol O2

.-/min/mg protein

Values are stated as mean and standard deviation (STD) of six independent
observations (n=6).
(monomeric and decameric species) and cadmium chloride that
significantly decrease the number of survival H. didactylus fish
by 50% (24 h LC50). Fish were transferred from the stock tank to
the experimental aquaria and, after acclimatization, i.v. injected
with nominal vanadate and cadmium chloride concentrations of 0
(control), 20, 40, 60 and 80 mM, respectively. For each
concentration level, 6 fish were equally distributed in experimen-
tal aquaria with moderate aeration, the same water quality
characteristics as the stock tank, a constant temperature (20 °C)
and controlled photoperiod (12 h dark: 12 h light). The
experimental aquaria were observed frequently and as fish died
they were immediately removed. Fish mortality and behaviour
were recorded every 2 h.

2.4. Isolation of subcellular fractions

Blood samples were collected through caudal vein puncture
using heparin as anticoagulant and were kept at 4 °C. The blood
samples were centrifuged at 500 g for 10 min, in order to isolate
red blood cells (RBC) from plasma (the leukocyte and upper
erythrocyte layers were removed). After blood collection, the
heart was immediately removed, weighted and the ventricle
excised. The heart and ventricles were weighed in order to
calculate the relative cardiac mass – [heart mass (g)/body mass
(g)]×100 – and the relative ventricular mass – [ventricle mass
(g)/body mass (g)]×100. Mitochondrial and cytosolic cardiac
muscle subcellular fractions were prepared according to the
procedure described elsewhere (Aureliano et al., 2002; Soares
et al., 2007d). Protein content was determined by Bradford
method (Bradford, 1976), using the Sigma protein dye reagent
and bovine serum albumin (BSA) as protein standard.

2.5. Subcellular metal distribution

Vanadium and cadmium subcellular distribution analysis
were performed in dried sub-samples of heart tissue (mito-
chondrial and cytosolic fractions) and blood (plasma and RBC)
by atomic absorption spectroscopy (AAS), as previous
described (Soares et al., 2006, 2007d). Vanadium lamp was
operated at 318.2 nm, with slit width of 0.2 nm and the
instrument was calibrated against a series of solutions contain-
ing 6.25, 12.5, 25, 50 and 100 ppb of vanadium. Cadmium lamp
was operated at 228.8 nm, with slit width of 0.5 nm and the
instrument was calibrated against a series of solutions contain-
ing 0.625, 1.25 and 2.5 ppb of cadmium. The detection and
quantification limits of the instrument for these analysis
conditions, determined according ISO 8466-1, were 5±1 and
14±3 ppb of vanadium and 0.23±0.08 and 0.51±0.03 ppb of
cadmium, respectively. The method was validated using a
certified reference material (TORT-1′s vanadium and cadmium
content 1.4±0.3 mg/kg and 26.3±2.1 mg/kg, respectively),
purchased from National Research Council of Canada.
Vanadium and cadmium recovery ranged from 104 to 105%
and from 161 to 182% of the certified value, respectively. The
precision of the method was also acceptable, ranging from 1 to
5% and from 29 to 38%, as percent relative standard deviation,
for vanadium and cadmium analysis, respectively.
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2.6. Enzymatic antioxidant defence system

Antioxidant responses in cardiac subcellular fractions
(mitochondrial and cytosolic) of H. didactylus were determined
evaluating changes in antioxidant enzymes activities by UV/
visible spectroscopy. The catalase (CAT) activity was deter-
mined in mitochondrial and cytosolic fractions using the direct
determination of hydrogen peroxide consumption described
(Clairborne, 1985). The superoxide dismutase (SOD) activity
was evaluated in mitochondrial and cytosolic fractions with the
xanthine oxidase–cyrochrome c method modified as described
elsewhere (Aureliano et al., 2002; Soares et al., 2007d). The
total (total GPx) and the selenium-dependent (Se–GPx)
glutathione peroxidases activities were both evaluated in the
cytosolic fraction according to the methods previously
described (Lawrence and Burk, 1976; Günzler and Flohé,
1985).

2.7. Lipid membrane degradation

The evaluation of free radical-induced damage in lipid
membranes of the fish heart was determined by analysis of lipid
peroxidation in the total homogenate of cardiac tissue. The
evidence of lipid membrane oxidation was monitored using two
independent assays: (i) measurement of thiobarbituric acid-
reactive substances (TBARS) formation as described elsewhere
(Wills, 1987) and (ii) detection of cis-parinaric acid (AcPn)
degradation following a method previously described (Tyurina
et al., 2000; Beg et al., 2001).

2.8. Glutathione content and NADH oxidase activity as
oxidative stress markers

Reduced GSH content was determined in fresh cardiac
homogenates, from the reduction of 5, 5′-dithiobis (2-nitrobenzoic
acid) (DTNB) by sulfhydryl groups (ɛ412=13.2 mM–1 cm–1), as
described elsewhere (Gândara et al., 2005). Total NADHoxidase
activity was measured from the rate of oxidation of NADH (at
340 nm) and, as previously reported, dimethylsulfoxide (used as
a solvent for CoQ10) was found to have no effect on this activity
up to 1% (v/v) of the assay medium (Martín-Romero et al.,
2002).

2.9. Reactive oxygen species production

The overall rate of in vivo reactive oxygen species (ROS)
production in H. didactylus's cardiac tissue upon exposure to
vanadate oligomers and cadmium, as well as in vitro ROS
generation in mitochondria samples incubated with vanadate
and cadmium concentrations ranging from 0 to 1 mM total
vanadium, were determined from the kinetics of increasing of
fluorescence (λexc=495 nm, λem=520 nm) of the probe
dichlorodihydrofluorescein (H2DCFDA) (Zhang et al., 2001;
Rao and Ramasarma, 2000). In vitro superoxide anion radical
(O2

.-) production in cardiac mitochondria was measured from the
rate of nitroblue tetrazolium reduction (NBT) reduction, as
described elsewhere (Auclair and Voisin, 1985).
2.10. Oxidative DNA damage

DNA isolation from whole blood cells and from heart cells
was performed with Qiagen genomic DNA-Kit according to the
manufacturer's instructions. DNA digestion and analysis were
performed according to Shigenaga et al. (1990) with slight
modifications as described elsewhere (Ivancsits et al., 2002).
The nucleosides were subjected to high performance liquid
chromatography (HPLC) analysis of 8-hydroxy-2′ deoxygua-
nosine (8-OHdG), a well-established marker for oxidative
stress. Separation was performed at a flow rate of 0.5 mL/min.
Nucleosides were measured by UV-detection at 270 nm. The 8-
OHdG was detected at 0.6 V. Amounts of 8-OHdG and dG were
determined using calibration curves of these two nucleosides.
The rate of 8-OHdG formation was calculated by relating the
amount of 8-OHdG to the amount of 105 dG.

2.11. Statistical analysis

All parameters studied are presented as average and standard
deviation (STD) of measurements taken from six individuals in
each group (n=6). Statistical analyses of the data were
performed using Mann–Whitney non-parametric test. Differ-
ences from controls were considered significant at Pb0.05. For
all parameters analysed, control and placebo groups showed no-
significant differences between them (PN0.05) and therefore
these two groups were considered together (Control group) for
results analysis and presentation.

3. Results

3.1. Vanadate and cadmium LC50 determination upon
intravenous administration

In the present study, the standard 24 h mean lethal
concentration (24 h LC50) values (at 20 °C) determined for
both vanadate oligomers and cadmium chloride solutions i.v.
injected in H. didactylus individuals were approximately
40 mM total vanadium (4.68 g/L) and 80 mM cadmium
(14.67 g/L), respectively. During the time course of acute
vanadium and cadmium exposure, no mortality occurred in the
controls.

However, and despite the LC50 values determined in the
present work, we choose a sub-lethal metal concentration
(5 mM) well known to induced toxic effects in other biological
systems than the cardiac and/or different fish species, as
described in previous studies (Soares et al., 2003, 2006; Gândara
et al., 2005).

3.2. Changes in relative cardiac and ventricular masses

Decavanadate solution had different effects on cardiac and
ventricular masses (Fig. 1). Decameric vanadate oligomers
increased relative ventricular mass (0.100±0.026%) 7 days
after exposure, relatively to Control group (0.078±0.008%),
while metavanadate solution induced a decrease in relative
cardiac mass (0.135±0.012%) and relative ventricular mass



Fig. 1. Variation of relative (A) cardiac and (B) ventricular masses (%) of H. didactylus (n=6) intravenously injected with metavanadate, decavanadate and cadmium
chloride solutions (5 mM; 1 mg/kg), 1 and 7 days post-exposure (mean±STD). ⁎Significantly different from Control (Pb.05).
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(0.068±0.004%) 1 day after exposure, relatively to Control
group (0.152±0.014% and 0.078±0.008%, respectively). In
contrast, these parameters were not significantly affected 1 or
7 days upon administration of cadmium chloride. The
monitoring of these parameters is of great significance once it
is known that there is a strict relationship between cardiac tissue
morphological integrity and the maintenance of adequate heart
activity (Coucelo et al., 1998).
Fig. 2. Vanadium and cadmium concentrations (in μmole and nmole per g of dry ma
(B and E) mitochondria and (C and F) cytosol of H. didactylus individuals (n=6), 1
and (D, E and F) cadmium chloride solutions (mean±STD). ⁎Significantly differen
3.3. Metal subcellulardistribution following in vivo administration

The amount of vanadium and cadmium in H. didactylus heart
and blood (Table 1) are within the range of values reported for fish
(Aureliano et al., 2002;Miramand and Fowler, 1998;Al-Saleh and
Shinwari, 2002). As recently reported for Sparus aurata species,
the basal vanadium content in heart is about 10 times lower than
the value described for hepatic tissue (Gândara et al., 2005).
ss, respectively), on (A and D) blood plasma, red blood cells (RBC) and cardiac
and 7 days after intravenous administration of (A, B, and C) vanadate oligomers
t from Control (Pb0.05).
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Following i.v. administration, vanadium and cadmium were
primarily distributed in blood plasma, being vanadium amount
(220±20 and 115±20 μmole/g dry mass upon exposure to
metavanadate and decavanadate solutions, respectively) approx-
imately from 7 to 14-fold higher than cadmium (16±5 μmole/g
dry mass) (Fig. 2A and D). In the heart mitochondria, vanadium
accumulates from 10 to 30-fold more than cadmium. Vanadium,
preferentially when administrated in the form of decameric
vanadate, was mainly accumulated in cardiac mitochondria
(1.55±0.005 and 1.12±0 μmole/g dry mass after 1 and 7 days
of exposure, respectively) (Fig. 2B). On contrary, the highest
cadmium concentrations in cardiac tissue were found in cytosol
(329±160 and 391±311 nmole/g dry mass after 1 and 7 days of
exposure, respectively) (Fig. 2F). Apparently, and as previously
reported for S. aurata (Soares et al., 2006), vanadium distribution
Fig. 3. Antioxidant enzymes activity of H. didactylus heart (n=6): (A) mitochondri
(SOD); (D) cytosolic SOD; (E) total glutathione peroxidases and (F) selenium-depe
both vanadate and cadmium solutions (mean±STD). ⁎Significantly different from C
in fish cardiac muscle is dependent on the administration of
decameric vanadate (2 to 10-fold higher vanadium accumulation
than uponmetavanadate solution administration). These results are
in agreement with the changes observed in antioxidant enzymes
activities induced by vanadate (mitochondrial catalase and
superoxide dismutase activities) and cadmium (cytosolic glutathi-
one peroxidases activities), described in the next section.

3.4. Antioxidant enzymes activities

It was observed that only decameric vanadate induces
variations in mitochondrial antioxidant defence system. In cardiac
mitochondria, it is reported a +147% and +100% increase of
catalase (CAT) activity, in comparison with Control (4±1 μmol/
min/mg protein), 1 and 7 days upon exposure to decameric
al catalase (CAT); (B) cytosolic CAT; (C) mitochondrial superoxide dismutase
ndent glutathione peroxidases, 1 and 7 days upon intravenous administration of
ontrol (Pb0.05).



Fig. 4. Reduced glutathione (GSH) content variation (nmol GSH/mg protein) in the
cardiac tissue of H. didactylus (n=6) following 12 and 24 h in vivo exposure
(intravenous administration) to vanadate and cadmium. Variation is calculated based
on basal values (Section 3.6.). ⁎Significantly different from Control (Pb0.05).

Fig. 5. In vitro effects of metavanadate and decavanadate solutions on the
overall rate of reactive oxygen species (ROS) production (a.u./min/mg protein)
in H. didactylus cardiac mitochondria (mean±STD; n=6).
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vanadate, respectively (Fig. 3A). Mitochondrial superoxide
dismutase (SOD) activity was also increased, by +164% and
+119% relatively to Control (44±14 U/mg protein), after 1 and
7 days of exposure, respectively (Fig. 3C). Furthermore, in
cytosolic fraction, SOD activity was affected by vanadate
(Fig. 3D): 1 day upon metavanadate administration SOD activity
was decreased by −50%, while 7 days post-injection both
vanadate solutions induced a decrease of SOD activity (−40%).

In cytosol, the main target of cadmium accumulation, only this
metal affects both total and selenium-dependent (Se–GPx)
glutathione activities (+60% and +45%, respectively) (Fig. 3E
and F), relatively to Control (19±6 and 13±4 μmol/min/mg
protein, respectively). Cadmium also promoted an increase in
CATactivity (111%), 7 days after exposure (Fig. 3B). Conversely,
a decrease of CATactivity was described in fish exposed to 5 μM
cadmium (Pruell and Engelhardt, 1980).

3.5. Lipid peroxidation

Lipid peroxidation propagation in fish heart tissue (estimated
by TBARS test) remained unchanged (0.862±0.100 μMMDA/g
tissue) upon vanadate or cadmium exposure. Lipid peroxidation
products were quantified, upon exposure to both vanadate and
cadmium solutions, through a more sensitive method: the cis-
parinaric acid (cPnA) assay. Fluorescence measurements of cPnA
confirmed the previous results obtained with TBARS test. In fact,
no lipid peroxidation propagation was detected 1 or 7 days after
exposure to both decameric and metameric vanadate species or
cadmium (29.7±5.3 a.u./min/mg protein). This observation
reveals that metal effects on lipid membrane oxidation, besides
dependent of metal concentration, mode of administration, fish
species and target organ, vary with the time after administration
(Soares et al., 2007d). In this sense, membrane lipid peroxidation
was additionally recorded in earlier time of exposure (12 and
24 h), however no significant changes in lipid degradation
products were observed upon exposure to either vanadate
oligomers or cadmium chloride (data not shown).
3.6. Oxidative stress markers

No vanadate or cadmium effects were detected on GSH levels
upon 1 or 7 days of exposure to metal solutions. In order to
identify potential changes in GSH amount after exposure to either
vanadate oligomers or cadmium chloride, GSH measurements in
heart muscle were performed in earlier times of exposure (12 and
24 h). It was observed a 135% (Pb0.001) increased in cardiac
GSH levels 24 h upon 5mM (total vanadium) decameric vanadate
and an enhancement of 171% and 120% 12 and 24 h after
metavanadate injection, respectively (Fig. 4). Upon cadmium
exposure, GSH content inH. didactylus cardiac muscle increased
by 180% and 172% 12 and 24 h after i.v. administration,
respectively (Fig. 4). Moreover, the exposure to both metals does
not changedmembraneNADHoxidase activity (1.83±0.39 nmol
NADH/min/mg protein).

3.7. In vivo and in vitro reactive oxygen species production

Overall pro-oxidant activity upon in vivo vanadate and
cadmium exposure had been determined by quantitative analysis
of ROS production and shows that, in fish heart mitochondria,
ROS generation keeps almost constant following in vivo exposure
to vanadate oligomers or cadmium chloride (variation b10%). No
significant changes were observed on the basal value of in vivo
O2
.- radical production 10.81±0.76 nmol O2

.-/min/mg protein
after exposure to metal solutions. Furthermore, in vitro O2

.-

production in cardiac mitochondria was increased by both
vanadate solutions, although monomeric vanadate showed a
strong effect (Fig. 5).

3.8. Oxidative DNA damage

Oxidative DNA damage analysis shows that neither vanadate
nor cadmium significantly increased 8-OhdG formation (0.62±
0.17 8-OhdG/105 dG) in whole blood or cardiac cells, indicating
that vanadium and cadmium-induced oxidative stress is not
responsible for in vivo related DNA damage.
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4. Discussion

In the present work it are described the effects of a sub-lethal
concentration (5 mM) of vanadium (administered as metava-
nadate or decavanadate solution) and cadmium on subcellular
distribution, antioxidant enzyme activity, mitochondrial ROS
production and lipid peroxidation. Vanadium and cadmium
intravenous injections induced metal accumulation and higher
levels of antioxidant enzymes and GSH, although the degree of
response differs between metals. It is also demonstrated that the
administration route plays an important role in metal-induced
oxidative stress and antioxidant defence responses in fish.

The LC50 values determined in the present study (Section
3.1.) are considerable higher, for both metals, than the values
previous reported for other teleost fish species exposed to
vanadate and cadmium chloride in the water or even upon in
vivo administration: from 3.10 to 60.00 mg V/L (Catostomus
latipinnis, flannelmuoth sucker; Ptychocheilus lucius, Colorado
squawfish; Xyrauchen texanus, razorback sucker; Gila elegans,
bonytail) (Hamilton, 1995; Hamilton and Buhl, 1997) and from
24.66 to 30.40 mg Cd/l (Poecilia reticulata, guppy; Oreo-
chromis niloticus, Nile tilapia) (Yilmaz et al., 2004; Garcia-
Santos et al., 2006) or 68 mg Cd/kg fish in Oncorhynchus
mykiss (rainbow trout) (Tort andMadsen, 1991), respectively. In
fact, it is well known that fish species vary in their sensitivity to
metals (being different LC50 values a manifestation of different
individual vulnerabilities), as well as, the route and/or the time
period of exposure contribute to the magnitude of the promoted
toxic effects. It is also known that the uptake of metals also
depends on the route of administration and, in fact, the
vanadium concentrations measured in the present study are up
to 10-fold higher from those reported in the same species i.p.
injected with equal metal concentration (5 mM total vanadium)
(Aureliano et al., 2002). Furthermore, vanadate and cadmium
seem to have different toxicological patterns in the heart of the
toadfish, once the different metal solutions induced different
patterns of subcellular metal distribution (Section 3.3.) and
affected differently the antioxidant enzymes (Section 3.4.)
studied. Vanadium was mainly accumulated in mitochondria
and decameric vanadate increases mitochondrial antioxidant
enzymes activities, while cadmium was mainly accumulated in
cytosol and promotes changes only in cytosolic catalase (CAT)
and glutathione peroxidases (GPx) activities.

Previous studies report opposite effects from those presented
herein on antioxidant enzymes activities upon vanadate or
cadmium i.p. administration in H. didactylus (Correia et al.,
1998; Aureliano et al., 2002) or in S. aurata i.v. injected with
1 mM total vanadium (Soares et al., 2007d). Therefore, besides
dependent on the metal administrated, the antioxidant responses
induced by metal toxicity may depend on the total metal
concentration administrated, on the way of exposure and/or
vary between fish species, as described elsewhere (Soares et al.,
2007d). Therefore, the differences in metal accumulation and
sensitivity that arise either from differences in metabolic rates
and/or from evolutionary diversity may be considered in
toxicological studies. Presently, we are also interested to study
pelagic marine teleosts, like gilthead seabream (Sparus aurata)
(Soares et al., 2006, 2007d), for instance, with higher
metabolism relatively to the sedentary and benthic H.
didactylus, in order to correlate metal toxicity with fish
metabolism.

Once no membrane lesions due to lipid peroxidation (Section
3.5) are occurring and it were observed antioxidant responses to
metal-induced oxidative stress (Section 3.4.), it is suggested
that, H. didactylus species has an efficient antioxidant response
which confers cellular protection against either vanadate or
cadmium cytotoxicity. Therefore, this fish species seems to be a
good model to study biological resistance to oxidative stress
injury once it has an efficient antioxidant mechanisms against
vanadium and cadmium-induced oxidative stress, with no
membrane lipid peroxidation detected. Similar lipid peroxida-
tion results from those presented herein were report by Correia
et al. (1998) in H. didactylus i.p. injected with 5 mM cadmium
chloride. However, toxic metal effects on lipid membrane
oxidation, besides dependent on metal concentration, mode of
administration, fish species and target organ, may vary with the
time after administration (Gândara et al., 2005; Soares et al.,
2007d). Therefore, lipid peroxidation is not a good stress
biomarker to monitor in toxicological studies, being subcellular
accumulation and antioxidant enzymes activities satisfactory
approaches to oxidative stress damages.

Even though that vanadium may participate in Fenton-like
reactions (Stohs and Bagchi, 1995), together with the proposed
mechanisms of vanadate action that involves its bioreduction
and ROS production (Capella et al., 2002; Zhang et al., 2003),
previous results point out to a depression in the overall rate of
ROS production (Gândara et al., 2005). This observation, and
the lack of a prooxidant activity in the present work (Section
3.7.), is in good agreement with previous reports showing that
vanadate supplementation diminished oxidative stress in certain
experimental conditions, such as in rat-induced hepatocarcino-
genesis (Chakraborty et al., 2000) and in rat diabetic tissues
(Genet et al., 2002). A similar in vivo study (Gândara et al.,
2005), reported an antioxidant action promoted by both
vanadate oligomers (5 mM total vanadium) in liver, which
was consistent with the observed increase in GSH content.
However, in the present study, no vanadate or cadmium effects
were detected on GSH levels upon 1 or 7 days of exposure to
metal solutions (Section 3.6.).

NADH oxidase activity (Section 3.6.) and the associated O2
.-

production (Section 3.7.) kept constant upon in vivo exposure to
both vanadate oligomers and cadmium chloride solutions. In
order to further explore the contribution of different vanadate
oligomers on oxidative stress promotion, it was observed that in
vitro mitochondrial O2

.- production was increased by both
vanadate solutions, although monomeric vanadate showed a
strong effect on cardiac mitochondria (Fig. 5). Therefore,
decameric vanadate seems to induce stronger changes in
antioxidant defence system in vivo (Section 3.4.), with no
promotion of ROS, while in vitro metavanadate solution
exhibits a higher prooxidant ability in toadfish heart (Section
3.7.). The results presented above suggested a potent in vivo
blockade of ROS production in cardiac tissue by both vanadate
and cadmium solutions. Therefore, total NADH oxidase activity
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and linked O2
.- production in cardiac muscle, upon in vivo

exposure to both vanadate or cadmium, can account for a
blockade of the oxidative stress.

Altamirano-Lozano et al. showed that i.p. injection of
vanadium pentoxide solutions in mice resulted in organ specific
differences of DNA damage, being highest in liver, heart and
kidney (Altamirano-Lozano et al., 1996, 1999). Taken together,
the absence of genotoxic effects in our study does not exclude
possible vanadium induced DNA alterations in other cell types.

Although biochemical data do not support oxidative stress –
once there was neither lipid peroxidation nor evidences of ROS
promotion – GSH enhancement and the in vitro reported
prooxidant activity corroborate the mitochondrial function
impairment reported (Soares et al., 2007b). In fact, in a previous
in vivo study it was suggested that, besides accumulated in
mitochondria, decameric vanadate inhibits mitochondrial oxygen
consumption (IC50=400 nM) and induces membrane depolariza-
tion (IC50=196 nM)more strongly thanmonovanadate (IC50 of 23
and 55 μM, respectively), through the promotion of changes in the
redox steady-state of complex III, pointing out thatmitochondria is
a toxicological target for decameric vanadate and the importance to
take into account the contribution of decameric vanadate species to
the vanadate toxic effects (Soares et al., 2007b).

In conclusion, both vanadium and cadmium significantly
affected cardiac antioxidant enzymes activities in vivo, besides not
inducing ROS production. However, they have different intracel-
lular targets and affect differently antioxidant defence mechan-
isms. Because the results obtained in the present study (i.v.
administration) differ from the obtained with i.p. administrations
of metal solutions and from those obtain with different fish
species, it is suggested that the administration method, as well as,
the fish metabolic rate are determinant in oxidative stress
responses induced by vanadium and cadmium and it should be
taken into account when interpreting and comparing results from
in vivometal exposure. Moreover, the i.v. administration seems to
be the more reliable route of intoxication once the drug is injected
directly in the blood stream, and not in the body peritoneal cavity,
as it happens with the i.p. injection. Furthermore, besides
decameric vanadate seems to induce in vivo stronger changes in
antioxidant defence response system, in vitro assay pointed that
both vanadate oligomers induce ROS production in the toadfish
heart, exhibitingmonomeric vanadate an higher prooxidant ability
than decameric species. Considering the contradictory effects
observed in vivo and in vitro, we intent to further explore this issue
to clarify the involvement of different vanadate oligomers in
oxidative stress induced by vanadium.
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