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Abstract

The present investigation evaluates the toxic potential of Cd in larvae of the frog Xenopus laevis after 12 days of exposure to environmentally
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elevant contamination levels, close to those measured in the river Lot (France). Several genotoxic and detoxification mechanisms were analyzed
n the larvae: clastogenic and/or aneugenic effects in the circulating blood by micronucleus (MN) induction, metallothionein (MT) production in
hole larvae, gene analyses and Cd content in the liver and also in the whole larvae.
The results show: (i) micronucleus induction at environmental levels of Cd contamination (2, 10, 30 �g L−1); (ii) an increased and concentration-

ependent quantity of MT in the whole organism after contamination with 10 and 30 �g Cd L−1 (a three- and six-fold increase, respectively)
lthough no significant difference was observed after contamination with 2 �g Cd L−1; (iii) Cd uptake by the whole organism and by the liver as
response to Cd exposure conditions; (4) up-regulation of the genes involved in detoxification processes and response to oxidative stress, while
enes involved in DNA repair and apoptosis were repressed.

The results confirm the relevance of the amphibian model and highlight the complementarity between a marker of genotoxicity, MT production,
ioaccumulation and genetic analysis in the evaluation of the ecotoxicological impact.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Increased environmental pollution can be attributed to a vari-
ty of factors resulting from new industrial and agricultural tech-
ologies, together with changes in our way of life. In addition,
he nature of the pollution itself has become more diverse. Metal-
ic pollution receives widespread attention because of increasing
mounts of metals being released into the environment in rela-
ion with the development of industrial societies. Regardless of
ts origin, pollution tends to find its way into the aquatic envi-
onment.

In freshwater, metal, such as cadmium, concentration ranges
rom 2 to 30 �g L−1 (Audry et al., 2004). Cadmium is expected

∗ Corresponding author. Tel.: +33 5 62 26 99 82; fax: +33 5 62 26 99 99.
E-mail address: mouchet@cict.fr (F. Mouchet).

to be persistent in ecosystems and toxic to a wide variety of
organisms. It has no biological role and is not an essential metal.
It exerts a large number of adverse effects on ecosystems and
human and animal health (IPCS, 1992). Among them, geno-
toxic effects may durably affect the aquatic ecosystems and their
presence in water can also have repercussions on non-aquatic
species, via food chains, or simply as a result of drinking the
water.

A number of tests have been developed to assess the genotoxic
potency of water samples, using either plants or aquatic animals
(see the reviews of Jaylet et al., 1990; Godet et al., 1993). The
assays can be carried out with intact animals, taking into account
uptake and elimination, internal transport and metabolism. An
example is the use of amphibians, which have proved to be
valuable bioindicators and a sensitive model for environmental
studies (AFNOR, 2000; Jaylet et al., 1986; Krauter et al., 1987;
Gauthier, 1996; Ferrier et al., 1998; Zoll et al., 1990; Djomo et
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al., 2000; Mouchet et al., 2005a, 2006). Larvae can be reared, not
only in containers filled with unconcentrated water samples (lab-
oratory conditions) but also in running water of various sources
(factory effluents, surface water, river waters, etc.). In amphibian
larvae, as in most eukaryotes, genome mutations may result in
the formation of micronuclei, which are a consequence of chro-
mosome fragmentation or malfunction of the mitotic apparatus.
Thus, clastogenic compounds and spindle poisons both lead to
an increase in the number of micronucleated cells. Induction
of micronuclei has been widely used for genotoxicity testing in
amphibians (Jaylet et al., 1986; Krauter et al., 1987; Mouchet et
al., 2005b).

In particular, the ecotoxicological relevance of the amphibian
Xenopus laevis has already been well established in a large array
of studies focused on biomarkers such as the induction of bio-
transformation enzyme activities (Békaert et al., 2002; Gauthier
et al., 2004), micronucleus formation (Ferrier et al., 1998), pri-
mary DNA damage (comet) (Mouchet et al., 2005a,b, 2006),
adduct formation (Békaert et al., 2002), and teratogenic malfor-
mations with the FETAX assay (Chenon et al., 2002; Prati et al.,
2002; Bonfanti et al., 2004).

Heavy metals can enter cells in different ways, such as mem-
brane transport of ions or passive diffusion of neutral chem-
ical species (Delnomdedieu et al., 1992). In cells, they can
increase reactive oxygen species (ROS) formation and thus
generate oxidative stress (Stohs and Bagchi, 1995) leading to
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oxidase subunit I (coxI) genes. Two other genes are putatively
involved in detoxication mechanisms: the MT gene reported
for X. laevis (mt1) and a gene belonging to the ABC trans-
porter family (tap). The tap gene was chosen for its homologies
with multidrug-resistance transporters like the human MDR1
(Gottesman and Pastan, 1993), the leishmania LtpgpA (Dey et
al., 1996) or the yeast YCF1 (Li et al., 1997) genes. Four genes
involved in Cd-induced apoptotic mechanisms were selected: c-
jun, c-fos, p53 and bax (Lag et al., 2002). Three genes are known
to be expressed in DNA damage repair: the growth-arrest-DNA-
damage (gadd), the mutL and the rad51 genes (Chen and Shi,
2002). The actin gene, due to its constitutive expression, was
used as a reference gene.

The aim of the present work is to evaluate the induction
of micronuclei, metallothioneins and genes in response to cad-
mium stress at relevant environmental contamination levels with
regards to cadmium content in Xenopus larvae. Cd concen-
trations for Xenopus exposure were based on environmental
concentrations found in the river Lot, near the Decazeville region
(Aveyron, South-West of France). To our knowledge, no stud-
ies concerning the induction of micronuclei, metallothioneins
and genes in response to metallic stress such as cadmium in
amphibians have been reported.

2. Materials and methods
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ipid peroxidation in mitochondria and in fine to the release of
ytochrome C, which constitutes one of the last steps of cell
poptosis (Konigsberg et al., 2001). Oxidative stress can also
enerate DNA damage leading again to apoptotic or necrotic cell
eath. To fight against oxidative stress, cells possess anti-oxidant
efences involving enzymes like catalase, superoxide dismu-
ase (SOD) or glutathione peroxidase (Stohs and Bagchi, 1995).
ifferent mechanisms could be involved in metal detoxication,

or instance, detoxication dependent on low molecular weight
ysteine-rich proteins called metallothioneins (MT). These pro-
eins are able to chelate and sequestrate seven metal ions (zinc
r cadmium) per MT molecule in mammals (Chan et al., 2002).
owever, chelation capacities differ between metals and depend
n the chemical forms in which the metal is present (Vasak and
asler, 2000). The production of this kind of protein is known

o be stimulated in the event of Cd exposure in aquatic organ-
sms (Legeay et al., 2005; Gonzalez et al., in press). Another

echanism of detoxication is based on the active efflux of met-
ls via pumps belonging to the family of ATP-binding-cassette
ABC) transporters. These are membrane proteins that use ATP
s an energy source and are able to extrude both xenobiotics and
etals actively (Dassa and Bouige, 2001; Achard et al., 2004).
In order to evaluate the genetic effects of Cd contamination

n X. laevis larvae, 15 genes were selected which encode for pro-
eins involved in anti-oxidant defences, metal chelation, active
fflux of xenobiotics, mitochondrial metabolism, DNA repair
nd apoptosis. Three genes are known to be involved in the
xidative stress response: cytoplasmic and mitochondrial super-
xide dismutases (sod and sodMt) and the heat shock protein
sp70 genes. The mitochondrial metabolism was investigated
sing the pyruvate carboxylase (pyc) and the cytochrome C
.1. Xenopus, breeding and maintenance

Eggs, fertilized in vitro, from sexually mature X. laevis were
rovided by the National Breeding Department of Rennes-1,
niversity (Rennes, France). A female was injected with 700 IU
f human chorionic gonadotropin (HCG) to induce spawn-
ng. Eggs were obtained by back massage and covered with

suspension of sperm. In vitro fertilization of X. laevis eggs
as performed and maintained in Marc’s modified Ringers

olution (MMR) medium (0.5 mM HEPES, pH 7.8, 10 mM
aCl, 0.2 mM KCl, 0.1 mM MgSO4, 0.2 mM CaCl2, 0.01 mM
DTA). The larvae were then maintained in chlorine-free water
t 22 ± 0.5 ◦C until they reached a developmental stage appro-
riate for experimentation.

.2. Exposure conditions

Exposure began with larvae at stage 50, according to
he Xenopus table of development (Nieuwkoop and Faber,
956). The larvae were taken from the same laying to reduce
nter-animal variability. Groups of 40 larvae (100 mL/larva)
ere exposed in 4-L polyethylene tanks containing the con-

rol medium (negative and positive) or the test medium (var-
ous concentrations of CdCl2). The negative control was
hlorine-free water supplemented by nutritive salts (294 mg L−1

aCl2·2H2O, 123.25 mg L−1 MgSO4·7H2O, 64.75 mg L−1

aHCO3, 5.75 mg L−1 KCl, pH 7). A positive control was per-
ormed to check the responsiveness of the amphibian larvae
sing addition of cyclophosphamide (CP [6055-19-2], Sigma,
rance) at 20 mg L−1 (dissolved in water) to water. The concen-

rations of Cd2+ tested in mineral water were: 2, 10, 30 �g L−1.
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Cadmium was applied as CdCl2 (Merck, France). Throughout
the experiment, the larvae were subjected to a 12-h light:12-h
dark cycle and were fed every day with dehydrated aquarium
fish food. The tanks were partially immersed in water baths to
maintain the temperature at 22 ± 0.5 ◦C. The media in the con-
trol and experimental tanks were permanently oxygenated. They
were renewed daily to eliminate larval faeces and the remains
of food. Contamination of the water was based on daily addi-
tions of aqueous solutions of Cd. The amounts of Cd added were
adapted to compensate for the decrease in metal concentrations
over the 24-h cycles. The decrease in Cd concentration was mea-
sured on a regular basis by analyzing water samples (10 mL). At
the end of exposure, all the larvae reached stage 54 at about the
same time, according to the Xenopus table of development and
were immobilized by immersion in tricainemethane sulfonate
(MS222, Sandoz). The genotoxic and detoxification biomark-
ers (micronuclei and metallothioneins), the Cd bioaccumulation
and the genetic analyses were performed in larvae which did not
show any signs of acute toxicity after visual inspection (such as
death, reduced size, corporal malformations, diminished food
intake or abnormal behavior). Analyses of micronuclei and
bioaccumulation of Cd were performed on 20 larvae on a ran-
dom basis per condition. Analysis of metallothioneins and of
genes was performed on 20 other larvae.

2.3. Micronucleus test (MNT) procedure
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concentrations were measured by atomic absorption spectropho-
tometry with Zeeman correction, using a graphite tube atomizer
(AAS, Thermoptec M6 Solaar). In order to avoid interference,
analyses were carried out in the tube atomizer with a blend of
Pd and Mg(NO3)2. The detection limit was 0.1 �g Cd L−1 (3×
standard deviation of the reagent blanks). The analytical method
was simultaneously validated for each sample series by the anal-
ysis of standard biological reference materials (TORT-2, lobster
hepatopancreas; DOLT-2, dogfish liver; NCR/CRNC, Ottawa,
Canada). Values were in agreement with the certified ranges
(data not shown). The results are expressed in average metal con-
centrations accumulated in organs (three replicates per organ and
per exposure condition) in nmol Cd g−1 ± standard error (S.E.),
wet weight.

2.5. Metallothionein quantification

The levels of total MT proteins in the entire larvae were deter-
mined by the mercury-saturation assay, as previously described,
using cold inorganic mercury (Dutton et al., 1993; Baudrimont
et al., 2003). Analysis of MTs was conducted in three repli-
cates (100 mg of tissue from two pooled X. laevis) per exposure
condition, the saturation assay being repeated twice per sample.
This technique is based on the quantification of Hg bound to the
saturated MTs. The denaturation of non-MT proteins was per-
formed with trichloroacetic acid and the excess Hg not bound
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The Xenopus MNT was carried out according to the Standard
FNOR NF T90-325 procedure (AFNOR, 2000). After 12 days
f exposure, a blood sample was obtained from each immobi-
ized larva by cardiac puncture. After fixing in methanol and
taining with hematoxylin, the smears were screened under a
icroscope (oil immersion lens, ×1500). The number of ery-

hrocytes that contained one micronucleus or more was deter-
ined in a total sample of 1000 erythrocytes per larva for each

ondition.
For each group of animals, the results (number of micronu-

leated erythrocytes per thousand, MNE‰) obtained for the
ndividual larvae were arranged in increasing order of magni-
ude and the medians and quartiles calculated. The statistical

ethod used to compare the medians was based on the recom-
endations of McGill et al. (1978) and consists of determining

he theoretical medians of samples of size n (where n ≥ 7) and
heir 95% confidence limits expressed by M ± 1.57 × IQR/

√
n,

here M is the median and IQR is the inter-quartile range. Under
hese conditions, the difference between the theoretical medians
f the test groups and the theoretical median of the negative
ontrol group is significant to within 95% certainty if there is no
verlap.

.4. Cd analysis

Dissected tissues (liver and whole organisms) were thawed,
ried on absorbent paper and weighed (wet weight). Samples
ere digested by nitric acid (3 mL of pure HNO3) under pressure

n borosilicate glass tubes at 100 ◦C for 3 h. After dilution of the
igestates to 20 mL with ultrapure water (MilliQ plus), cadmium
o the MTs was removed with lyophilised beef hemoglobin
Sigma) prepared in 30 mM Tris–HCl buffer (pH 8.2 at 20 ◦C).
he final supernatant was then quantitatively recovered and used

or Hg determination by flameless atomic absorption spectrom-
try (AMA 254, Altec, Prague, Czech Republic). The detec-
ion limit was estimated at 1 ng Hg. Owing to the fact that
he exact quantity of Hg binding sites per MT molecule is
nknown for this species, MT concentrations cannot be directly
xpressed in nmol MT g−1 (wet weight), but in nmol Hg g−1

wet weight).

.6. Total RNA purification

Total RNAs were extracted from 40 mg of fresh tissue on
hree replicates (pools of two larvae) using the Absolutely RNA
T-PCR Miniprep kit (Stratagene), according to the manufac-

urer’s instructions. The quality of all RNAs produced was eval-
ated by electrophoresis on a 1% agarose–formaldehyde gel,
nd their concentration determined by spectrophotometry. For
ach exposure condition, sample analyses were carried out in
riplicate.

.7. Reverse transcription of RNA

First-strand cDNA was synthesized from 5 �g total RNA
sing the Stratascript First-Strand Synthesis System (Strata-
ene). Briefly, RNAs were adjusted to 38 �L with DEPC-treated
ater. After addition of 2 �L of oligo(dT) and 1 �L of ran-
om primers, the reaction was incubated at 65 ◦C for 5 min.
hen, 40 units of Rnase inhibitor, 2 �L of 100 mM dNTPs, 5 �L
f 10× first-strand buffer and 50 units of Stratascript reverse
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Table 1
Accession numbers and specific primer pairs for the 16 X. laevis genes used in
our study

Gene name Accession
number

Primer (5′–3′)

mt1 M96729 CTGAAGGGCTCTACGTCTGCa

CCCCAAATGTCACCCAAAGTb

tap AY204551 TTGCTGTCGGTGGGGCa

CAGTGTTGATTCGGTGGGb

coxI M10217 CCGGAGGAGGTGACCCa

CTCAGACAATAAAGCCTAGAATCCAb

hsp70 BI939172 CCCAGCGACAGGCTACa

AGTGTTCACCAGCGGTTAGAb

pyc BC059308 ACAGATCAGGACACAGGCAa

CCTAGTCCCATACTGTGGGCb

sod X51518 GTGTGCTGGCGGGAAGa

CCGGGGCTCCGTGATTb

sodMt AY362041 TGTCAGTTGGAGTCCAGGGa

AGTTGATAACATTCCAGATCGCTTTb

actin BE490926 ATTGAGCCACCAATCCAGGa

ACAAGTGTTGGAATGTGCGb

globin J00978 CTGAGAGTGGACCCTGGCa

GTTGAGACTTCTGCTGCTGTb

c-jun AJ243954 TGTGTGCGGGAAGTCCTa

ACCTAGTGTCTCTAGCAGTTTAACCb

c-fos AJ224511 CTCATGCCGGTGCTGGa

CTGGGTATGTGAAGACAAATGATGTTb

p53 M36962 GGTTCGAGTGTGTGCCTGa

CGCCCCTTAATCCGCAAb

bax AY437085 AAGCAAGGGGAAGGCGa

CGGGTCACTCTGTTGGGb

gadd BC044046 AAGACAATCAGGATGTCGCTa

CCTTGATCTGTAATTCATGTGGGTb

rad51 BC046650 ATTCCTATGCAATGGCCGTa

GGCGCTTGCCTCCAGTAAb

mutL BE681219 TATGAGGACTGAGAAAACAGAAGCAa

AGTTACAAACACTTGGAGCTGATb

Abbreviations: mt, metallothionein; coxI, cytochrome C oxidase subunit I; pyc,
pyruvate carboxylase; sod, cytoplasmic superoxide dismutase; sodMt, mitochon-
drial superoxide dismutase; hsp, heat shock protein; gadd, growth-arrest-DNA-
damage.

a Upstream primer.
b Forward primer.

transcriptase were added. The reaction was incubated for 1 h at
42 ◦C in an Eppendorf Mastercycler. The cDNA mixture was
conserved at −20 ◦C until its use in real-time PCR reaction.

2.8. Primer design

The accession numbers of the 16 genes used in our study
are reported in Table 1. For each gene, specific primer pairs
were determined using the LightCycler probe design software
(version 1.0, Roche). All the primer pairs are reported in
Table 1.

2.9. Real-time PCR

Real-time PCR reactions were performed in a LightCycler
(Roche) following the manufacturer’s instructions (1 cycle at
95 ◦C for 10 min, and 50 amplification cycles at 95 ◦C for 5 s,
60 ◦C for 5 s and 72 ◦C for 20 s). Each 20 �L reaction contained
2 �L of reverse transcribed product template, 1 �L of master mix
including the SyberGreen I fluorescent dye (Roche), enabling
the monitoring of the PCR amplification, and the gene-specific
primer pair at a final concentration of 300 nM for each primer.

Reaction specificity was determined for each reaction from
the dissociation curve of the PCR product. This dissociation
curve was obtained by following the SyberGreen fluorescence
level during gradual heating of the PCR products from 60
to 95 ◦C. The relative quantification of each gene expression
level was normalized according to the actin gene expression.
In this way, for each gene expression level, the mean value
and the associated standard deviation (n = 3) were determined.
The mean values for each exposure level were statistically com-
pared to those of the control condition using the non-parametric
Mann–Whitney U-test. From this comparison, induction fac-
tors of each gene were obtained by comparing each mean value
observed in the contaminated water with that of the control water.
Then, only the statistically significant expression level changes
(p < 0.05) were used.
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. Results

.1. Micronucleus test

The micronucleus test results are presented in Fig. 1. The
edian value of micronucleated erythrocytes per thousand,
NE‰ for the negative control was 0 ± 0.35. The positive

ontrol showed a significantly higher MNE‰ compared to the
egative one. MNT results reveal that cadmium was genotoxic
o amphibian larvae at all the concentrations tested. Indeed, the

ig. 1. Results of the X. laevis micronucleus test. Level of micronucleated ery-
hrocytes (MNE‰) after 12 days of Cd-treatment. The micronucleus test was
arried out with 20 larvae per concentration exposed for 12 days to 2, 10 and
0 �g L−1 of Cd. The vertical bars show the inter-quartile ranges. Asterisks
ndicate a genotoxic result (McGill et al., 1978). Nc: negative control (nutritive
ater); Pc: positive control (20 mg L−1 CP).
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Fig. 2. Mean cadmium concentrations (ng Cd g−1 tissue, wet weight ± S.E.M.,
n = 3) determined in tissues from whole X. laevis larvae (A) and in liver (B) after
12 days of Cd exposure. Nc: negative control (nutritive water); Pc: positive con-
trol (20 mg L−1 CP). The different letters correspond to significant differences
between conditions of exposure (p < 0.05, Mann–Whitney U-test).

results were significant at a median value of 1 for a 95% confi-
dence limit for 2 and 10 �g Cd L−1. At the higher concentration
(30 �g Cd L−1), the median value of MNE‰ increased to a value
of 5.5‰. Nevertheless, no clear dose–response relationship was
apparent.

3.2. Cd bioaccumulation in tissues of X. laevis

Bioaccumulation of Cd was determined at the whole organ-
ism level and in liver. Results showed the same tendency
for the two kinds of samples (Fig. 2). Indeed, only little Cd
was detected in positive and negative controls, while a dose-
dependent bioaccumulation was observed for Cd-treated indi-
viduals. At the whole organism level, accumulation of Cd ranged
from 572.8 ± 122 to 4498.7 ± 665 ng Cd g−1 wet weight for lar-
vae receiving from 2 to 30 �g Cd L−1, respectively. The same
tendency was observed when bioaccumulation of Cd was deter-
mined in liver. Indeed, metal accumulation increased accord-
ing to Cd exposure conditions and ranged from 4000 ± 76 to
11,730.8 ± 2566 ng Cd g−1 wet weight for larvae receiving from
2 to 30 �g Cd L−1, respectively.

3.3. Metallothionein concentrations and gene expression

No significant differences were observed, during MT pro-
t
c

Fig. 3. Quantification of MT proteins (A) and induction of mt1 expression levels
(B) determined in whole X. laevis larvae (mean ± S.E.M., n = 3). Nc: negative
control (nutritive water); Pc: positive control (20 mg L−1 CP). The different
letters correspond to significant differences between conditions of exposure
(p < 0.05, Mann–Whitney U-test).

organism (Fig. 3). In contrast, a concentration-dependent
increase of MT was noted after contamination with 10 and
30 �g Cd L−1. Indeed, a three- and six-fold increase was deter-
mined for these two conditions, respectively, corresponding to
36 and 79 nmoles Hg g−1 (wet weight). The same tendency was
observed when the genetic expression level of mt1 was inves-
tigated. Indeed, compared to control basal expression, no dif-
ferences existed after contamination with 2 �g Cd L−1, while
four- and seven-fold increases were noted after treatment with 10
and 30 �g Cd L−1, respectively. However, in contrast to protein
quantification, MT mRNAs were significantly more abundant
(1.6-fold increase) in individuals treated with cyclophosphamide
than in their control counterparts.

3.4. Gene expression levels

Gene expression levels were investigated by quantitative real-
time RT-PCR in liver and in the remaining tissues. The results
indicated tissue-specific basal levels of expression (Table 2).
Indeed, genes involved in the response to oxidative stress
(cytoplasmic and mitochondrial sod), mitochondrial metabolism
(coxI) and detoxification (mt1) were more abundantly expressed
at the basal level than the actin gene when the whole organism
was considered. The same was true when the basal expres-
sion levels of genes were investigated in liver. When the basal
e
g

ein quantification, between controls and larvae treated with
yclophosphamide or 2 �g Cd L−1 on the level of the whole
xpression of the two tissues was compared, all the investigated
enes were expressed more in the liver than in the other larval
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Table 2
Comparative basal expression for the selected genes observed in liver, and in
whole X. laevis larvae

Function Genes Liver Whole
organism

Liver/WO

Mitochondrial metabolism coxI 128 4 32
pyc 1 0.25 4

Oxidative stress sod (Cu/Zn) 64 16 4
sod (Mn) 8 4 2
hsp70 0.5 0.125 2
globin 256 0.125 2048

Detoxification processes mt1 64 8 8
tap 0.5 0.06 8

DNA repair gadd 1 0.125 8
rad51 1 0.125 8
mutl 2 0.125 16

Apoptosis p53 2 1 2
bax 1 0.25 4
c-jun 0.25 0.25 1
c-fos 0.125 0.125 1

The actin gene was used as the reference gene.

tissues. For example, globin and mt1 were 2048- and 8-fold more
expressed in the liver than on the scale of the whole organism.

Compared to the control organisms, gene expression, in the
whole positive control organism showed up-regulation of pyc,
coxI, mt1, globin and sodMt genes, while the c-fos gene lev-
els decreased (Fig. 4A). In the same way, numerous genes
were differentially regulated in contaminated larvae. The apop-
totic bax gene was repressed in every cadmium exposure. In
contrast, coxI and sodMt genes were up-regulated during treat-
ment with 2 and 10 �g Cd L−1, but returned to basal level after

the exposure to the highest Cd concentration. The heat shock
gene hsp70 increased during contamination with 2 �g Cd L−1,
but was clearly repressed for the two remaining treatments.
Decreased expression levels were observed for the globin and the
c-fos genes after contamination with 10 and 30 �g Cd L−1, while
their expression remained at basal levels in the lowest exposure
condition. Surprisingly, the tap gene was only repressed during
exposure to 10 �g Cd L−1.

In the liver, the same trend as above was observed concern-
ing the c-fos (decrease) and sodMt (increase) genes. However,
marked differences existed for the remaining genes (Fig. 4B).
Indeed, like in the whole organism, mt1 gene expression was up-
regulated in liver, although the up-regulation seemed smaller
than that for whole organism. In contrast, coxI, hsp70 and
tap genes were repressed at the three Cd levels. A clearly
increased expression of pyc appeared after treatment with 10
and 30 �g Cd L−1. Surprisingly, as was observed for the positive
control, expression of the genes involved in DNA repair mech-
anisms (rad51, gadd and mutL) were down-regulated after con-
tamination with 30 �g Cd L−1, concomitantly with the expres-
sion of the apoptotic bax gene. However, all these genes were
up-regulated after exposure to 10 �g Cd L−1.

4. Discussion

e
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F n live
c ults a
l *p < 0
ig. 4. Differential gene expression observed (A) in whole larvae and (B) i
yclophosphamide (Pc) and three Cd concentrations (2, 10 and 30 �g L−1). Res
aevis. Only genes presenting statistically significant expression level changes (
The micronucleus test revealed a genotoxic response after
xposure of Xenopus larvae to relatively low concentrations of
d (2, 10 and 30 �g L−1). The main originality of our study
as the use of environmentally realistic exposure conditions

s encountered in the river Lot (Audry et al., 2004). Indeed, it
hould be stressed that in most studies dealing with various ani-
al models and cell cultures, the authors used extremely high Cd

r compared to controls from X. laevis after 12 days of contamination with
re given as induction (>1) or repression (<1) factors as compared to control X.
.05) were indicated. The actin gene was used as the reference gene.
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levels, bearing no relation to environmental pollution. In a pre-
vious study, micronucleus induction was also obtained after 12
days of exposure of X. laevis larvae to 2 mg Cd L−1 (CdCl2) but
not with 0.25, 0.5 or 1 mg Cd L−1 and no micronucleus induction
was noted after 12 days of exposure of Pleurodeles waltl larvae
to 2, 1, 0.5, 0.25 mg Cd L−1. Although cadmium is suspected to
have a spindle activity and is known for its likely carcinogenic,
mutagenic and teratogenic activity (I.A.R.C., 1987, 1993a,b),
cytogenetic bioassay data are conflicting (Hartwig, 1994; Forni,
1992; Verougstraete et al., 2002) probably because of the indi-
rect effects of Cd. Indeed, even if the mechanisms underlying
the toxic effects of cadmium are still not well understood, Cd is
known to induce DNA strand breaks and chromosomal aberra-
tions but its mutagenic potential is rather weak (Hartwig, 1994;
Waisberg et al., 2003). Cadmium is also known to induce geno-
toxicity via oxidative stress (Filipic and Hei, 2004; Devi et al.,
2001), DNA binding (Hassoun and Stohs, 1996), or inhibition
of DNA repair activities (Lützen et al., 2004; Hartwig, 1998).
Consequently, it is not surprising that low concentrations such
as those used in the present work, can lead to micronucleus
induction in X. laevis larvae.

This result is closely related with the accumulation of Cd in
treated larvae. In Xenopus larvae, cadmium can enter the sys-
tem in two ways: dermal (skin and gills) and breeding exposure.
Indeed, most anuran larvae are gill-breathing, microphageous
feeders, thus leading to high ingestion rates of suspended par-
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role in Cd depuration (Baudrimont et al., 2003). The sensitivity
of cells or tissues to cadmium appears to be related, at least in
part, to MTs biosynthesis and previously to expression of the
MT gene. Activation of the MT gene can limit the genotoxic
effects of cadmium. Cadmium ions are very efficient induc-
ers of MT mRNA accumulation in X. laevis liver (Muller et
al., 1993). Nevertheless, MT induction was probably insuffi-
cient to inhibit the clastogenic effects of cadmium and finally
the micronucleus induction in our exposure conditions (daily
renewal of the Cd contamination). Could spillover support this
situation? “Spillover” corresponds to the metals still remaining
due to the overwhelmed defense capacities of the larvae when
confronted with a massive uptake of metals in cells and tissues,
resulting in rapid and severe structural and functional damage.
This theory was first described by Winge et al. (1974) who stip-
ulated that once the MTs in the cytosol are saturated by metals
and the intracellular fluxes of toxic elements are beyond their
biosynthesis capacities, sequestration by MTs and thus protec-
tion are overwhelmed and the metals exert their toxicity. This has
been clearly described in aquatic organisms such as the bivalve
mollusc C. fluminea (Baudrimont et al., 1999). This process
would lead to stabilization of MT levels over the range of the Cd
concentrations applied. In contrast, we observed a positive and
significant correlation between Cd bioaccumulation, metalloth-
ionein concentrations (R = 0.8, p < 0.01, Spearman correlation)
and micronucleus induction. On the other hand, it should be
n
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icles (Wassersug, 1975), especially particles of food which
ould probably bind Cd2+. In mammals, the liver is one of
he primary target organs of metabolism, especially for metal
ccumulation. To our knowledge, published studies concern-
ng cadmium uptake in X. laevis exclusively used to earlier
tages of embryonic development (Herkovits et al., 1998) such as
mbryos up to stage 47 (Nieuwkoop and Faber, 1956). In Xeno-
us leavis embryos, based on lethality data, susceptibility to
admium seems to increase gradually from the two-blastomere
tage up to stage 40 while an increase in resistance occurs
t stage 47 (Herkovits et al., 1997). Nebeker et al. (1995)
eported 13.7 mg L−1 wet weight Cd in the larvae of the sala-
ander Ambystoma gracile exposed for 24 days to 504.5 ppb Cd.
eeding the same animal with food containing 1173 mg L−1,
esulted in a concentration of about 50 mg L−1 wet weight Cd,
hich corresponds to 400–450 mg L−1 dry weight. Experiments
ith adults of Rana ridibunda exposed to 200 mg L−1 for 30
ays, recorded about 900 mg L−1 dry weight (Vogiatzis and
oumbourdis, 1998).

Such a high Cd content probably leads to MT induction.
ndeed, from the first day of exposure the larvae could establish
n effective detoxification mechanism, theoretically capable of
minimizing” the toxic effects of cadmium. A well studied and
ffective mechanism of detoxification is the production of met-
llothioneins, which are able to bind seven zinc or cadmium
etal ions in mammals (Goyer, 1992; Chenon et al., 2002).
umerous studies have been carried out on the use of MT as
iomarkers in relation to the contamination of aquatic species
y heavy metals (Couillard and Saint-Cyr, 1997). Metalloth-
oneins are known to be involved in the detoxification of toxic

etals like cadmium (Hamer, 1986) and play a predominant
oted that for 2 �g Cd L−1, despite a significant Cd bioaccumu-
ation, no MT production was observed to parallel MN induction.
his means that the functional pool of MT is sufficient to scav-
nge cytosolic Cd but also that Cd is able to exert deleterious
ffects on DNA via different pathways. Moreover, some other
echanisms could be involved in Cd detoxification in order to

nhibit micronucleus induction. In this way, a recent study of
. fluminea reported that xenobiotics like Cd could be extruded

rom the cell by active efflux after forming a complex with glu-
athion (Achard et al., 2004; Achard-Joris et al., 2006). From our
esults, it can be concluded that this mechanism is not efficient
n X. laevis (no induction of the tap gene).

The genetic analysis revealed significant but relatively low
verexpression of the mt1 gene under cyclophosphamide (CP)
xposure, while no differences were observed when protein lev-
ls were determined. CP is widely used as an alkylating agent in
umour chemotherapy (Chabner and Collins, 1990). The results
f Wei et al. (1999) show that metallothionein can covalently
equester the active form of cyclophosphamide in vitro. From
hese results, discrepancies between MT gene and protein levels
bserved during our experiment could be explained. MT pro-
eins are quantified by the Hg saturation assay based upon the
inding of Hg to MT. The uptake of CP by MT could decrease the
ccess of Hg to binding sites in the MT clusters. Consequently,
n underestimation of MT protein levels could occur using this
ethod. This result demonstrated that the MT gene and protein

evels give complementary information and should be analyzed
ogether. The overexpression of the mt1 gene under CP exposure
lso indicated that CP is able to induce the expression of MT.

No difference was observed between the MT gene and pro-
ein inductions under Cd contamination, leading to a strong
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correlation between these two parameters (R = 0.7, p < 0.05,
Spearman correlation). This indicated that MTs in X. laevis are
only regulated at the transcriptional and not at the translational
level. This suggests that X. laevis larvae possess a high metabolic
activity and that probably all transcribed genes are translated
into protein. This fact could be in relation with the high levels
of metabolic activity occurring in the premetamorphic stages of
these organisms.

Overexpression at the whole organism level was greater than
in the liver. However, it should be noted that basal expression of
most of the genes investigated was higher in the liver than in the
whole organism. In this context, basal expression appeared suf-
ficient to fight against low contamination pressure in the whole
organism since no significant difference between control and
2 �g L−1 contaminated larvae was detected. The same results
were recently observed in zebrafish, where the liver exhibited
the highest level of expression for numerous genes (Gonzalez et
al., in press). This high level of expression in the liver compared
to other organs was correlated to the high metabolic activity of
this tissue which constituted one of the primary targets of metals
during exposure.

Genes encoding for anti-oxidant enzymes like sodMt and
coxI were induced in larvae, indicating that contamination by
Cd generated oxidative stress in the cells. Cadmium is known to
accumulate in mitochondria and is able to disrupt the mitochon-
drial transport chain, leading to the formation of free radicals and
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of apoptotic genes in X. laevis could be an indirect consequence
of the inhibition of DNA repair mechanisms by Cd, since the
cells could not be stopped in G2.

5. Conclusion

These results focused on the combined analysis of metalloth-
ionein and micronucleus induction, gene analysis and Cd content
after exposure of X. laevis larvae at environmentally realistic
levels of Cd contamination. Since the micronucleus test, met-
allothionein levels, bioaccumulation and gene analyses provide
complementary information, their use on the same biological
model is recommended. In spite of the low levels of Cd (corre-
sponding to the environmental concentrations encountered in the
Lot river), genotoxic effects were observed in X. laevis larvae,
thereby confirming the ecotoxicological impact of supposedly
tolerable background levels.

Acknowledgments

The present study was conducted within the French ECO-
DYN program. The technical aspects of this work were per-
formed at the LEESA. We are very indebted to Peter Winterton
for reviewing the English version of the manuscript.

R

A

A

A

A

B

B

B

B

C

ence lipid peroxidation (Stohs and Bagchi, 1995; Company et
l., 2004). Surprisingly, expression of sodMt and coxI in the
hole organism returned to basal levels during exposure to
0 �g L−1. The same holds true for the expression of sodMt
n liver, while liver coxI remained repressed whatever the expo-
ure conditions. These results suggest that the tissues brought
ther molecular mechanisms into action to fight against Cd at
he highest exposure concentration.

Genetic analysis in liver revealed the down-regulation of
enes involved in DNA repair after exposure to 30 �g Cd L−1,
hile expression of these genes was up-regulated at 10 �g L−1

nd remained unchanged compared to controls at 2 �g L−1.
his suggested that the DNA damage generated by Cd could
e repaired when exposure concentrations were low. On the
ontrary, Cd seems to inhibit DNA repair mechanisms at high
xposure concentration. In this way, Cd is known to gener-
te DNA damage, such as DNA breaks, via the production of
xygen-reactive species (Waisberg et al., 2003). Our results,
n X. laevis, are in agreement with a recent study reporting
he inhibiting effect of Cd on human DNA repair mechanisms
n vivo (Lützen et al., 2004). Indeed, Cd has been shown to
nhibit the DNA–protein interactions essential for the initiation
f nucleotide excision repair, but also to inhibit the activity of
eplication protein A, a protein required for complete mismatch
epair. Such processes could be hypothesized in X. laevis after
xposure to high doses of Cd. It should be noted that genetic
nalysis revealed that the down-regulation of DNA repair genes
as concomitant with the down-regulation of apoptotic genes.
lassically, cells with damaged DNA are expected to arrest at the
2 checkpoint, and if damage is not repaired, to initiate apopto-

is (Cejka et al., 2003). From these results, the down-regulation
eferences

chard, M., Baudrimont, M., Boudou, A., Bourdineaud, J.P., 2004. Induction
of a multixenobiotic resistance protein (MXR) in the Asiatic clam Corbic-
ula fluminea after heavy metals exposure. Aquat. Toxicol. 67, 347–457.

chard-Joris, M., Gonzalez, P., Marie, V., Baudrimont, M., Bourdineaud, J.P.,
2006. cDNA cloning and gene expression of ribosomal S9 protein gene
in the mollusc Corbicula fluminea a new potential biomarker of metal
contamination up-regulated by cadmium and repressed by zinc. Environ.
Toxicol. Chem. 25, 527–533.

ssociation Française de Normalisation (AFNOR), 2000. Norme NFT
90–325. Qualité de l’Eau. Evaluation de la Génotoxicité au Moyen de
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uptake and bioaccumulation in Xenopus laevis embryos at different devel-
opmental stages. Ecotox. Environ. Saf. Environ. Res. Sect. B 39, 21–26.

I.A.R.C., 1987. Monographs on the evaluation of carcinogenic risks to
humans and their supplements. Lists of Evaluations I.A.R.C., Lyon. Over-
all Evaluations of Carcinogenicity: An Updating of I.A.R.C. Monographs,
vols. 1–42, Suppl. No. 7. ISBN 92 832 1411 0, p. 440.

I.A.R.C., 1993a. Monographs on the Evaluation of Carcinogenic Risks to
Humans: Beryllium, Cadmium, Mercury, and Exposures in the Glass
Manufacturing Industry, vol. 58. ISBN 92 832 1258 4, pp. 41–117.

I.A.R.C., 1993b. Monographs on the Evaluation of Carcinogenic Risks to
Humans: Beryllium, Cadmium, Mercury, and Exposures in the Glass
Manufacturing Industry, vol. 58. ISBN 92 832 1258 4, pp. 119–237.

IPCS, 1992. Cadmium. Environ. Health Crit. 134, 97–195.
Jaylet, A., Deparis, P., Ferrier, V., Grinfeld, S., Siboulet, R., 1986. A new

micronucleus test using peripheral blood erythrocytes of the newt Pleu-
rodeles waltl to detect mutagen in fresh water pollution. Mutat. Res. 164,
245–257.

Jaylet, A., Gauthier, L., Levi, Y., 1990. Detection of genotoxicity in chlori-
nated or ozonated drinking water using an amphibian micronucleus test.
In: Waters, M.D., Daniel, F.B., Lewtas, J., Moore, M.M., Nesnow, S.

K

K

L

L

L

L

M

M

M

ey, S., Ouellette, M., Lightbody, J., Papadopoulou, B., Rosen, B.P., 1996. An
ATP-dependent As(III)-glutathione transport system in membrane vesicles
of Leishmania tarentolae. Proc. Natl. Acad. Sci. U.S.A. 93, 2192–2197.
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