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Abstract European eels are dangerously threatened

with extinction. Recent advances tend to show that

pollution could, in addition to other already identified

factors, contribute to this drama. In a previous report,

cadmium (Cd) pre-exposure was found to strongly

stimulate the pituitary-liver-gonad axis of maturing

female silver eels, leading, lastly, to oocytes atresia

and eels mortality. The present work was performed

to get more insights into the effects of Cd pre-

exposure on eels’ ovaries. The transcription levels of

various genes involved in mitochondrial metabolism,

in the cellular response to metal (metallothioneins,

MTs) and oxidative stress (catalase, CAT) were

investigated. Our results show that ovarian growth is

associated with an up-regulation of mitochondrial

genes. However, Cd pre-exposure was found to

significantly impair this up-regulation. Such findings

could explain, at least in part, why oocytes of Cd pre-

contaminated eels could not reach final maturation.

Concerning MTs, despite the end of the experiment

was marked by a strong increase in their gene

transcription levels in both eel groups, MTs protein

content was found to increase only in the case of Cd

pre-contaminated eels. Since this increase in MTs

protein content was associated with a massive entry

of Cd in gonads, our findings suggest that MTs

mRNA, that are normally accumulated in oocytes to

cope with the future needs, can be activated and

translated in response to Cd exposure.
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Introduction

Over the last three decades, European eel populations

(Anguilla anguilla, Linnaeus, 1758) have suffered a

dramatic decline. Glass eel recruitment has dropped

throughout their entire European distribution area and

the European eel stock is now considered to be

critically endangered (Stone 2003). Even if over

fishing of glass eels at the mouth of many European

rivers, habitat loss and physical obstacles to continen-

tal migration (e.g. hydropower turbines) are recog-

nized to be the most important factors of this decline,

recent reports tend to show that the notoriously
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complex life cycle of European eels puts them at

special risk from pollution (Robinet and Feunteun

2002; Palstra et al. 2006; Pierron et al. 2007a; Pierron

et al. 2008). The biological cycle of the European eel

(see Tesch 2003 or van Ginneken and Maes 2005)

comprises four life stages, two metamorphoses and

two trans-Atlantic migrations. Reproduction of the

European eel takes place in the Sargasso Sea from

where larvae drift back towards the European coasts

following oceanic currents. After metamorphosis of

the larvae into glass eels, the organisms reach the

juvenile growth phase stage (yellow eel) in continental

habitats. This stage can last from several years to more

than 20 years, depending on the hydrosystem, and

ends with a second metamorphosis called silvering

which prepares the future genitors (silver eels) to their

transoceanic reproductive migration. However, when

silver eels leave the European coasts, their gonads are

still immature and maturation is blocked at a prepu-

bertal stage (Vidal et al. 2004). This implies that gonad

development must occur during their 5,500 km migra-

tion, i.e. a 5–6 months period marked by swimming

activity and starvation that ends with the spawning and

the death of the genitors. In natural conditions, the

prepubertal stage is the last known stage, as mature

European eels have never been caught in the wild.

From an ecotoxicological point of view, their long

somatic growth phase makes them particularly propi-

tious to accumulate large amounts of persistent

contaminants such as metals (Durrieu et al. 2005)

and organic compounds (Bordajandi et al. 2003;

Roche et al. 2002). Moreover, since silver eels undergo

a natural period of starvation at the silver stage,

previously accumulated pollutants can be remobilized

and redistributed, leading to the appearance of delayed

toxic events (Palstra et al. 2006; Pierron et al. 2008).

In a recent work, we have investigated the impact

of cadmium (Cd), a widespread, non essential and

highly toxic metal, on the reproductive capacities of

female European silver eels (Pierron et al. 2008). In

order to mimic the European eel life cycle and

especially their reproductive migration, we captured

female sliver eels during the start of their reproduc-

tive migration and exposed the half of them to Cd.

Thereafter, both unexposed (controls) and Cd pre-

contaminated eels were forced to swim in uncontam-

inated seawater and artificially matured by weekly

injections of carp pituitary extracts (CPE; Dufour

et al. 2003; Durif et al. 2006). Our results have

revealed an endocrine stimulating effect of Cd pre-

exposure on the pituitary-gonad-liver axis, an effect

mainly marked by an increase in (1) pituitary

luteinizing hormone gene transcription level (lh

subunit lh-b and gp-a), (2) vitellogenesis (at both

gene transcription and protein levels) and (3) ovarian

growth. This was followed, after 20 weeks of swim-

ming and hormonal treatment, by a strong phenom-

enon of oocytes atresia and fish mortality affecting

only Cd pre-contaminated eels. These effects

occurred before oocytes could reach full maturation

and were associated with a large entry of both

vitellogenin and Cd into the ovaries. Indeed, a

redistribution of previously stored cadmium, even

from the low Cd levels of control eels, was observed

during sexual maturation.

Here, our main goal was to get more insights into

the effects potentially triggered by Cd pre-exposure on

gonad tissue. More precisely, we have investigated the

possible effect of Cd pre-exposure on the ovarian

mitochondrial metabolism; the mitochondrion being a

well known key intracellular target of Cd toxicity

(Wang et al. 2004; Sokolova 2004; Risso-de Faverney

et al. 2004; Takaki et al. 2004; Belyaeva et al. 2008).

The transcription level of genes encoding for mito-

chondrial ribosomal 12S RNA as well as proteins

involved in the mitochondrial respiratory chain

(NADH dehydrogenase subunit 5, nd5; cytochrome

C oxidase subunit 1, cox1; ATP synthase subunit 6–8,

atp6-8 and cytochrome C, cytc) were assessed in

gonads of both control and Cd pre-contaminated

maturing eels. As mitochondria dysfunctions triggered

by Cd are often associated with the production of

reactive oxygen species (ROS), we have also moni-

tored the transcription level of the gene encoding for

catalase (cat), an enzyme involved in the fight against

oxidative stress (Scandalios 2005). The analysis was

completed by the determination of the gene transcrip-

tion level and the ovarian protein content of a protein

involved in metal sequestration and response to

oxidative stress, the metallothioneins (MTs).

Materials and methods

Experimental design

The experimental design was first described in details

in Pierron et al. (2008). Briefly, in order to mimic as
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well as possible the biological cycle and especially

the reproductive migration of European eels, the

experimental protocol associated two complementary

steps. First, fifty-two female silver eels were caught

in unpolluted site (Loire river, France) during their

continental downstream migration, which represents

the start of their reproductive migration. Half of

the animals was submitted to aqueous Cd exposure

over 30 days at a concentration of 14.8 ± 0.4 lg l-1

(mean ± SE, n = 12). In parallel, the other half was

maintained in the same physiological conditions but

in absence of Cd, thus constituting a control group.

Thereafter, both control and Cd pre-contaminated

eels were individually identified with colored elasto-

mer tags and randomly placed in two swim tanks

filled with natural uncontaminated seawater (salinity

30.5 ± 0.2%). In order to mimic the reproductive

migration of European eels, all organisms were

submitted to a water current to force them swimming

at a speed of about 30–40 cm s-1, representing a

distance of 5,500 km covered in 6 months. To induce

gonad maturation, both control and Cd pre-contam-

inated eels received a perivisceral injection a week of

carp pituitary extract (CPE) at a dose equivalent to 20

pituitary powder�kg body weight-1, according to a

method previously described (Durif et al. 2006).

With this protocol, five control and pre-contami-

nated eels were sacrificed for analysis just after the

first step of Cd exposure and after 8, 18 and 22 CPE

injections. However, due to excess mortality, only

four pre-exposed eels could be analysed at the last

sampling time.

During the two steps, animals were submitted to

natural photoperiod and were not fed as eels

undergo a natural period of starvation at the silver

stage.

Sampling procedure

At each sampling time, fish were weighed, measured

and killed by severing the medulla oblongata. For

ovaries, samples needed for Cd determination, histo-

logical investigations and gene transcription analyses

were collected according to a standardized method,

4 cm in front of the anus. These samples and the rest

of the ovaries were weighed to calculate the

gonadosomatic index (GSI expressed as a percentage,

(gonad weight/total body weight) 9 100). Mean GSI

data as well as mean metal burdens and results of

histological investigations have already been pub-

lished and available in Pierron et al. (2008).

Metallothionein quantification

The level of metallothionein proteins in gonads was

determined by mercury-saturation assay as previously

described, using cold inorganic mercury (Gonzalez

et al. 2006). Results are expressed in nmol of Hg-

binding sites present in the whole ovarian tissue (wet

weight, ww). Since the exact quantity of Hg-binding

sites per metallothionein molecule is unknown for

Anguilla anguilla, metallothionein burdens cannot be

expressed in nmol metallothionein in the whole

ovarian tissue.

Quantitative real time RT-PCR

For each gene, specific primers previously developed

for Anguilla anguilla were used (cf. Pierron et al.

2007b). Due to the high protein and lipid content of

gonad tissue in these maturing organisms, for each

silver eel, total RNAs were extracted from two

pieces of 60 mg of tissue. Moreover, prior to RNA

extraction, tissue homogenates were treated with

one volume of phenol/chloroform/isoamylic alcohol

(25/24/1) followed by another treatment with one

volume of pure chloroform. Thereafter, in order to

obtain a sufficient amount of RNAs for subsequent

gene transcription analyses, homogenates from the

two pieces of gonad tissue of the same individual were

mixed and total RNAs were extracted using the

Absolutely Total RNA Miniprep kit (Stratagene,

Netherlands), according to the manufacturer’s instruc-

tions. RNAs quality was evaluated by electrophoresis

on a 1% agarose gel and their concentrations were

determined by spectrophotometry. First-strand cDNA

was synthesized from 5 lg of total RNA using the

Stratascript First-Strand Synthesis System (Strata-

gene, Netherlands) according to the manufacturer’s

instructions. After extraction and reverse transcription,

amplification of cDNA was monitored using the DNA

intercaling dye SyberGreen I. Real-time PCR reac-

tions were performed in a Light-Cycler� (Roche,

Switzerland) following the manufacturer’s instruc-

tions (one cycle at 95�C for 10 min and 50 amplifi-

cation cycles at 95�C for 5 s, 60�C for 5 s and 72�C for

20 s). Each 20 ll reaction contained 2 ll reverse

transcribed product template, 1 ll of master mix
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including the SyberGreen I fluorescent dye (Roche,

Switzerland), and the specific primer pairs at a final

concentration of 300 nM each primer. The reaction

specificity was determined for each reaction from the

dissociation curve of the PCR product. The dissocia-

tion curve was obtained by following the SyberGreen

fluorescence level during a gradual heating of the PCR

products from 60 to 95�C. For genes encoding for 12S,

cat and mts, their gene transcription levels were

normalized according to the b-actin gene transcrip-

tion. Concerning mitochondrial genes encoding for

enzymes involved in the mitochondrial respiratory

chain (cox1, atp6-8, cytc and nd5), their gene

transcription levels were normalized according to the

mitochondrial 12S gene transcription.

Data treatment

All values are presented as mean ± S.E. Compari-

sons among groups were performed using analysis of

variance (ANOVA), after checking assumptions

(normality and homoscedasticity of the error term).

If significant effects were detected, Least Square

Deviation test was used to separate means. When

assumptions were not met, we used log and Box-Cox

data transformation (Peltier et al. 1998) or non-

parametric Kruskall-Wallis test. In this latter case, the

U-Mann-Whitney test was used to separate means.

For all the statistical results, a probability of P \ 0.05

was considered significant.

The relationship between GSI and ovarian 12S,

cox1, atp6-8, cytc or nd5 gene transcription levels as

well as the relationship between ovarian Cd and MTs

protein contents were investigated using the non-

parametric Spearman (r) rank correlation test due to

the non linearity in the data.

All computations were performed using the

STATISTICA version 6.1 software.

Results

Change in mitochondrial gene transcription

Concerning the gene transcription level of 12S, no

significant differences were observed between control

and Cd-pre-contaminated eels, and this, throughout

the maturation phase (Fig. 1a). For both control and

Cd-pre-contaminated eels, 12S gene transcription

level was found to progressively increase after 8

CPE injections. However, we must note that this

increase was more pronounced during the last

4 weeks of hormonal treatment. Indeed, 12S gene

transcription level was increased, in mean, 10- and

13-times between the 8th and the 18th (10 weeks)

CPE injection and between the 18th and the 22th

(4 weeks) CPE injection, respectively. From the

beginning to the end of the experiment, 12S gene

transcription was, in mean, significantly increased

114-times. Interestingly, for both control and Cd-pre-

contaminated eels, change in 12S gene transcription

level during the maturation phase was found to be

significantly correlated with increasing GSI of ani-

mals (Fig. 1b;Table 1).

r = 0.74 
P < 0.000001

Hormonal treatment 
 (number of weekly 

CPE injections) 

(A) (B)

Fig. 1 Change in basal transcription level of the gene

encoding for 12S in gonads of control (solid line, black
squares) and Cd pre-contaminated (dotted line, white circles)

female silver eels as function of (a) the number of weekly

injection of carp pituitary extract (CPE) received by maturing

organisms (mean ± S.E., n = 5) or (b) the gonado-somatic

index (GSI) of maturing organisms (n = 40)

Table 1 Spearman correlation coefficients and levels of sig-

nificance (* P \ 0.01, ** P \ 0.001) of the relationship

between gene transcription level of 12S, cox1, atp6-8, cytc or

nd5 and the gonado-somatic index of control and Cd pre-

contaminated female silver eels treated for up to 22 weeks with

weekly injection of carp pituitary extract (n = 40)

Gene GSI

Control eels Pre-contaminated eels

12S 0.79** 0.72**

cox1 0.71** -0.11

atp6-8 0.64* 0.10

cytc 0.65* -0.02

nd5 0.71** -0.01
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In the case of control eels, the transcription level

of genes encoding for proteins involved in the

mitochondrial respiratory chain (cox1, atp6-8, cytc

and nd5) were found to progressively increase

throughout the maturation phase (Fig. 2). However,

as was the case for 12S gene, we must note that the

most important increase in gene transcription level

was observed during the last 4 weeks of the exper-

iment. Between the 18th and the 22th CPE injection,

the gene transcription levels of cox1, atp6-8, cytc

and nd5 were, in mean, increased 57-times. As a

comparison, their gene transcription levels were

increased, in mean, 2.3- and 48-times between time

0 and the 8th CPE injection and between the 8th

and the 18th CPE injection, respectively. Moreover,

as was the case for 12S gene, the gene transcription

levels of cox1, atp6-8, cytc and nd5 in control eels

were found to be significantly correlated with

increasing GSI of animals (Table 1). Such a pattern

was, however, not observed in the case of Cd pre-

contaminated eels. Indeed, no significant correlations

between cox1, atp6-8, cytc or nd5 gene transcription

levels and the GSI of animals could be observed

(Table 1). Corollary, the gene transcription levels of

cox1, atp6-8, cytc or nd5 were found to be signifi-

cantly lower than those determined in control eels

after 18 and 22 CPE injections.

Concerning cat gene, whereas no significant

change in its transcription level was observed

throughout the maturation phase in control eels, its

transcription level was found to significantly increase

in Cd pre-contaminated eels during the last 4 weeks

of hormonal treatment. This increase was so impor-

tant that its transcription level was, at the end of

the experiment, significantly 9.4-fold higher in Cd

pre-contaminated eels than this determined in control

eels.

Metallothioneins gene transcription and protein

burden

A T = 0, i.e. just after Cd exposure, the gene

transcription level of mts was found to be significantly

2.1-fold lower in the ovary of Cd pre-contaminated

eels in comparison to controls (Fig. 3). However, such

a difference was not observed at the protein level.

Indeed, no significant differences in MTs protein

burdens were observed between control and Cd pre-

contaminated eels at this time. A similar pattern was

also observed after 18 CPE injections. Thereafter,

during the last 4 weeks of hormonal treatment, mts

gene transcription level was found to drastically and

Fig. 2 Change in basal transcription level (mean ± S.E.,

n = 5) of genes encoding for proteins involved in the

mitochondrial respiratory chain (cox1, atp6-8, cytc, nd5) and

for catalase (cat) in gonads of control (solid line, black
squares) and Cd pre-contaminated (dotted line, white circles)

female silver eels experimentally matured by weekly injection

of carp pituitary extract (CPE). For each sampling time,

* denotes a significant effect of cadmium pre-exposure (two

ways analysis of variance, P \ 0.05)

Hormonal treatment (number of weekly CPE injections) 

Fig. 3 Change in (a) basal transcription level (mean ± S.E.,

n = 5) of genes encoding for metallothioneins (mts) and (b)

metallothionein protein content (expressed as nmol of Hg-

binding sites present in the whole ovarian tissue, wet weight,

mean ± S.E., n = 3) in gonads of control (solid line, black
squares) and Cd pre-contaminated (dotted line, white circles)

female silver eels experimentally matured by weekly injection

of carp pituitary extract (CPE). For each sampling time,

* denotes a significant effect of cadmium pre-exposure (two

ways analysis of variance and Kruskall Wallis test, P \ 0.05)
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significantly increase in both control and Cd pre-

contaminated eels. During this period, mts gene

transcription level was increased 54- and 345-times

in control and Cd pre-contaminated eels, respectively.

Despite mts gene transcription level was significantly

2.2-fold more important in controls in comparison to

Cd pre-contaminated eels after 18 CPE injections, no

significant differences could be observed after 22 CPE

injections. At the protein level, such a significant

increase was observed only in the case of Cd pre-

contaminated eels. Whereas MTs burden did not

significantly increased (P = 0.21) during the last

4 weeks of hormonal treatment in the case of control

eels, this value was significantly increased 4.8-times in

Cd pre-contaminated eels. Interestingly, ovarian MTs

protein burdens of both control and Cd pre-contami-

nated eels were significantly correlated with ovarian

Cd burdens (Fig. 4). Such a relationship was, however,

not observed at the transcriptional level (r = 0.02,

P = 0.91).

Discussion

In a previous work (see Pierron et al. 2008), we have

reported a stimulating effect of Cd pre-exposure on

the pituitary-gonad-liver axis of experimentally

maturing silver eels, leading to an early and enhanced

vitellogenesis. From 20 weeks of hormonal treat-

ment, this was followed by strong phenomena of

oocytes atresia and eels mortality affecting only Cd

pre-contaminated eels. Significantly, these devastat-

ing effects of Cd were observed in organisms that

presented metal concentrations in the main organs of

Cd bioaccumulation, the liver and the kidney, still

below those observed in eels from Cd contaminated

hydrosystems. Indeed, after 30 days of Cd exposure,

average Cd concentrations (data not shown) in the

liver and the kidney reached means of 1.7 ± 0.4 and

10.6 ± 2.7 lg g-1 (dry weight, dw), respectively, in

the case of Cd-exposed eels versus 0.9 ± 0.1 and

5.9 ± 0.2 lg g-1 (dw), respectively, in the controls,

i.e. in eels from the Loire river (France). For

comparison, Cd concentrations in the liver and the

kidneys of yellow eels (aged 6–14 years) inhabiting

the Gironde estuary (Durrieu et al. 2005), which is

characterized by a historic Cd pollution, reach means

of 5 ± 0.8 and 34.2 ± 5.1 lg g-1 (dw), respectively.

Here, our main goal was to get more insights into the

specific effects potentially triggered by Cd pre-

exposure on gonad tissue, mainly on the mitochon-

drial respiratory chain, a primary site of Cd toxicity

(Wang et al. 2004; Sokolova 2004; Risso-de Faver-

ney et al. 2004; Takaki et al. 2004; Belyaeva et al.

2008), by means of qRT-PCR gene transcription

analysis.

Concerning the effect of hormonal treatment on

12S gene transcription, our data show a progressive

and strong increase in its transcription level in both

control and Cd pre-contaminated eels during the

maturation phase and this, without significant differ-

ences between the two groups of animals. Moreover,

for both control and Cd pre-contaminated eels, a

significant correlation was found between 12S gene

transcription level and GSI of animals. As the GSI of

animals increased in response to hormonal treatment,

the gene transcription level of 12S increased. Such an

increase in mitochondrial gene transcription level

could reflect an increase in the number of mitochon-

dria in gonad tissue. This assumption appears indeed

consistent with previous ultrastructural investigations

carried out on gonad tissue of experimentally matur-

ing female European silver eels. Authors reported a

proliferation of mitochondria in gonad ooplasm after

hormonal treatment with CPE (Burzawa-Gérard et al.

1994). Such a report was also established from

oocytes of female Anguilla japonica artificially

matured with salmon pituitary extracts (Kayaba

et al. 2001). Whereas few and undeveloped mito-

chondria were observed in gonad of immature/

untreated animals (oocytes at the oil droplet stage),

a large number of developed mitochondria were

r = 0.72 
P = 0.00065 

Fig. 4 Relationship between metallothioneins (MTs) content

(expressed as lmol of Hg-binding sites present in the whole

ovarian tissue, wet weight) and Cd content in gonads of control

(black squares) and Cd pre-contaminated (white circles)

female silver eels experimentally matured by weekly injection

of carp pituitary extract (n = 40)
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observed in the course of vitellogenesis in oocytes of

maturing eels. As a consequence, it appears reliable

to hypothesize that the increase in 12S gene tran-

scription level that we observed in the present study

reflects an increase in the number of mitochondria in

gonads of maturing silver eels. Such an increase in

mitochondria number could be linked to the build-up

of mitochondrial activity for enhanced ATP produc-

tion; such increase in ATP production could aim to

prepare oocytes for (1) vitellogenin incorporation

(e.g. development of the zona radiata and microvil-

losities) and reshuffle, (2) steroidogenesis and (3)

final maturation (i.e., germinal vesicle migration and

breakdown; Habibi and Lessman 1986; Burzawa-

Gérard et al. 1994; Dufour et al. 2003; Kwon et al.

2005). We must note, however, that our results could

not exclude that these mRNA are stored in ooplasm

and translated at a later time, mainly during embryo-

genesis, a mechanism used by several organisms

(Vassalli and Stutz 1995; Seydoux 1996; Stebbins-

Boaz and Richter 1997).

Interestingly, for control eels, the increase in 12S

gene transcription level in response to hormonal

treatment was associated with an increase in cox1,

atp6-8, cytc and nd5 gene transcription levels. Thus,

the transcription level of genes encoding for proteins

involved in the mitochondrial respiratory chain

appears to be up-regulated by hormonal treatment.

Such a phenomenon was first described in gonads of

artificially maturing female Anguilla japonica as well

as in naturally and artificially maturing New Zealand

eels (Anguilla australis and Anguilla dieffenbachii).

The transcription level of the gene encoding for

cytochrome b (CYTB), a protein involved in the

electron transport in the mitochondrial respiratory

chain (as CYTC in the present study), was found to

significantly increase from early to late vitellogenesis

(Lokman et al. 2003). Similarly, a large-scale gene

transcription analysis by means of serial analysis of

gene expression (SAGE) revealed high levels of ATP

synthase transcripts in zebrafish ovarian fully-grown

follicules. Complementary, the proteomic analysis

carried out on the same tissue revealed high levels of

the corresponding proteins, thus supporting the fact

that ATP synthase mRNAs are effectively translated

into proteins (Knoll-Gellida et al. 2006). Concerning

the Cd effect, whereas our previous results have shown

a stimulating effect of Cd pre-exposure on the

pituitary-gonad-liver axis of European silver eels,

our present results show, at the opposite, an impair-

ment of the transcription level of genes involved in the

mitochondrial respiratory chain. Indeed, after 18 and

22 CPE injections, mean transcription levels of cox1,

atp6-8, cytc and nd5 were found to be significantly

lower than those determined in controls eels. This is,

however, consistent with a previous work carried out

on gills of European glass eels. The transcription level

of these same genes was found to be down-regulated in

response to aqueous Cd exposure (Pierron et al.

2007b). Analogously to that found here, the most

important effect of Cd exposure was observed on nd5

transcription level. Additionally, such effect of Cd on

cox1 gene transcription was also described in liver of

carp experimentally exposed to low concentrations of

a mixture of waterborne and dietary Cd (Reynders

et al. 2006). A decrease in cox2 and cox4, at both

transcriptional and protein levels, was also reported

during in vitro investigations performed on human

MDA-MB231 cells exposed to low Cd concentrations

(Cannino et al. 2008). Thus, such a down-regulation of

genes involved in the mitochondrial respiratory chain

could be the result of a direct effect of Cd on gonads,

rather than an indirect effect of the metal mediated by

changes in circulating hormone levels (see Pierron

et al. 2008). Additionally, as ovaries were not the only

organs that have significantly accumulated Cd during

the maturation phase, it is possible that similar events

occurred in other tissues of eels. This could lead to the

appearance of toxic events in various tissues of eels

(notably in kidneys, see Pierron et al. 2008). In the

particular case of ovaries, the appearance of such Cd

effects could explain, at least in part, why oocytes of

Cd pre-contaminated eels could not reach final mat-

uration and subsequently why these oocytes were

subjected to atresia at the end of the experiment.

Indeed, several studies carried out on fish, mammalian

and amphibian oocytes have highlighted the vital role

of oxidative phosphorylation during final maturation

(Brachet et al. 1975; Habibi and Lessman 1986;

Wycherley et al. 2005; Johnson et al. 2007). For

example, the use of inhibitors or uncouplers of

oxidative phosphorylation was found to abolish ger-

minal vesicle migration and breakdown in ovaries of

female goldfish (Habibi and Lessman 1986). However,

as previously described in our first article, atresia

phenomenon could have several origins. Among the

different hypotheses previously developed, we have

proposed that Cd could have directly triggered
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apoptosis of oocytes. Indeed, the pro-apoptotic effect

of Cd, an effect mediated by mitochondrial dysfunc-

tions and subsequent ROS production, is now well

recognized (Risso-de Faverney et al. 2004; Poliandri

et al. 2006). This hypothesis is consistent with the fact

that the end of the experiment was marked, only in the

case of Cd pre-contaminated eels, by a significant

increase in cat transcription level; the transcription

level of which being known to be up-regulated by ROS

(Scandalios 2005). Alternatively, since we observed a

strong stimulating effect of Cd pre-exposure on LH

subunits genes transcription levels, Cd could indi-

rectly, by altering circulating hormones levels, trigger

an overstimulation and subsequently atresia of oocytes

(see Pierron et al. 2008). Our present results cannot

permit to favour one hypothesis over another, certainly

because atresia phenomenon was the resultant of

multiple dysfunctions, associating direct and indirect

effects of Cd on sexual tissues.

The end of the experiment was also marked by a

strong increase in the gene transcription level of mts.

However, in the case of control eels, such an increase

in mts gene transcription level could not be observed

at the protein level. Such a discrepancy between mts

gene transcription and MTs protein content was

already observed and described in oocytes of lizard

Podarcis sicula (Riggio et al. 2003). Whereas a

significant and progressive accumulation of mts

mRNA was observed from pre-vitellogenic to vitel-

logenic oocytes and eggs, no significant accumulation

of MTs proteins could be observed. Analogously,

whereas SAGE analysis carried out on zebrafish

ovaries revealed high levels of mt2 transcripts, the

concomitant proteomic analysis failed to reveal

significant amounts of the corresponding proteins

(Knoll-Gellida et al. 2006). As already evoked, such

mRNA accumulation could aim to provide sufficient

materials needed for embryogenesis. Indeed, a num-

ber of studies indicate that translationally-inactive

mRNAs are commonly present in oocytes and eggs.

These maternal mRNAs are translated after fertiliza-

tion to cope with the needs of embryogenesis (Spirin

1994; Vassalli and Stutz 1995; Stebbins-Boaz and

Richter 1997). In the particular case of MTs,

activation of mRNAs after fertilization could aim to

cope with the needs of metalloproteins that store and

donate essential metals, notably copper and zinc

which are essential for embryogenesis (Kambe et al.

2008). Interestingly, and this, at the opposite to

control eels, the significant increase in mts transcripts

observed at the end of the experiment was effectively

marked by a concomitant and significant increase in

ovarian MTs protein content of Cd pre-contaminated

eels. Since this increase in protein burden was

associated with a massive entry of Cd in gonads of

Cd pre-contaminated eels (see Pierron et al. 2008), it

could be suggested that the significant metal accu-

mulation observed in gonads at the end of the

experiment have stimulated the translation of MTs

mRNAs. In support of this assumption, the MTs

protein content of both control and Cd pre-contam-

inated eels was found to be significantly correlated

with the Cd content of gonads. Moreover, a similar

pattern was observed in lizard oocytes. Indeed, as

described above, whereas increasing mts gene tran-

scription levels during oogenesis was not associated

with an increase in MTs protein content, a single

injection of Cd chloride in lizard female triggered an

ovarian MTs protein synthesis (Riggio et al. 2003).

Such findings suggest that Cd could activate the

translation of normally stored and untranslated MTs

mRNA. Alternatively, since the end of the experi-

ment was marked by a concomitant and significant

increase in both MTs protein content and cat gene

transcription level in gonads of Cd pre-contaminated

eels, an effect of oxidative stress on the translational

activation of MTs mRNA cannot be ruled out. In our

case, we have to note, however, that this increase in

ovarian MTs protein content was insufficient to

completely prevent the appearance of Cd-induced

toxic events in gonads of Cd pre-contaminated eels,

thus suggesting that a significant part of the accu-

mulated Cd is associated with sensitive fractions of

the cell such as mitochondria (Campbell et al. 2005).

Conclusion

This study tends to show how internal stores of Cd

could be released during fish migrations at levels high

enough to be toxic. In our experimental, Cd released

was found to seriously disrupt development of sexual

tissues of maturing female silver eels, leading to

oocytes atresia. In addition to previous reported

changes in pituitary hormonal gene transcription or

on vitellogenesis, our present results tend to show that

this Cd released could also impair ovarian mitochon-

drial metabolism and consequently, compromise full

992 Biometals (2009) 22:985–994
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oocyte development. In addition, this work provides

new insights in ovarian mts gene transcription and

translation regulation during sexual maturation. Our

results tend to show, that albeit normally weakly

represented in eel’s ovaries, MTs protein synthesis can

be induced by Cd. However, it must be underlined that

an important limitation of our work relies not only on

the use of hormonal treatment but also from the regime

of Cd contamination. Our experimental exposure

scenario was indeed very different from what wild

eels experience during their growth in aquatic ecosys-

tems. In other words, an acute contamination by

dissolved Cd over one month cannot be, in term of

organotropism or intracellular partitioning for exam-

ple, strictly representative of a contamination that

proceed over several years, at a lower pressure of

contamination and by both the direct and the trophic

route of exposure. However, the fact that we observed

a significant remobilization and redistribution of Cd

during the course of the experiment, and also in control

individuals (see Pierron et al. 2008), reinforces the

potential occurrence of phenomena that we observed

under natural conditions.
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