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The s u ita b il ity  o f  m e ta llo th io n e in s  (M T ) in  fis h  as b io m a rk e r  o f  exposu re  to  m e rc u ry  has been  q ue s tio n ed . 
The re fo re , th is  s tu d y  a im e d  a t in v e s tig a tin g  th e  re la tio n s h ip  b e tw e e n  e x te rn a l leve ls  o f  exposure , m e r
c u ry  a c c u m u la tio n  and  M T  co n te n t, assessing species and  tissu e  sp e c ific itie s . T w o  e c o lo g ic a lly  d if fe re n t 
fis h  species -  D icen tra rchus lab rax  and  Liza aura ta  -  w e re  su rveyed  in  an  e s tu a ry  h is to r ic a lly  a ffe c te d  
b y  m e rc u ry  d ischarges. T o ta l m e rc u ry  (T -H g ) and  M T  c o n te n t w e re  d e te rm in e d  in  g ills , b lo o d , l iv e r, k id 
ney, m u sc le  and  b ra in . A l l  tissues re fle c te d  d iffe re nce s  in  T -H g  a c c u m u la tio n  in  b o th  species, a lth o u g h  D. 
lab rax  a c c u m u la te d  h ig h e r leve ls . R egard ing  M T, D. lab rax  revea led  a d e p le tio n  in  b ra in  M T  c o n te n t and 
an  in c a p a c ity  to  ind u ce  M T  syn th e s is  in  a ll th e  o th e r  tissues, w he reas L. au ra ta  show ed  th e  a b i l i t y  to  
increase M T  in  l iv e r  and  m usc le . T issu e -sp e c ific it ie s  w e re  e x h ib ite d  in  th e  M T  in d u c in g  p o te n t ia l and  
in  th e  s u s c e p t ib ility  to  M T  decrease. L. au ra ta  re su lts  p rese n te d  m u sc le  as th e  m o s t respons ive  tissue. 
None o f  th e  in v e s tig a te d  tissues d isp la ye d  s ig n ific a n t c o rre la tio n s  b e tw e e n  T -H g  and  M T  leve ls . O ve ra ll, 
th e  a p p lic a b il i ty  o f  M T  c o n te n t in  fis h  tissues as b io m a rk e r  o f  exposu re  to  m e rc u ry  w as u n c e rta in , re p o r t
in g  l im ita t io n s  in  re fle c t in g  th e  m e ta l exposu re  leve ls  and  th e  subse q u en t a c c u m u la tio n  e x te n t.

©  2011 E lsev ie r L td . A l l  r ig h ts  reserved.

1. Introduction

Metallothioneins (MT) constitute a superfam ily o f ubiquitous 
low  molecular w eight proteins capable o f b ind ing metals (Romer- 
o-Isart and Vasák, 2002), whose behaviour is dom inated by the 
chem istry o f the th io l (-SH) group. W hile some controversy re
mains regarding the physiological roles o f MT, it  is recognized that 
they are p rim arily  involved in the homeostasis o f essential oligoel- 
ements such as copper and zinc (Cosson et al., 1991), and in ce llu
lar antioxidant functions (Sato and Bremner, 1993). MT also play a 
key role protecting cells against high levels o f essential metals, as 
w e ll as in detoxifying non-essential metals such as m ercury and 
cadm ium  (Roesijadi, 1996; Viarengo et al., 2000). Concerning aqua
tic  species, several laboratory and field studies have demonstrated 
an increase in MT concentrations under metal exposure (Fernandes 
et al., 2008; Ghedira et al., 2008; Costa et al., 2009; Falfushynska 
and Stoliar, 2009). Accordingly, measurement o f MT in  d ifferent 
tissues o f aquatic organisms is part o f the recommended biom ark
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ers for heavy metals b iom onitoring programs (Dragun et al., 2009). 
The relevance o f MT as a biom arker in  fish was related to the ir ab il
ity  to signal sub-lethal concentrations o f metal ions as w e ll as to 
the ir biological significance (Chan, 1995). In this direction, several 
fish studies have focused on m etal-binding properties o f MT under 
fie ld conditions (Rotchell et al., 2001; M arijic  and Raspor, 2006; 
Fernandes et al., 2008; Dragun et al., 2009).

In vertebrates, and particularly in fish, trace metal detoxifica
tion  processes depend m ainly on metal b ind ing to MT (Amiard 
et al., 2006). In addition, MT induction in fish is known to be high 
in tissues d irectly  involved in  metal uptake, storage and excretion, 
such as gills, liver, kidney, intestine (Hogstrand and Haux, 1991; 
Roesijadi and Robinson, 1994; Viarengo et al., 2007), muscle (Wang 
and Rainbow, 2010) and, in  a lesser extent, blood (K ito et al., 
1982b). Differences in metal accumulation and MT levels showed 
to vary w ith  fish species and to depend on the organ/tissue as a 
function o f its biochemical and physiological features (De Boeck 
et al., 2003). Moreover, MT induction is also dependent on the 
exposure duration and on the metal concentration (Hamza-Chaffai 
et al., 1995).

M ercury is one o f the non-essential metals reported in the lite r
ature as being able to induce MT synthesis (Roméo et al., 2003; 
Am iard et al., 2006). It is recognized that sub-lethal concentrations
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o f m ercury are able to induce th ione in synthesis and the bind ing o f 
the apoprotein to the metal, thus form ing m etallo th ionein (H am il
ton and Mehrle, 1986). Several laboratory and field studies were 
conducted focusing on MT response in fish under m ercury expo
sure (Gonzalez et al., 2005; Bebianno et al., 2007; Jebali et al., 
2008; Oliveira et al., 2010). However, w h ile  some studies revealed 
MT induction (e.g. Bebianno et al., 2007), others verified poor cor
relation between m ercury levels and MT content (e.g. Rotchell 
et al., 2001). In accordance, some authors pointed the existence 
o f conflic ting reports o f m ercury’s ab ility  to induce MT form ation 
in fish (Ham ilton and Mehrle, 1986; Am iard et al., 2006). W hils t 
laboratory studies demonstrated MT induction w ith  acute expo
sures to low  concentrations, field studies reported the need o f 
longer periods o f exposure to stim ulate MT synthesis. Furthermore, 
MT usefulness as biomarkers o f metal exposure was questioned in 
the presence o f high concentrations (Hamza-Chaffai et al., 1995). 
Accordingly, tw o  main questions arise: Is mercury really able to in 
duce MT in feral fish? Are MT a suitable b iom arker o f mercury 
exposure? More to the po in t is the fact tha t most fish studies con
cerning MT response to m ercury addressed a single species and a 
lim ited  number o f target tissues. In this context, the present study 
brings a new perspective regarding the usefulness o f MT as a pro
tective mechanism for fish. Hence, it  was aimed at exploring the 
causal relationships between external levels o f exposure, mercury 
accumulation, and MT content, assessing tissue and species speci
ficities. In conform ity, six key organs/tissues (gills, blood, liver, k id 
ney, muscle and brain) were analysed and tw o fish species 
(Dicentrarchus labrax and Liza aurata) were chosen in  order to as
sess the influence o f d ifferent feeding behaviours and habitats. This 
investigation was carried out in an estuarine area h istorica lly af
fected by discharges from  a chlor-a lkali industry -  Ria de Aveiro, 
Portugal, w h ich displays a well-established mercury contam ina
tion  gradient (Coelho et al., 2005) and negligible levels o f other 
contaminants.

2. Materials and methods

2.1. Study area

The study was carried out at Ria de Aveiro, a coastal lagoon lo
cated on the northwest coast o f Portugal (Fig. 1). This estuarine 
system has an inner area-Laranjo Basin, w h ich has persistently re
ceived effluents from  ch lo r-a lka li industry (1950-1994). A lthough 
discharges ceased, past releases resulted in  an accumulation o f 
high m ercury concentrations in the sediments, w ith  a m axim um  
o f about 300 mg kg-1 o f to ta l m ercury in the most contaminated 
area (Pereira et al., 1998). These high concentrations found in  the 
fine surface sediments o f Laranjo Basin contributed to the form a
tion  o f a contam ination gradient (Coelho et al., 2005). The occur
rence o f other contaminants in  this area was evaluated, revealing 
negligible levels o f arsenic, cadmium, lead, copper and zinc in 
superficial sediments (2006 and 2009; unpublished data). In addi
tion, the levels found for p rio rity  polycyclic aromatic hydrocarbons 
(PAHs) were considered low  (Pacheco et al., 2005). In accordance, 
Laranjo Basin has been regularly adopted as a “ fie ld laboratory” , 
offering the opportun ity  to assess mercury effects in  natural condi
tions (Guilherme et al., 2008; Válega et al., 2009).

Sampling sites (R, LÍ and L2) were selected in accordance to the 
existing contam ination gradient (Fig. 1). Two sampling sites were 
selected at Laranjo Basin, i.e., LÍ as the moderately contaminated 
site and L2 as the high ly contaminated site. L2 was located closer 
to the mercury source and 2 km  away from  site LÍ. An area close 
to the lagoon entrance (S. Jacinto) and far from  the m ain po llu ting 
sources was chosen as the reference site (R).

2.2. Sampling procedures

Dissolved oxygen (W TW -OXI 330i set), pH (W TW -pH  330i set), 
temperature (WTW-COND 330i) and salin ity (WTW-COND 330i)

RIA DE AVEIRO

Hg Source

ATLANTIC
OCEAN

AVEIRO

Fig. 1. Map o f the sampling sites (■ )  in  the Ria de Aveiro (Portugal): reference (R-40°41'00"N, 8°42'44"W ), moderately (L1-40°43'34.46"N, 8°38'53.16"W ) and h igh ly 
contam inated (L2-40°43'28.98"N, 8°37'35.80"W ) areas.
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were measured in the water colum n at sub-surface level, in  both 
low  and high tide conditions. T urb id ity  was also measured, as w e ll 
as water-colum n depth. A t each sampled area, sub-surface water 
samples were collected in  acid-washed plastic bottles kept in an 
ice box during transportation to the laboratory, where they were 
im m ediate ly filtered through pre-weighed 0.45 pm  M illipore  cel
lulose acetate membrane filters, acidified w ith  “ m ercury-free” 
HNO3 (Merck) to pH < 2 and stored at 4 °C u n til m ercury measure
ments. A dditionally, five replicates from  the surface sediment layer 
(approxim ately 2 cm depth) were collected.

Sampling took place in July 2009 and, at each sampling site, 
tw en ty  juven ile  European sea bass (D. labrax) were caught using 
a fishing rod and tw en ty  juven ile  golden grey m u lle t (I. aurata) 
were captured using a beach-seine net. D. labrax and L. aurata spec
imens, selected on the basis o f the ir size, had, respectively, a mean 
to ta l length o f 19.3 ± 2.9 and 13.1 ±1.1 cm and a mean wet weight 
(w w t) o f 61.6 ± 9.3 and 23.1 ± 5.0 g. The chosen species are euryha- 
line, abundant, ubiquitous, and use the estuary as a nursery area, 
bu t w ith  d ifferent feeding ecology: D. labrax has benthonic feeding 
habits, including benthic invertebrates and small fish (M artinho 
et al., 2008a), and is usually found in shallow waters, on various 
substrates (Rogdakis et al., 2010). L. aurata, on the other hand, 
has an omnivorous diet, feeding essentially on planktonic com m u
nities and detritus (M artinho et al., 2008b; França et al., 2009), and 
is com m only found in sheltered mud sediments (Richard et al., 
2010). Accordingly, and despite tha t they can co-exist in  the same 
areas, com petition for food resources is scarce. Moreover, the use 
o f juven ile  specimens better reflects confined contamination, since 
they com m only have a lim ited  geographic range w ith in  estuarine 
areas.

Im m ediately after being caught, fish were sacrificed by severing 
the ir spinal cord, and blood, brain, kidney, liver, gills and dorsal 
muscle were sampled, kept in liqu id  nitrogen and transported to 
the laboratory. Blood was collected from  the posterior cardinal 
vein using heparinised Pasteur pipettes. Two sets o f samples were 
obtained: one for MT determ ination (n = 10) and another for T-Hg 
determ ination (n = 10). In the laboratory, tissue samples were pre
served u n til fu rther processing at -8 0  °C for MT determ ination and 
at -2 0  °C for m ercury quantification.

This study was conducted in accordance w ith  national guide
lines (Portaria no. 1005/92 de 23 Outubro) for the protection o f hu
man subjects and animal welfare.

2.3. Total mercury determinations

2.3.1. Mercury in water
Sub-surface w ater samples were filtered through pre-weighed 

0.45 pm  M illipore  cellulose acetate membrane filters, acidified 
w ith  mercury-free HN03 (Merck) to pH < 2 and stored at 4 °C un til 
analysis. Before the digestion process, the filters were re-weighed 
after heating overnight at 60 °C and stored at 4 °C for suspended 
particulate m atter (SPM) determinations.

Reactive m ercury (R-Hg) and m ercury in suspended particulate 
m atter (SPM-Hg) were analyzed by cold-vapour atom ic fluores
cence spectrometry (CV-AFS) w ith  a PSA model M erlin  10.023 
equipped w ith  a detector PSA model 10.003 using SnCl2 reduction. 
For determ ination o f SPM-Hg, filters were digested w ith  HN03 
4 m ol L_1 (fo r detailed description, see Monterroso et al., 2003) 
and the previous equipm ent was used (Pereira et al., 1998).

2.3.2. Mercury in sediment and in fish tissues
At the laboratory, sediment samples were freeze-dried, w e ll 

mixed, manually sieved through a 1 m m  mesh nylon sieve and 
stored for to ta l m ercury determ ination (Sed-Hg). Fish tissues were 
freeze-dried, w e ll mixed, fresh w eight determined, and fina lly  used 
fo r determ ination o f to ta l m ercury (T-Hg).

Sediment and tissue samples were analyzed for to ta l mercury 
determ ination by atom ic absorption spectrometry (AAS) w ith  the r
mal decomposition w ith  gold amalgamation, using an Advanced 
Mercury Analyser (AMA) LECO 254 (Costley et al., 2000). The accu
racy and precision o f the analytical methodology for to ta l mercury 
determ inations were assessed by replicate analysis o f certified refer
ence materials (CRM). The CRM used were MESS-3 and PACS-2 (m ar
ine sediments) for sediments and TORT-2 (lobster hepatopancreas) 
for biological samples. Precision o f the method was always better 
than 9% (n > 3), w ith  recovery efficiency between 101% and 110%.

2.4. Metallothioneins determination

Fish tissue samples were homogenized on ice in  three volumes 
(w /v ) o f 10 mM Tris-HCl buffer (pH 7.4), contain ing 85 m M  NaCl 
w ith  a Potter-Elvehjem  homogenizer. Tissue homogenates were 
centrifuged at 16,000gfor20 m in  at 4 °C (5415R centrifuge, Eppen
dorf). The supernatant was stored at -8 0  °C u n til MT measure
ment. The MT concentration was measured using the Cd 
saturation thiom olybdate assay, according to Klein et al. (1994). 
This protocol was in accordance w ith  the method described by 
Bartsch et al. (1990), through the addition o f an extra step in  wh ich 
am m onium  tetrathiom olybdate and DEAE-Sephacel are added, in 
order to remove a ll MT-bound to metals and to subsequently sat
urate the MT molecules w ith  the 109Cd isotope. This method allows 
the quantification o f to ta l MT in  biological materials, includ ing the 
oxidized and aggregated MT, since particularly Cu-containing MT 
seems to have the tendency to polymerize. The main features o f 
the procedure are: tha t oxidized MT is converted in to  native MT 
w ith  2-mercaptoethanol as a reducing agent and Zn2+ as a metal 
donor, and MT are subsequently quantified via Cd saturation. High 
molecular w eight Cd-binding compounds are denatured w ith  ace- 
ton itrile , w h ile  Cu and other metals bound to MT are removed w ith  
am m onium  tetrathiom olybdate. The excessive tetrathiom olybdate 
and its metal complexes are removed w ith  DEAE-Sephacel. Finally, 
109Cd isotopes are quantified using a M inaxi-Autogamma 5530 
counter (Canberra Packard). For Cd-MT concentration calculations, 
a ratio o f 7 m ol Cd/mol MT was assumed (K ito et al., 1982a).

2.5. Statistical analysis

Data was tested for goodness o f f it  to normal d is tribu tion  and 
requirements o f homogeneity o f variances were also determined. 
Analysis o f variance (ANOVA) was performed, followed by all pa ir
wise m u ltip le  comparison procedures (Tukey test). W henever the 
assumptions for parametric statistics failed, the non-parametric 
correspondent test (Kruskall W allis) was performed fo llowed by 
the non-parametric a ll pairwise m u ltip le  comparison procedure 
(Dunn’s method). Spearman rank corre lation factor (r) was used 
to test significant relations between T-Hg and MT contents. A sig
nificant level o f 0.05 was considered in all test procedures.

3. Results

3.1. Mercury in the environment

3.1.1. General physico-chemical characterization
Physico-chemical parameters o f the water are summarized in

Table 1. In general, the three sampling sites were analogous 
regarding environm ental characterization w ith  the exception o f 
SPM level at R, during low  tide.

3.1.2. Mercury in water and sediments
R-Hg concentrations in  the water colum n increased toward the 

contam ination source, and from  high to low  tide. A lthough R-Hg



C.L Mieiro et al./Chemosphere 85 (2011) 114-121 117

Table 1
General physico-chemical characterization o f the water column at high tide and low  tide on reference (R), moderately contaminated (LÍ ) and highly mercury contaminated (L2) 
areas at Ria de Aveiro: Temperature (T), dissolved oxygen (DO), water-column depth, turb id ity, pH, salin ity and suspended particulate matter (SPM).

Site High tid e - lo w  tide

T (°C) DO (mg I. ')  Depth (m ) Turb id ity  (m ) pH Salinity SPM (mg I. ')

R 20.00-20-50 8.80-8.80 5.40-1.90 1.20-0.80 8.20-8.20 34.00-34.00 20.60-59.20
LÍ 21.60-21.80 9.00-6.80 4.50-3.10 0.50-0.50 7.90-7.70 33.00-28.00 28.50-27.60
L2 21.90-22.00 9.20-6.10 3.70-1.00 0.90-0.20 8.00-7.40 32.00-25.00 30.50-35.00

measurements have reflected the environm ental gradient, values 
were low  in  the three sampling sites (Table 2). SPM-Hg concentra
tions also demonstrated the environm ental contam ination pattern. 
This pattern was more relevant during low  tide conditions, when 
L2 levels were 42.7 times higher than R and 10.7 higher than LÍ. 
The contam ination pattern verified fo r the water colum n was also 
demonstrated for sediments. Total mercury in  sediments (Sed-Hg) 
increased 17 times from  R to LÍ and 301 times from  R to L2. In 
addition, Sed-Hg increased 18 times from  LÍ to L2. Hence, Sed-Hg 
concentrations were found to be in  accordance w ith  contam ination 
levels form erly assessed in  the estuary, although a moderate de
cline occurred from  previous to current data.

3.2. Mercury bioaccumulation in fish tissues

A rithm etic  mean o f T-Hg in  the tissues o f the tw o  fish species 
are depicted in Fig. 2. T-Hg concentrations ranged from  0.02 in 
blood (R) to 1.01 mg kg-1 w w t in  liver (L2) for D. labrax and from  
0.005 in  blood (R) to 1.51 m g kg -1 w w t in liver (L2) for L. aurata. 
Concentrations were in general higher for D. labrax w ith  the excep
tions o f liver (L2) and kidney (L Í and L2). However, both species re
flected the exposures levels, clearly indicating to be related w ith  
the environm ental contam ination pattern, also showing tissue 
specificity. Hence, for D. labrax T-Hg varied according to the pat
tern liver > muscle ss kidney > brain ss gills > blood; in  the case o f 
L. aurata, the pattern was liver > kidney > brain ss muscle > gills > 
blood.

Inter-site comparisons were carried out for each tissue, in both 
species, revealing tha t all tissues were able to reflect differences in 
T-Hg accumulation. Thus, a ll the tissues were able to reflect signif
icant differences between R and L2, in both species. For D. labrax, 
bra in was also able to signal differences between R and LÍ, as w e ll 
as kidney, brain and muscle in  L. aurata. Differences between LÍ 
and L2 were detected in  D. labrax gills and brain, as w e ll as in  L. 
aurata liver, bra in and muscle.

3.3. Metallothioneins content in fish tissues

MT concentrations ranged from  below the detection lim it (m us
cle at L Í)  to 2 0 n m o lg _1 (live r at R) for D. labrax, and from  0.17 
(muscle at R) to 48 n m o lg -1 (live r at L2) for L. aurata (Fig. 3). In 
D. labrax, in ter-site differences were on ly found for brain tha t dis
played MT levels reduction at L2 in relation to R and LÍ. In L. aurata,

Table 2
Concentrations o f tota l mercury in water and sediment (Sed-Hg) on reference (R), 
moderately contaminated (L Í) and highly contaminated (L2) areas at Ria de Aveiro. 
W ater values determined in high and low  tide represent reactive dissolved mercury 
(R-Hg) and mercury in suspended particulate m atter (SPM-Hg).

Site W ater (H igh t id e - lo w  tide)

R-Hg (ng L-1) SPM-Hg (ng L“ 1}

Sediment Sed-Hg (m g L 1 )

R 3.00-6.30 0.23-0.26 0.005
LÍ 2.90-4.00 0.58-1.02 0.080
L2 4.20-9.50 0.84-10.90 1.390

D. labrax

d
Gills Blood Liver Kidney Brain M uscle

B
L. aurata

'a >

a>
E

O)
'a>
5  0.8  - 
a>

I  06-
X

0 .4 -I—

ab ab
0.2 -

Gills Blood Liver Kidney Brain Muscle

S am pling  s ites

R-Hg and SPM-Hg were analyzed in  three aliquots from  each sample, w ith  a coef
fic ien t o f varia tion  <10%.

Fig. 2. Total mercury (T-Hg) mean concentration (mg kg 1 w et weight) in  the 
tissues o f D. labrax (A) and L. aurata (B) captured at each Ria de Aveiro sampling 
station: reference (R), moderately (L Í)  and h igh ly mercury contaminated (L2) areas. 
The letters denote statistically significant differences (p < 0.05): (a) versus R and (b) 
versus L Í. Bars represent the standard error.

significant MT elevation was detected at L2 in liver (versus R and 
LÍ ) and muscle (versus R). In addition, L. aurata muscle was able 
to reflect differences between LÍ and R. No significant differences 
were found for the other tissues.

No significant correlations were verified between T-Hg and MT 
levels in  the d iffe rent tissues for both species. Nevertheless, 
in L. aurata, MT content in the muscle matches w ith  accumulated
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Sam pling sites
Brain Muscle

L1 L2

Fig. 3 . M etalloth ioneins (MTs) mean concentration (nm ol g 1 w e t weight) in  the 
tissues o f D. labrax (A) and L. aurata (B) captured at each Ria de Aveiro sampling 
station: reference (R), moderately (L Í)  and h igh ly mercury contaminated (L2) areas. 
The letters denote statistically significant differences (p < 0.05): (a) versus R and (b) 
versus L Í. x -  muscle levels below detection lim it. Bars represent the standard error.

T-Hg w h ile  in  the liver this association was on ly  found for L2. Fur
thermore, in D. labrax bra in the MT content varied inversely w ith  
T-Hg accumulation (and w ith  exposure levels as well).

4. Discussion

MT induction by metals has been reported in several marine 
species (Cajaraville et al., 2000; Am iard et al., 2006), bu t its synthe
sis showed to be influenced by several factors. Estuaries are char
acterized by intense variation o f w ater physicochemical 
parameters able to produce changes in pollutants b ioavailab ility  
and, consequently, in  the ir tox ic ity . In the present study, we com 
pared the response o f fish exposed to m ercury in a well-contrasted 
environm ental gradient regarding m ercury availability, although 
avoiding, as much as possible, in ter-site differences in  physico
chemical parameters such as water temperature, dissolved oxygen 
and salinity.

Fish b iom etric parameters such as to ta l length, body w e ight and 
condition, as w e ll as other biological factors such as age, sex, repro
ductive status and hormone levels may influence MT induction 
(Hamza-Chaffai et al., 1995; F ilipovic and Raspor, 2003). In order 
to reduce the interference o f the described confounding factors, 
fish specimens used in  this study were reproductively immature, 
belonging to the same age class.

Since MT are involved in metal storage and detoxification pro
cesses, it  is relevant to compare populations chronically exposed 
to metal contam ination in  the ir environm ent w ith  populations liv 
ing in  sites considered to be uncontaminated (Am iard et al., 2006). 
As stated previously, the applicab ility  o f MT as a biom arker o f me
ta l exposure requires a suitable selection o f the indicator species 
and target tissues/organs (M arijic  and Raspor, 2006).

4.1. Tissue-specificities on MT content and association w ith  T-Hg 
accumulation

The present study reflected an increasing trend in  mercury 
accumulation in  the studied tissues/organs relatively to the con
tam ination source. A ll tissues, for both species, were able to signif
icantly differentiate the most contaminated area from  the 
reference area. European regulatory guidelines for m ercury levels 
in marketed fish tissues are lim ited  to muscle -  0.5 mg kg-1 w w t 
(EC No 78/2005). However, whenever the whole fish is to be con
sumed, the established lim it  must be applied to the whole body. 
In accordance, D. labrax muscle exceeded this value, as w e ll as liver 
and kidney o f both species.

4.1.1. labrax response profile
MT norm ally occur in tissues in  trace amounts; however, expo

sure to metals induces its form ation (Ham ilton and Mehrle, 1986). 
Based on this assumption, it  w ou ld  be expected tha t tissues 
displaying increased T-Hg levels exh ib it augmented MT contents. 
Surprisingly, though all the D. labrax tissues analyzed displayed 
significantly increased T-Hg levels (namely at L2), none o f them  
showed the ab ility  to respond by elevating the respective MT con
tent. This is corroborated by the absence o f significant correlations 
between T-Hg levels and MT contents in the d ifferent tissues.

Brain was the on ly organ/tissue able to reflect differences 
among sites, though revealing a decrease in  MT content w ith  an 
increasing T-Hg level. The MT decrease observed in  brain coincided 
w ith  a T-Hg level o f 0.15 mg kg-1 (L Í); however, in  a ll the other tis 
sues, w ith  the exception o f blood, equivalent or higher mercury 
concentrations were not accompanied by such inh ib ito ry  effect. 
This is indicative o f a specificity o f MT synthesis m odulation for 
each tissue, w h ich showed to present d ifferent threshold lim its. 
Moreover, Shimada et al. (2005) suggested tha t MT in  rat brain 
m ight not be involved in  the uptake and transport o f mercury. In 
addition, Uchida et al. (1991) referred the existence o f a brain-spe
cific  form  o f MT, probably not affected by metal exposure. It is 
known tha t brain has an additional MT isoform (M T-III) that, con- 
tra rily  to the ub iqu ity  and high induc ib ility  o f the other isoforms 
(M T-I and MT-II), is specific o f this organ and constitu tive ly ex
pressed Aschner et al. (2006). The occurrence o f MT w ith  high con
stitu tive expression in  the brain helps to understand its higher 
vu lne rab ility  towards m ercury-induced reduction currently  ob
served in D. labrax. Further studies pointed out tha t the chelating 
capacity o f MT is dependent on the metal form  (Gonzalez et al., 
2005). In accordance Yasutake et al. (1998, 2003) stated tha t o r
ganic m ercury (O-Hg) is not able to induce MT biosynthesis w h ile  
mercury vapour (Hg°) could enhance MT in the brain.

Since MT induction was not verified under T-Hg increase in D. 
labrax tissues, one can assume that this was related w ith  the 
increasing levels o f O-Hg from  R to the contaminated areas, given 
the low er a ffin ity  o f this m ercury form  to MT. In accordance w ith
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M ieiro et al. (subm itted fo r publication), th is could be an explana
tion  for the liver response, ow ing tha t its O-Hg percentage in 
creased towards the contam ination source. However, th is cannot 
be applied to muscle, tha t in  the cited study revealed a higher con
tribu te  o f inorganic m ercury (I-Hg) in  the contam inated area. The 
inab ility  to increase MT synthesis may also be associated w ith  in 
creased demand o f cysteine residues for GSH synthesis during m er
cury detoxification, since the Hg-GSH conjugation may be a 
pathway for metal e lim ination from  the cell (Franco et al., 2009).

MT responsiveness in  gills is controversial and i t  has been sta
ted tha t gills do not constitute a prom ising organ for MT quan tifi
cation in  fish (Hamza-Chaffai et al., 1997; Olsvik et al., 2001). In 
this perspective, the absence o f MT induction in  D. labrax gills 
was expected. Sim ilarly, previous studies on muscle MT content 
also found no induction in fish exposed to m ercury (Gonzalez 
et al., 2005; Bebianno et al., 2007). Bebianno et al. (2007) stated 
tha t m ercury in  muscle is not always trapped or detoxified by 
MT or by other cytosolic ligands, bu t can be present in  insoluble 
forms. The m ercury-M T complex formed may precipitate and 
therefore decrease MT concentrations in  the cytosol.

4.1.2. L. aurata response profile
In L. aurata, the liver displayed significantly higher MT content 

in specimens captured at L2, revealing also a coincidence o f the 
highest level o f T-Hg accumulation (1 .5 m g k g _1 w w t) w ith  the 
highest MT content (48.4 nm ol g_1 w w t). This is in agreement w ith  
previous studies in liver o f fish (Bebianno et al., 2007; Fernandes 
et al., 2008), including L. aurata (O liveira et al., 2010), po inting 
out the role o f hepatic MT in  m ercury detoxification. Nevertheless, 
no statistical correlations were found between the tw o  parameters.

L. aurata muscle revealed T-Hg accum ulation increments in  fish 
from  both contaminated sites along w ith  induction o f MT (though 
no significant corre lation was found). This is contrary to previous 
findings on fish muscle tha t demonstrated unaltered MT gene 
expression or inversely proportional to m ercury (Gonzalez et al., 
2005; Bebianno et al., 2007).

Liver and kidney showed sim ilar levels o f m ercury accumula
tion ; nevertheless, liver showed considerably higher MT levels 
than kidney (16 times for R and LÍ and 20 times for L2). Moreover, 
no MT induction was found for kidney. Navarro et al. (2009) re
ported contrasting results, since they found induction in  kidney 
and no induction in liver o f carp. These authors suggested that 
MT genes are constitu tive ly  transcribed in carp liver at relatively 
high levels and that those levels remain essentially unchanged 
upon m ercury in jection. However, MT basal transcription in kidney 
was low  bu t strongly activated as a response to external inputs. A 
s im ilar pattern o f response to mercury in both tissues has been re
ported in zebrafish (Gonzalez et al., 2005). Kidney also showed 
higher m ercury levels than muscle (R-9.5tim es; L Í-6  times and 
L2-4 times), although only muscle revealed MT induction w ith  
mercury contamination. This can demonstrate tha t d ifferent tis 
sues may have d ifferent activation thresholds. According to the 
present data, w ith  the exception o f liver and muscle, a ll the other 
tissues were not able to demonstrate tha t MT bind m ercury as a 
sequestration function, and thus, not indicating the ir ab ility  in pro
tecting against m ercury toxicity.

4.2. Species-specificities on MT levels modulation

D. labrax demonstrated higher T-Hg accumulation in  a ll tissues 
comparing to L. aurata, w ith  the exception o f kidney. Despite this 
evidence, no MT induction was found for any o f the studied tissues 
in D. labrax. Moreover, D. labrax bra in revealed a significant MT 
depletion fo llow ing a pattern parallel to the T-Hg levels, w h ile  in 
L. aurata brain tha t profile was not apparent.

MT basal levels (assumed as the values recorded at R site) 
showed to greatly d iffe r among the assessed tissues and species. 
For both species, MT basal levels in liver and muscle revealed sim 
ila r values. Notw ithstanding liver exhib ited the highest MT levels 
for both species, on ly L. aurata showed significant MT induction 
in the mercury-contam inated area. Muscle MT basal levels were 
also sim ilar in both species; however, on ly L. aurata demonstrated 
MT induc ib ility  in  the presence o f m ercury challenge. Hence, 
although MT basal levels can be im portant as a defence strategy 
in a specific tissue, it  does not seem determ inant on the inherent 
MT synthesis inducing potential.

Roméo et al. (1997) proposed an explanation for the no 
induc ib ility  o f liver MT by copper, w h ich can be extrapolated 
to other metals and other tissues. It was stated tha t too high 
metal concentrations (“ critica l concentrations” ) interfere w ith  
the MT synthesis, e ither d irectly on prote in synthesis, or, in d i
rectly, affecting some underly ing metabolic processes. Taking 
in to  account tha t D. labrax tissues (except for kidney) repeatedly 
presented higher T-Hg loads in comparison to L. aurata, in  light 
o f the previous theory, i t  can be hypothesised tha t the critica l 
concentrations were reached in the form er species, ju s tify ing  
the species differences either on MT induc ib ility  or on suscepti
b ility  to MT depletion.

The species-specificities could be strongly related to the tax
onomic relationships. In this sense, both M ugiliform es (I. aurata, 
Mugilidae) and Perciformes (D. labrax, Moronidae) are considered 
to be phylogenetic related, and some authors have even consid
ered tha t the Mugilidae fam ily  belongs to the order Perciformes 
(Aurelle et al., 2008). In accordance, since phylogenetic related 
species may share certain characteristics as a consequence o f 
the ir common ancestry (Scudiero et al., 2005), s im ilar response 
patterns should be expected. It could also be hypothesized that 
these species-specificities are partia lly  due to d ifferent ecological 
features and feeding habits o f the tw o  species. D. labrax is a 
demersal species w ith  benthonic feeding habits, whereas L. aura
ta is a pelagic species w ith  detritophagus habits. Hence, one 
should po in t out differences regarding the preponderance o f 
the tw o  routes o f metal uptake -  water and diet. However, 
Duquesne and Richard (1994) demonstrated, for both w ild  fish 
or injected w ith  cadmium, tha t the route o f metal uptake does 
not affect the nature o f the induced MT.

The studied species demonstrated tha t MT induction due to 
m ercury exposure was species-specific. Moreover, the tw o  species 
demonstrated d ifferent organ thresholds able to induce MT, in d i
cating a h igh ly specific mechanism o f response. Nevertheless, the 
mechanisms o f MT induction by m ercury and the involved signal
ling pathways are s till not known for fish, lim itin g  the understand
ing o f MT’s role in  D. labrax and L. aurata’s response to mercury. 
Though the specificity o f MT as biom arker o f exposure to metals 
strongly depends on the clarification o f the ir action and subjacent 
induction pathways, the ir su itab ility  and usefulness does not 
s tric tly  rely on the identification o f MT’s role. In this context, the 
lim ita tions pointed out by the present research in  relation to the 
applicab ility  o f MT relied on the lim ited  responsiveness observed 
in several tissues, as w e ll as on the d ifficu lty  to establish a causal 
relationship between increased metal concentrations in  tissues 
and MT induction.

Due to the controversial in fo rm ation regarding this subject, it  is 
h igh ly recommended to fu rther investigate the su itab ility  o f MT as 
biom arker o f m ercury exposure in  fish.

5. Conclusions

The results o f the present investigation provided these main 
findings:
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-  The studied fish species displayed d is tinct patterns o f MT m od
u la tion in  response to mercury accumulation; thus, D. labrax 
revealed a depletion in brain MT content and an incapacity to 
induce MT synthesis in a ll the other tissues, whereas L. aurata 
showed the ab ility  to increase MT content in liver and muscle. 
In agreement, L. aurata appeared as a more responsive species 
in  this context and thus, a better b io indicator o f m ercury con
tam ination on the basis o f MT response.

-  W ith in  each species, tissue-specificities were clearly exibited in 
the MT inducing potentia l and in  the susceptib ility to MT 
decrease, as w e ll as in  the respective T-Hg threshold lim its. L. 
aurata results showed muscle as the most responsive tissue, 
responding to moderate (L Í)  and high contam ination (L2), 
w h ile  liver on ly responded to high m ercury contam ination (L2).

-  Overall, the su itab ility  and ap licab ility  o f MT content in fish tis 
sues as a biom arker o f exposure to m ercury was called into 
question, indicating im portan t lim ita tions in  reflecting the 
metal exposure levels and the subsequent accumulation extent. 
Moreover, i t  was pointed out tha t using on ly MT contents as a 
m onitoring too l for assessing the environm ental m ercury con
tam ination is inadequate.

Acknowledgements

This w ork  was supported by the Portuguese Foundation for Sci
ence and Technology (FCT) through a PhD Grant to C.L. M ieiro 
(SFRH/BD/28733/2006) and CESAM -  University o f Aveiro. The 
authors are in debt to S. Guilherme, J.P. Coelho and A ld iro  Pereira 
fo r the ir valuable help during field campaign and to B. Galinho 
fo r his assistance w ith  mercury determ inations in water. The 
authors also w ish to thank to Professor Reinhard Dallinger for 
the valuable comments on the manuscript.

References

Amiard, J.C., Am iard-Triquet, C., Barka, S., Pellerin, J., Rainbow, P.S., 2006. 
M etalloth ioneins in  aquatic invertebrates: the ir role in  metal detoxification 
and the ir use as biomarkers. Aquat. Toxicol. 76 (2), 160-202.

Aschner, M., Syversen, T., Souza, D.O., Rocha, J.B.T., 2006. M etalloth ioneins: mercury 
species-specific induction and the ir potentia l role in  attenuating neurotoxicity. 
Exp. Biol. Med. 23, 1468-1473.

Aurelle, D., Barthélémy, R.-M., Quignard, J.-P., Trabelsi, M., Faure, E., 2008. Molecular 
phylogeny o f M ugilidae (Teleostei: Perciformes). The Open Mar. Biol. J. 2 ,29 -37 .

Bartsch, R., Klein, D., Summer, K.H., 1990. The Cd-Chelex assay—a new sensitive 
method to determine m eta llo th ionein containing zinc and cadmium. Arch. 
Toxicol. 64, 177-180.

Bebianno, M.J., Santos, C., Canario, J., Gouveia, N., Sena-Carvalho, D., Vale, C., 2007. 
Hg and m eta llo th ione in-like  proteins in  the black scabbardfish Aphanopus 
carbo. Food Chem. Toxicol. 45 (8), 1443-1452.

Cajaraville, M.P., Bebianno, M.J., Blasco, J., Porte, C., Sarasquete, C., Viarengo, A., 
2000. The use o f biomarkers to assess the im pact o f po llu tion  in  coastal 
environments o f the Iberian Peninsula: a practical approach. Sei. Total Environ. 
247, 295-311.

Chan, K.M., 1995. M eta llo th ionein: potentia l biom arker for m onito ring  heavy metal 
po llu tion  in  fish around Hong Kong. Mar. Pollut. Bull. 31, 411-415.

Coelho, J.P., Pereira, M.E., Duarte, A.C., Pardal, M.A., 2005. Macroalgae response to a 
m ercury contam ination gradient in  a temperate coastal lagoon (Ria de Aveiro, 
Portugal). Estuar. Coast. Shelf Sei. 65, 492-500.

Cosson, R.P., Am iard-Triquet, C., Amiard, J.C., 1991. M etalloth ioneins and 
detoxification. Is the use o f detoxification prote in  for MTs a language abuse? 
W ater A ir Soil Pollut. 57-58, 555-567.

Costa, P.M., Caeiro, S., Diniz, M.S., Lobo, J., Martins, M., Ferreira, A.M., Caetano, M., 
Vale, C., Delvalls, T.Á., Costa, M.H., 2009. Biochemical endpoints on juven ile  
Solea senegalensis exposed to estuarine sediments: the effect o f contam inant 
m ixtures on m eta llo th ionein and CYP1A induction. Ecotoxicology 18 (8), 988- 
1000 .

Costley, C.T., Mossop, K.F., Dean, J.R., Garden, L.M., Marshall, J., Carroll, J., 2000. 
Determ ination o f m ercury in  environm ental and biological samples using 
pyrolysis atom ic absorption spectrometry w ith  gold amalgamation. Anal. Chim. 
Acta 405, 179-183.

De Boeck, G., Ngo, T.T.H., Van Campenhout, K., Blust, R., 2003. D ifferentia l 
m eta llo th ionein induction patterns in  three freshwater fish during sublethal 
copper exposure. Aquat. Toxicol. 65, 413-424.

Dragun, Z., Podrug, M., Raspor, B., 2009. The assessment o f natural causes of 
m eta llo th ionein va ria b ility  in  the gills o f European chub (Squalius cephalus L). 
Comp. Biochem. Physiol. Part C 150 (2), 209-217.

Duquesne, S., Richard, A., 1994. Isolation and characterization o f natura lly and 
a rtific ia lly  induced hepatic metalloth ioneins from  tw o  species o f flatfish: 
Limanda limanda and Microstomus kitt. Mar. Biol. 119, 461-470.

Falfushynska, H.I., Stoliar, O.B., 2009. Function o f m etalloth ioneins in  carp Cyprinus 
carpio from  tw o fie ld  sites in  Western Ukraine. Ecotox. Environ. Saf. 72 ,1425 - 
1432.

Fernandes, D., Andreu-Sánchez, O., Bebianno, M., 2008. Assessment o f po llu tion  
along the N orthern Iberian shelf by the combined use o f chemical and 
biochemical markers in  tw o representative fish species. Environ. Pollut. 155, 
327-335.

Filipovic, V., Raspor, B., 2003. M eta llo th ionein and metal levels in  cytosol o f liver, 
kidney and brain in  re la tion to g row th parameters o f M ullus surmuletus and 
Liza aurata from  the Eastern Adria tic Sea. W ater Res. 37 (13), 3253-3262.

França, S., Costa, M.J., Cabral, H.N., 2009. Assessing habitat specific fish assemblages 
in  estuaries along the Portuguese coast. Estuarine, Coastal Shelf Sei. 8 3 ,1 -12 .

Franco, R., Sánchez-Olea, R., Reyes-Reyes, E.M., Panayiotidis, M.I., 2009. 
Environmental tox ic ity , oxidative stress and apoptosis: Ménage à Trois. M ut. 
Res.-Genet. Tox. 674 (1 -2), 3-22.

Ghedira, J., Jebali, J., Bouraoui, Z., Banni, M., Guerbej, M., Boussetta, H., 2008. 
M eta llo th ionein and m etal levels in  liver, gills and kidney o f Sparus aurata 
exposed to sublethal doses o f cadmium and copper. Fish Physiol. Biochem. 36 
(1), 101-107.

Gonzalez, P., Dominique, Y., Massabuau, J.C., Boudou, A., Bourrdineaud, J.P., 2005. 
Comparative effects o f d ie tary m ethylm ercury on gene expression in  liver, 
skeletal muscle, and brain o f the Zebrafish (Danio rerio). Environ. Sei. Technol. 
39, 3972-3980.

Guilherme, S., Válega, M., Pereira, M.E., Santos, M.A., Pacheco, M., 2008. Antioxidant 
and b io transform ation responses in  Liza aurata under environm ental mercury 
exposure—relationship w ith  m ercury accumulation and im plications for public 
health. Mar. Pollut. Bull. 56, 845-859.

Ham ilton, S.J., Mehrle, P.M., 1986. M eta llo th ionein in  fish: review  o f its importance 
in  assessing stress from  metal contaminants. T. Am. Fish. Soc. 115, 596-609.

Hamza-Chaffai, A., Cosson, R.P., Am iard-Triquet, C., El Abed, A., 1995. Physico
chemical forms o f storage o f metals (Cd, Cu and Zn) and m eta llo th ionein-like 
proteins in  g ills and live r o f marine fish from  the Tunisian coast: 
ecotoxicological consequences. Comp. Biochem. Physiol. 111C (2), 329-341.

Hamza-Chaffai, A., Am iard-Triquet, C., Abed, A.E., 1997. M eta llo th ione in-like  
protein: is i t  an e ffic ient b iom arker o f metal contam ination? A case study 
based on fish from  the Tunisian coast. Arch. Environ. Contam. Toxicol. 33, 5 3 - 
62.

Hogstrand, C., Haux, C., 1991. Binding and detoxification o f heavy metals in  lower 
vertebrates w ith  reference to m etalloth ionein. Comp. Biochem. Physiol. 100C, 
137-141.

Jebali, J., Banni, M., Gerbej, H., Boussetta, H., López-Barea, J., Alhama, J., 2008. 
M eta llo th ionein induction by Cu, Cd and Hg in  Dicentrarchus labrax liver: 
assessment by RP-HPLC w ith  fluorescence detection and spectrophotometry. 
Mar. Environ. Res. 65, 358-363.

Kito, H., Ose, Y., M izuhira, V., Sato, T., Ishikawa, T., Tazawa, T., 1982a. Separation and 
purifica tion  o f (Cd, Cu, Zn)-m eta llo th ionein in  carp hepato-pancreas. Comp. 
Biochem. Physiol. C: Toxicol. Pharmacol. 73 ,121-127.

Kito, H., Tazawa, T., Ose, Y., Sato, T., Ishikawa, T., 1982b. Formation of 
m eta llo th ionein in  fish. Comp. Biochem. Physiol. C, Comp. Pharmacol. 73, 
129-134.

Klein, D., Sato, S., Summer, K.H., 1994. Quantification o f oxidized
m eta llo th ionein in  biological m aterial by a Cd saturation method. Anal. 
Biochem. 221, 405-409.

M arijic, V.F., Raspor, B., 2006. Age-and tissue-dependent m eta llo th ionein and 
cytosolic metal d is tribu tion  in  a native Mediterranean fish, M ullus barbatus, 
from  the Eastern Adria tic Sea. Comp. Biochem. Physiol. Part C 143 (4), 382- 
387.

M artinho, F., Leitao, R., Neto, J.M., Cabral, H., Lagardere, F., Pardal, M A , 2008a. 
Estuarine colonization, population structure and nursery function ing  for 0- 
group sea bass (Dicentrarchus labrax), flounder (Platichthys flesus) and sole 
(Solea solea) in  a mesotidal temperate estuary. J. Appl. Ichthyol 24, 229- 
237.

M artinho, F., Viegas, I., Dolbeth, M., Leitäo, R., Cabral, H.N., Pardal, M.A., 2008b. 
Assessing estuarine environm ental qua lity  using fish-based indices: 
performance evaluation under clim atic instab ility . Mar. Pollut. Bull. 56 (11), 
1834-1843.

M ieiro, C.M., Coelho, J.P., Pacheco, M., Pereira, M.E., Duarte, A.C., subm itted for 
publication. D iet as the m ain factor fo r m ercury accumulation in  fish: 
comparison between Dicentrarchus labrax and Liza aurata. Submitted to Arch. 
Environ. Contam. Toxicol.

Monterroso, P., Abreu, S.N., Pereira, E., Vale, C., Duarte, A.C., 2003. Estimation o f Cu, 
Cd and Hg transported by p lankton from  a contaminated area (Ria de Aveiro). 
Acta Oecol. 24, S351-S357.

Navarro, A., Quirós, L , Casado, M., Faria, M., Carrasco, L , Benejam, L, Benito, J., Diez, 
S., Raldúa, D., Barata, C., 2009. Physiological responses to  m ercury in  feral carp 
populations inhab iting  the low  Ebro River (NE Spain), a h istorica lly 
contaminated site. Aquat. Toxicol. 93 (2 -3), 150-157.

Official Journal o f the European Union COMMISSION REGULATION (EC) No. 78/2005 
o f 19 January 2005 amending Regulation (EC) No 466/2001 as regards heavy 
metals 20.1.2005.



C.L Mieiro et ai./Chemosphere 85 (20Í í ) Í Í 4 - Í 2 Í 121

Oliveira, M., Ahmad, L, Maria, V.L., Serafim, A., Bebianno, M.J., Pacheco, M., 
Santos, M.A., 2010. Hepatic m eta llo th ionein concentrations in  the golden grey 
m u lle t (Liza aurata)-re lationship w ith  environm ental metal concentrations in 
a m etal-contam inated coastal system in  Portugal. Mar. Environ. Res. 69 (4), 
227-233.

Olsvik, P.A., Hindar, K., Zachariassen, K.E., Andersen, R.A., 2001. Brown tro u t (Salmo 
tru tta ) metalloth ioneins as biomarkers for metal exposure in  tw o  Norwegian 
rivers. Biomarkers 6, 274-288.

Pacheco, M., Santos, M .A , Teles, M., Oliveira, M., Rebelo, J.E., Pombo, L, 2005. 
Biotransform ation and genotoxic biomarkers in  m u lle t species (Liza sp.) from  a 
contaminated coastal lagoon (Ria de Aveiro, Portugal). Environ. M onit. Assess. 
107, 133-153.

Pereira, M.E., Duarte, A., M illw ard , G.E., Abreu, S.N., Vale, C., 1998. An estim ation of 
industria l m ercury stored in  sediments o f a confined area o f the Lagoon of 
Aveiro (Portugal). W ater Sei. Technol. 37 ,125-130.

Richard, M., Maurice, J.T., Anginota, A., Paticata, F., Verdegemc, M.C.J., Hussenotd, 
J.M.E., 2010. Influence o f periphyton substrates and rearing density on Liza 
aurata g row th  and production in  marine nursery ponds. Aquaculture 310 ,106- 
1 1 1 .

Roesijadi, G., Robinson, W.E., 1994. Metal regulation in  aquatic animals: 
mechanisms o f uptake, accumulation and release. In: Malins, D.C., Ostrander, 
G.K. (Eds.), Aquatic Toxicology; Molecular Biochemical and Cellular 
Perspectives. Lewis Publishers, CRC press, pp. 387-420.

Roesijadi, G., 1996. M eta llo th ionein and its role in  toxic metal regulation. Comp. 
Biochem. Physiol. 113C (2), 117-123.

Rogdakis, Y., Ramfos, A., Koukou, K., D im itriou, E., Katselis, G., 2010. Feeding habits 
and trophic level o f sea bass (Dicentrarchus labrax) in  the Messolonghi-Etoliko 
lagoons complex (Western Greece). J. Biol. Res.-Thessaloniki 13 ,13-26 .

Roméo, M., Cosson, R.P., Gnassia-Barelli, M., Risso, C., Stien, X., Lafaurie, M., 1997. 
M eta llo th ionein determ ination in  the live r o f the sea bass Dicentrarchus labrax 
treated w ith  copper and B(a)P. Mar. Environ. Res. 44 (3), 275-284.

Roméo, M., Hoarau, P., Garello, G., Gnassia-Barelli, M., Girard, J.P., 2003. Mussel 
transplantation and biomarkers as useful tools for assessing w ater qua lity  in  the 
NW  Mediterranean. Environ. Pollut. 122, 369-378.

Romero-Isart, N., Vasák, M., 2002. Advances in  the structure and chem istry o f 
metallothioneins. J. Inorg. Biochem. 88, 388-396.

Rotchell, J., Clarke, K.R., Newton, L.C., Bird, D.J., 2001. Hepatic m eta llo th ionein as a 
biom arker for metal contam ination: age effects and seasonal varia tion in 
European flounders (Pleuronectes flesus) from  the Severn Estuary and Bristol 
Channel. Mar. Environ. Res. 52, 151-171.

Sato, M., Bremner, I., 1993. Oxygen free radicals and m etalloth ionein. Free Radie. 
Biol. Med. 14, 325-337.

Scudiero, R., Temussi, P.A., Parisi, E., 2005. Fish and mam m alian m etalloth ioneins: a 
comparative study. Gene 345, 21-26.

Shimada, A., Nagayama, Y., Morita, T., Yoshida, M., Suzuki, J.S., Satoh, M., Tohyama, 
C., 2005. Localization and role o f m etalloth ioneins in  the o lfactory pathway 
after exposure to m ercury vapor. Exp. Toxicol. Pathol. 57 ,117-125.

Uchida, Y., Takio, K., T itani, K., Ihara, Y., Tomonaga, M., 1991. The grow th  inh ib ito ry  
factor tha t is deficient in  the Alzheim er’s disease brain is a 68 am ino acid 
m eta llo th ione in-like  protein. Neuron 7, 337-347.

Välega, M., Lima, A.I.G., Figueira, E.M.A.P., Pereira, E., Pardal, M.A., Duarte, A.C., 2009. 
Mercury intracellu lar partition ing  and chelation in  a salt marsh p lant Halim ione 
portulacoides (L ) Aellen: strategies underlying tolerance in  environmental 
exposure. Chemosphere 74, 530-536.

Viarengo, A., Burlando, B., Ceratto, N., Panfoli, I., 2000. Antioxidant role o f 
metalloth ioneins: a comparative overview. Cell. Mol. Biol. 46, 407-417.

Viarengo, A., Lowe, D., Bolognesi, C., Fabbri, E., Koehler, A., 2007. The use of 
biomarkers in  b iom onitoring: a 2 -tie r approach assessing the level o f po llu tant- 
induced stress syndrome in  sentinel organisms. Comp. Biochem. Physiol., Part C 
146, 281-300.

Wang, W.-X., Rainbow, P.S., 2010. Significance o f metalloth ioneins in  metal 
accumulation kinetics in  marine animals. Comp. Biochem. Physiol. Part C 152 
(1). 1- 8.

Yasutake, A., Nakano, A., Hirayama, K., 1998. Induction by m ercury compounds of 
brain m eta llo th ionein in  rats: Hg° exposure induces long-lived brain 
metalloth ionein. Arch. Toxicol. 72, 187-191.

Yasutake, A., Nagano, M., Hirayama, K., 2003. A lterations o f m eta llo th ionein isomers 
in  Hg°-exposed ra t brain. Arch. Toxicol. 77,12-16 .


