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Mussel farming is an important economic activity in Brazil, and these organisms are consumed by the
majority of the population in most coastal zones in the country. However, despite the increasing pol-
lution of aquatic ecosystems in Brazil, little is known about the biochemical activity in mussels in re-
sponse to metal exposure. In this context, the aim of the present study was to investigate metal and
metalloid exposure effects in Perna perna mussels, by determining metal levels, the induction of me-
tallothionein (MT) synthesis, and oxidative stress, in the form of reduced glutathione (GSH) in 3 con-
taminated areas from the Guanabara Bay in comparison to a reference site, Ilha Grande Bay, both in
summer and winter. Metal and metalloid concentrations were also compared to Brazilian and interna-
tional guidelines, to verify potential health risks to human consumers. Mussels from all sampling sites
were shown to be improper for human consumption due to metal contamination, including Ilha Grande
Bay, which has previously been considered a reference site. Several statistically significant correlations
and seasonal differences were observed between MT, GSH and metals and metalloids in both analyzed
tissues. A Discriminant Canonical Analysis indicated that the digestive gland is a better bioindicator for
environmental contamination by metals and metalloids in this species and offers further proof that MT
variations observed are due to metal exposure and not oxidative stress, since GSH influence for both
muscle tissue and the digestive glands was non-significant in this analysis. These results show that P.
perna mussels are an adequate sentinel species for metal contamination with significant effects on
oxidative stress and metal exposure biomarkers. To the best of our knowledge, this is the first study to
report metals, metalloids, MT and GSH levels in the muscle tissue of this species.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

action can be taken. Therefore, it is more accurate to measure the
sublethal effects of pollutants in the biota, which arise long before

The contamination of the aquatic environment by metals and
metalloid species has become a global problem in the last decades.
Among environmental pollutants, these contaminants are of par-
ticular concern due to their potential toxic effects and their ability
to bioaccumulate in aquatic ecosystems (MacFarlane and Burchett,
2000; Miller et al., 2002). Often, the criterion used to classify a
substance as harmful or not is the death (or not) of an organism.
This, however, is a very extreme option, where no preventive
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death. This is conducted through the use of biomarkers (Moore
et al.,, 2004; Van Der Oost et al., 2003; Viarengo et al., 2007).
Certain biomarkers are useful in indicating oxidative stress,
which takes place in response to exposure to metal and metalloid
species. Oxidative stress occurs when cellular defense mechanisms
are unable to act on free radicals or on their deleterious effects.
The glutathione system is one of the first lines of defense against
oxidative stress, which includes reduced glutathione (GSH), in
addition to antioxidant enzymes such as catalase and superoxide
dismutase, being of vital importance in aquatic ecotoxicology
analyses to understand and unravel the mechanisms of action of
environmental contaminants. The second line of defense against
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oxidative stress is composed of metallothioneins (MT). These
metalloproteins, due to their abundant cysteine residues, are also
known for their protective free radical scavenging activity, playing
an active role in the capture of harmful oxidant radical species
(Kumari et al., 1998). This, though, has been mostly reported for
mammals regarding MT in the central nervous system, while
studies in aquatic organisms such as fish as fish and mussels are
still scarce. Some studies in this regard with mussels have de-
monstrated that MT is induced in response to factors promoting
oxidative stress (Viarengo et al., 1999). However, the main role
investigated regarding MT is the fact that they have a high affinity
for metal ions and function as both mediators of physiological
metal homeostasis and the detoxification of essential and non-
essential metals. The induction of this metalloprotein is, in fact,
one of the main biomarkers established in biomonitoring pro-
grams in the European community (Garrigues et al., 2002; Ramos
et al., 2000; Viarengo et al., 1997).

Despite the increasing pollution of aquatic ecosystems in Brazil,
little is known about the biochemical response of certain organ-
isms, such as mussels, in response to metal exposure. The Gua-
nabara Bay is considered heavily contaminated by these pollutants
(Almeida, 2003), while Ilha Grande Bay is a reasonably preserved
area, with no history of environmental contamination by metals
and metalloid species, and is, therefore, regularly used as a re-
ference area for environmental monitoring studies (Cardoso et al.,
2001; Junior et al., 2002; Lavradas et al., 2014).

In this context, the aim of the present study was to investigate
metal and metalloid exposure in Perna perna mussels, by de-
termining metal levels and the induction of metallothionein
synthesis and oxidative stress, in the form of GSH, comparing
these biochemical responses throughout the different sampling
sites in two seasons, summer and winter. Among the different
species of mussel, P. perna is the most cultivated along the Brazi-
lian coast, since it reaches larger sizes, grows relatively fast, has a
high production rate, is nutritious and easily collected (Baraj et al.,
2003a). In addition, metal and metalloid concentrations were
compared to Brazilian and international guidelines, in order to
verify if the consumption of this species can bring potential health
risks to human consumers due to metal bioaccumulation.

2. Methodology
2.1. Study area

The Guanabara Bay, located in the state of Rio de Janeiro, lati-
tude 22°24'S-22°57'S and longitude 43°33'W-43°19'W (jerfve
et al., 1997), is one of the most important coastal bays in Brazil
(Amador, 1997). Several sources of pollution are present in this
area, such as surrounding industries (over 6000) of which 52 are
responsible for 80% of the industrial pollution of the bay, including
the Duque de Caxias refinery (REDUC), marine oil terminals (16);
commercial ports (2); advanced fuel stations (2000) and shipyards
(32). In addition, domestic sewage, waste leakage and the occu-
pation of public land bordering the rivers and hillsides increase
the daily pollutant loads discharged into the bay (Almeida, 2003).

[lha Grande Bay, located on the southern coast of the state of
Rio de Janeiro, latitude 22°50'S-20'S and 23°45'W longitude 44°-
44°00'W (Creed et al., 2007), is a very rugged bay, composed of
several small bays inside, and dotted with many islands that de-
crease the hydrodynamics of the area. It is an important tourist
region for Rio de Janeiro and is considered one of the most im-
portant areas of this state in terms of fishing productivity (Bizerril
and Costa, 2001; Kehrig et al., 1998). This area has been repeatedly
considered a reference area due to low environmental metal levels
(Cardoso et al., 2001; Lacerda et al., 1989; Lavradas et al., 2014).

2.2. Mussel sampling

P. perna mussels were sampled from different beaches be-
longing to the Guanabara Bay (GB, Diabo Beach, Urca Beach and
Vermelha Beach - DB, UB and VB) and from Ilha Grande Bay (IG)
during the summer and winter seasons of the same year. In-
dividuals were measured (shell length, width and height) and
grouped according to size range, totalling four composite samples,
each containing 10 individuals. The digestive glands and adductor
muscle tissue were removed and freeze-dried for 48 h (Liotop 101,
Liobréas, Sdo Paulo, Brazil).

2.3. Metal and metalloid determinations

The freeze-dried samples were decomposed in an acid medium
with subdistilled nitric acid at 100 °C for 5 h. After cooling, the
volumes were adjusted with ultra pure water (resistivity
> 18 MQ cm) for subsequent analysis by inductively coupled
plasma mass spectrometry (ICP-MS). The metals and metalloids
were determined on an Elan DRC II (Perkin-Elmer Sciex, Norwalk,
CT, USA) spectrometer without the use of a reaction cell. Sample
introduction was conducted using a Meinhard nebulizer with cy-
clonic chamber and twister. The following isotopes were
monitored: %°Ni, 5°Cu, %6Zn, 7°As, 82Se, 114Cd, 2°2Hg, 2°8Pb. Quality
control was performed by a strict blank control, the analyses of
replicates and certified reference materials. Accuracy was assessed
through the analysis of certified material DORM-4 (National Re-
search Council, Canada), composed of dog-fish muscle im-
pregnated with known amounts of metals and trace-elements (Ni:
136+0.22pgg"!; Cu: 159+09pugg™'; Zn: 522+32pgg™ ;
As: 6.80+0.64ugg ; Se: 3.56+034ugg'; Cd:
0.306+0.015pg g~ "; Pb: 0.416+0.053 ugg~"). No statistically
significant difference was observed between certified DORM-4 and
observed values (Ni: 1.28 +0.15 pg g~ '; Cu: 15.6 +0.5 pgg~1; Zn:
51.5+1.7pgg " '; As: 7.03+0.20pugg " !; Se: 3.63+025ugg ;
Cd: 0.310+0.012ugg™"; Pb: 0.410+0.05pugg~"'). Recoveries
ranged from 94% to 103% and were considered appropriate for the
present study.

2.4. GSH extraction and determination

GSH extraction was performed according to Beutler (1975),
with modifications introduced by Wilhelm-Filho et al. (2005).
Briefly, approximately 25 mg of each sample was homogenized in
350 L of 0.1 mol L~! pH 7.0 sodium phosphate buffer containing
sucrose 0.25 mol L~ in an inert atmosphere (nitrogen 99.9%). The
samples were then centrifuged at 11.000 x g in a Mikro 220R
centrifuge (Hettich, Alemanha) for 30 min at 4 °C. The super-
natants were removed, transferred to sterile microtubes and sub-
sequently treated with 0.1 mol L~! DTNB in pH 8.0 sodium phos-
phate buffer at a 1:1 ratio. After a 15 min incubation in the dark
the sample absorbances were determined at 412 nm on a UV-vis
spectrophotometer (Lambda 35, Perkin Elmer). GSH concentra-
tions were estimated using an analytical curve plotted with GSH as
the external standard (Monteiro, 2006).

2.5. MT extraction and determination

MT was extracted according to the thermal procedure de-
scribed by Erk and collaborators, using tris-2-carboxyethyl-phos-
phine (TCEP) as the reducing agent (Sigma-Aldrich, Sdo Paulo,
Brazil) (Erk et al., 2002; Getz et al., 1999; Tenério-Daussat et al.,
2014). Briefly, the samples were homogenized in sterile poly-
propylene microtubes at a 1:20 ration in a buffer solution con-
taining Tris-HCl, 20 mmol L~' pH 8.6, phenyl methyl sulfonyl
fluoride 0.5 mmol L~' and 0.01% TCEP. The samples were then
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centrifuged in a refrigerated microtube centrifuge (Mikro 220 R,
Hettich, Germany) at 20,000 x g for 60 min at 4 °C and the su-
pernatants were carefully removed and transferred to other sterile
microtubes. The supernatants were subsequently heated at 70 °C
for 10 min in a thermostatic water bath (Kacil, Sdo Paulo, Brazil)
and a new centrifugation at 20,000 x g was performed for 30 min
at 4 °C. After this last centrifugation step, the supernatants con-
taining the MT were again separated and the samples were frozen
at —20 °C until further analyses.

MT quantification was performed using a spectrophotometric
method applying Ellman's reaction (Ellman, 1959), in which the
purified samples were mixed with a HCl 1 molL~! and EDTA
4mmol L~' solution. Immediately afterwards, NaCl 2 mol L'
containing 0.43 mmol L~' 5,5-dithiobis (2-nitrobenzoic acid)
buffered with 0.2 mol L~! sodium phosphate, pH 8.0 were added
to the samples. These were then incubated in the dark for 30 min
and their absorbances were measured in quartz microcuvettes at
412 nm on a UV-vis spectrophotometer (Lambda 35, Perkin
Elmer).

MT concentrations were estimated using an analytical curve
plotted using GSH as an external standard assuming a ratio of
1 mol MT=20 mol GSH, as described previously (Mackay et al.,
1993).

2.6. Statistical analyses

Data normality (metal, metalloids, MT and GSH data in muscle
and digestive glands of P. perna mussels) was tested using the W
Shapiro-Wilkes test. As the data were non-parametric, they were
normalized to the mean length of the mussels from each location.
Thus, all statistical tests from this stage were conducted on para-
metric data. The ANOVA test was used to verify significant differ-
ences between the analyzed metal concentrations, MT and GSH
levels in different mussel tissues and between different sampling
sites. Pearson's correlation test was used to verify the existence of
significant correlations between metal and metalloid concentra-
tion and MT and GSH data. The differences and correlations were
considered significant at p <0.05. To assess the differentiation
among the analyzed tissues and sampling sites based on the metal
accumulation and to identify any statistical similarity among data
due to overlapping of statistical ellipses, the data were also ana-
lyzed by means of a Discriminant Canonical Analysis. Data for this
analysis were transformed to (x+1). The metal, metallothionein
and GSH concentrations were used as the input variables. This
multivariate dependence technique is applied when establishing
relationships between a non-metric dependent variable and me-
tric independent variables. After defining the groups (tissues and
season), the individual data elements (metals, MT and GSH) of
each group were plotted in the reduced multivariate space, in
which the new axes (functions 1, 2, and 3) explain a proportion of
the total variability in the data. Only functions presenting p < 0.05,
variance above or close to 10% and/or eigenvalues above 1 were
considered statistically significant. Group centroids were plotted
using the canonical discriminant functions evaluated at group
means, and each circle indicates the 95% confidence ellipses. The
standardized discriminant function coefficients are a measure of
the association between the variables and the axes. The correlation
between the position of each group relative to the standardized
discriminant function coefficients determines the parameters re-
sponsible for its separation. Statistical analyses were performed
using Statistica 10 (StatSoft) for Windows and graphs were plotted
using both Statistica 10 and the Prism 5® software package.

3. Results and discussion
3.1. Biometric data

Table 1 displays the biometric data (shell length, width and
height, as means + standard deviation) of the mussel pools
per season and sampling site. Statistically significant differences
were observed for length between the sampling sites, where IG
mussel lengths were significantly higher than all three GB beaches.
Thus, data were normalized to the mean length of the mussels
from each location, in order to remove size effects (Lavradas et al.,
2014).

Table 1
Biometric data (displayed as means + standard deviation) of the mussel pools
per season and sampling site.

Summer Length (mm) Width (mm) Height (mm)
IG 703 +4.3 285+ 18 263+16
DB 493 +89 219+29 183 +21
UB 378 £41 220+23 154+23
VB 49.9+6.7 243+22 174+2.0
Winter Length (mm) Width (mm) Height (mm)
IG 63.5+25 241 +0.7 232+08
DB 49.9+3.0 233+0.8 193+ 14
UB 548 +2.9 29.0+14 201+14
VB 356+ 18 164 +0.3 13.8+0.7

3.2. Metal and metalloid concentrations

Data for total metal and metalloid concentrations are displayed
in Table 2. Most of the determined metals and metalloids were
significantly higher (p < 0.05) in the digestive gland, with the ex-
ception of Ni and Zn, which were higher in muscle tissue. This is in
accordance with other studies conducted with different bivalves,
since the digestive gland is known as the main accumulation tar-
get of several metal and metalloids due to its high metabolic ac-
tivities and central role in detoxifying these contaminants from
the body. However, different storage and detoxification mechan-
isms in different tissues/organs exist, which may justify the higher
Zn and Ni concentrations in muscle tissue (Jebali et al., 2014).
Another possibility is that chronic exposure to these elements was
simply too much for the glands to cope with and remove from the
body, resulting in accumulation in muscle tissue. Table 2 also
shows that the means for all total GB samplings (summer and
winter) were significantly different (p < 0.05) from the IG data: in
muscle tissue, Cu concentrations were higher at UB and VB, while
Zn and Pb levels were higher at UB, VB and DB when compared to
IG. As concentrations, on the other hand, were lower at UB and Cd
levels were lower at DB and UB when compared to IG; in the di-
gestive gland all elements were significantly different between the
GB and IG sampling sites: At DB, UB and VB Zn, Cu and Pb con-
centrations where significantly higher than IG levels, and As
concentrations were significantly higher at DB when compared to
IG. On the other hand, As, Ni and Se concentrations at UB and Cd
concentrations at UB and VB were significantly lower when
compared to IG. Cd concentrations were higher at IG. This was not
expected, since IG has been considered a reference background
area in previous studies (Francioni et al., 2004; Lima et al., 1986),
and can be explained by the fact that sediments from Ilha Grande
Bay are known to contain high Cd concentrations due to the in-
fluence of sulfide anomalies from the adjacent Serra do Mar
mountain chain geology (Gomes et al., 2009; Lacerda et al., 1989).

Mussel farming is an important economic activity in Brazil, and
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Table 2

Total metal and metalloid concentrations in Perna perna muscle (M) and digestive gland (G) in the present study compared to Brazilian and international legislations (data is

expressed as means + expanded uncertainty of the means (95%), g g~ ! wet weight).

Area Tissue/organ Ni Cu Zn As Se cd Pb

IG M 2354043 0.78 +0.09 3217 £5.12° 3.90+0.19 1.02+0.12° 0.167 + 0.022 0.03 +0.01
G 143 +0.09 2.63 +0.12 15.47 + 0.68 8.78 +0.25 1.86 + 0.06° 1.072 +0.267 0.08 + 0.01

DB M 2,57 +0.34 1.04 +0.09 4821 +217 424+022 0.86 + 0.06 0.090 + 0.006 0.10 + 0.02
G 134+0.12 3.69+0.28 2139+ 0.84 11.98 £ 0.62° 1.68 +0.16 0.428 + 0.084 0.29 +0.04

YB M 230+0.19 1.98 +0.19 68.42 +5.09 2.75+0.16 0.79 + 0.03 0.036 +0.003 0.28 +0.06
G 0.95 + 0.06 5.33 4+ 0.50 22.87 +0.90 4814019 1.40 + 0.06" 0.087 + 0.009 0.60 +0.10

VB M 3.94+0.81 1.58 +0.19 70.64 +10.51 4.50+0.31 115+0.12° 0.115 + 0.006 119 +0.24
G 1.61+0.19 6.34+0.71 30.27 +3.63 10.01 + 0.43 1.88+0.16 0.299 + 0.034 1.71+£032

ANVISA - 5.0 30.0 50.0 1.0 0.3 1.0 2.0

FAO/WHO - - 30.0 50.0 - - 1.0 2.0

EPA - - 20.0 30.0 - - 2.0 0.8

" Indicates statistically significant differences (p < 0.05).

these organisms are consumed by a great part of the population in
most of the coastal zones in the country. The mussel P. perna is one
of the most commercially cultivated bivalves in Brazil (IBAMA,
2007), with a production in the order of 12.500 t in the last dec-
ades, representing 19% of the total produced by the entire Brazilian
mariculture (Galvdo et al., 2015). This organism is considered an
adequate sentinel species for environmental contamination, in-
cluding metal exposure, since it is sessile and a filter-feeder
(Burlando et al., 2006; Cheung et al., 2006; Gaitanaki et al., 2004;
Hamer et al., 2008b). Besides the potential effects on the health of
the mussels themselves, the studied metal and metalloids show
potential toxic effects in humans when ingested over certain
permissible limits. Cd, for instance, may induce kidney dysfunction
and reproductive damages, while Pb damages the nervous system,
causes brain disorders, affects the intelligence quotient in children
and causes cardiovascular disease in adults (Ikem and Egiebor,
2005). Cu, although an essential element, can generate reactive
oxygen species in the organism, and excess or deficiency of this
element may lead to severe health problems (Koztowski et al.,
2006).

Mussels are usually ingested whole, with no previous tissue
separation. As the present study analyzed both muscle tissue and
digestive glands, both matrices were separately compared to
Brazilian and international guidelines, in order to observe poten-
tial health risks to human consumers. If concentrations in one of
the organs were higher than the maximum permissible con-
centrations, the sampling site was then considered contaminated
and a reason for concern, since, as stated previously, the animals
are ingested whole. Table 2 compares the total mean concentra-
tions for the investigated metals and metalloids in the present
study and the maximum permissible limits recommended by
Brazilian health regulatory agencies, the Environmental Protection
Agency (USA EPA) and the Food and Agriculture Organization of
the United Nations (FAO). The recommended levels from these
regulatory agencies are given in mg g~ ! wet weight. Thus, in order
to compare the data from the present study with these permissible
limits, the conversion factor applied was of 70% moisture, as re-
ported in the literature for a variety of species, including mussels
(Gomes et al., 2009).

As and Se levels in both muscle tissue and the digestive glands
from all study areas were above the maximum permitted con-
centrations recommended by the Brazilian legislation. Zn in
muscle tissue from UB and VB were above the maximum per-
missible limits for all the guidelines, while this element in muscle
from IG and DB and from digestive glands from VB were higher
than that allowed by the EPA. Cd concentrations in the digestive
gland from IG were above the limits established by ANVISA and
FAO, while Pb concentrations at VB are above EPA-recommended
levels. This indicates that these organisms are improper for human

consumption (as well other animals that prey on these bivalves).

GB has been regarded as one of the most polluted coastal en-
vironments of the Brazilian coast, being identified as a hotspot
area for metals (Linoa et al., 2016). Previous studies indicate that
several metal concentrations in urban street sediments in high-
ways around Guanabara Bay are very high and are, therefore, an
important source of pollution to the receiving rivers and to Bay,
with the most polluted sites located in the center of Rio de Janeiro,
where the Guanabara samples of the present study were collected,
since these areas experience intense traffic conditions and sewage
overflows, causing metal pollution of the sediments (Pereira et al.,
2007). Anticorrosive and primer paints for ships are also an im-
portant source of Zn to this environment (Baptista-Neto et al.,
2005). In addition, metal contamination sources around the bay
include the Duque de Caxias refinery, which has also doubled as a
huge dumping ground for all sorts of discarded waste, which then
becomes slurry and leaches to the bay, in unknown amounts; the
813 tday ! of solid waste that reaches the bay which also results
in further slurry production (Coelho, 2007); and the marine oil
terminals, commercial ports and advanced fuel stations around the
bay. Although IG has been considered a reference site and a bio-
diversity hotspot, with a number of protected areas, two oil
terminals and a nuclear power plant are located in the area, be-
sides a great number of marinas and dockyards and the Angra dos
Reis harbor, which promote considerable anthropogenic impacts
on the region and could be potential sources of several metals to
the area (Pinheiro et al., 2004). Although low levels have been
consistently reported, the results presented herein indicate that
this area can no longer be considered a reference site for metal
contamination.

Brazil has an average daily consumption of 25 g of fish and
seafood per capita, corresponding to 173 g per week. However, in
the metropolitan area of Rio de Janeiro, this consumption is du-
plicated to 355 g per week (BRASIL, 2009). Taking this into account
and using an average body weight of 70 kg, metal and metalloid
ingestion was calculated for a weekly consumption of mussels per
body weight. Results indicate that As and Se concentrations in
both tissues from all sampling sites, Zn in muscle at UB and VB and
Cd in the digestive glands from IG were higher than the maximum
permissible limit for human ingestion stipulated by Brazilian law,
indicating that mussels from both IG and GB are not adequate for
human consumption.

Table 3 compares the total concentrations of the elements from
the present study with concentrations found in other studies
conducted in Brazil and around the world. Most elements ob-
served in mussels from IG and GB were present in higher con-
centrations than elements observed in other areas in Brazil, such
as Sergipe and Sdo Paulo, as well as other countries. Unfortunately,
not many reports are found regarding metals in this species, which
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dry weight).

Table 3

Reference

Pb

Cd

Se

As

Ni Cu Zn

Tissue or organ

Environmental contamination levels

Sampling site

Present study

0.03-0.17

0.3-0.8
0.8-6.9
0.07-0.5

2.0-4.9
5.3-7.0
1.6-5.5
3.5-84

10.5-15.9

45.0-188.5
42.5-63.0

14-43
6.5-10.5
1.6-9.6
8.8-32.1
1.6-8.9

44-6.2

2.0-13.7
3.5-6.2
2.8-25.2
2.1-8.8

Muscle

Considered a reference site

Ilha Grande Bay, Brazil

0.18-0.39
0.12-7.0

26.2-34.7
7.5-19.7

Digestive glands

Muscle

Present study

105.3-364.2
61.5-173.2
43-133
68-114
41-109

Heavily contaminated

Guanabara Bay, Brazil

0.41-10.3

0.15-2.7

12.1-47.8

Digestive glands

Soft ti
Soft t
Soft t
Soft t
Soft t
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Avelar et al. (2000)

3.9-60
1.5-2.2

0.35-1.23

1.0-4.6
0.3-0.5

ssues
ssues
ssues
ssues
ssues

Carvalho et al. (2001)
Baraj et al. (2003b)

Catharino et al.

7.98-11.35

0.09-1.0

3.8-21

(2008)

0.4-09  0.05-0.15 0.018-0.07

1.2-4.6

11.0-22.0

Belabed et al. (2013)

0.53-1.75

0.21-0.51

5.71-27.86  126.73-361.67

3.31-10.36

Contaminated

Ubatuba Bay

Considered a reference site

Ilha de Santana, Macaé, SE, Brasil

Southern Atlantic coast, Brazil

Moderately contaminated

Contaminated

Coastal areas, Sdo Paulo, Brazil

Gulf of Annaba, Algeria

hampered discussion of the data. The table also displays the
classification of each site regarding environmental metal levels.
This indicates that GB is indeed an area heavily contaminated by
these pollutants, and that IG cannot be considered a reference site
any longer due to the presence of toxic metal levels.

3.3. GSH and MT levels

Total GSH and MT levels (both summer and winter) in the
muscle tissue and digestive glands of the P. perna mussels ana-
lyzed in the present study are displayed in Fig. 1.

For GSH, no significant differences (p > 0.05) were observed for
muscle and digestive glands at IG and UB, while at DB and VB this
biomarker was significantly higher in digestive glands when
compared to muscle tissue. Regarding muscle tissue, IG GSH
concentrations were significantly higher than at DB, while in the
digestive glands higher concentrations at UB and VB were ob-
served when compared to IG. Total GSH concentrations in muscle
tissue were significantly and positively correlated to the following
metals and metalloids: Ni, Cu, Zn, Se, Cd and Pb (IG); Cu (VB), and
negatively correlated to As, Se, Cd and Pb (UB), while the following
correlations were observed in digestive glands: Cu, Zn, Se and Pb
(IG); Ni, Cu, Se and Pb (DB) (negative correlations), and Cd (IG, DB,
UB and VB); As (DB and VB) (positive correlations). Correlations
are very weak when 0.00 <r < 0.19; weak when 0.20 <r < 0.39;
moderate when 0.40 < r < 0.69; strong when 0.70 <r < 0.89; and
very strong when 0.90 <r < 1.00 (Bryman and Cramer, 2011). All
correlations observed between the analyzed parameters in the
present study were either strong or very strong.

Reduced glutathione (GSH) is key in metal scavenging in the
organism due to the high affinity of metals to its thiol (-SH) group
(Jozefczak et al., 2012). GSH has been proposed to complex and
detoxify metal cations as soon as they enter the cells, representing
a first line of defense against metal cytotoxicity. According to the
literature, metal accumulation in biological tissues can result in
the reduction of the availability of GSH, although conflicting re-
sults have been reported, since studies conducted with mammals
and fish show that the accumulation of certain metals such as Cd,
Pb and Hg resulted in increases in the availability of GSH. This has
indicated that metals can in fact directly interfere in GSH meta-
bolism (Canesi et al., 1999).

Regarding MT, concentrations were not significantly different
between muscle tissue and digestive gland at the different sites,
with the exception of IG, in which MT concentrations were sig-
nificantly higher (p <0.05) in muscle when compared to the di-
gestive glands. MT concentrations in muscle tissue were sig-
nificantly and negatively correlated to the following metals and
metalloids: Ni, Cu, Zn, As, Se, Cd and Pb (IG); Ni, Cu, Zn and Pb (DB)
and Se and Cd (VB), while the following correlations were ob-
served in digestive glands: Cu, Zn, Se and Pb (IG); Ni, Cu, Se and Pb
(DB); Se and Pb (VB) (negative correlations) and Cd (IG, DB, UB e
VB); Ni and As (IG) (positive correlations). All correlations ob-
served between the analyzed parameters were either strong or
very strong. These correlation data indicate that MT in this species
can indeed be considered an adequate biomarker for metal ex-
posure, as described previously, since it is important in the de-
toxification of non-essential metals, as well in essential element
homeostasis (Mourgaud et al., 2002; Sakulsak, 2012). MT analysis
in mussel digestive glands has been recommended by several in-
ternational monitoring programs regarding environmental metal
contamination (UNEP/RAMOGE, 1999).

This metalloprotein is usually present in higher amounts in the
digestive gland when compared to other tissues and/or organs
such as gills, since the digestive gland is the equivalent of the liver
and is the main detoxifying organ of the body (Geret et al., 1998;
Raspor et al, 1999; Simes et al, 2003). MT concentrations in
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Fig. 1. Total GSH and MT concentrations in muscle tissue (M) and digestive glands (G) of Perna perna mussels sampled from Ilha Grande (IG), Diabo Beach (DB), Urca Beach
(UB) and Vemelha Beach (VB). Data is displayed as means + standard deviation (ug g~ dry weight). Different symbols (* for muscle tissue and # for digestive glands) indicate

statistically significant differences compared to IG.

muscle tissue from IG were significantly (p < 0.05) higher than
concentrations from GB in this same tissue. No significant differ-
ences were observed for this metalloprotein in the digestive
glands from both sampling sites. MT synthesis in mussels can vary
considerably between tissues (Zorita et al., 2007), and the most
significant induction of this metalloprotein by metals was ob-
served by Cd exposure both in field and laboratory experiments
(Raspor et al., 1989). However, no records exist regarding MT
synthesis in mussel muscle tissue, only in gills, mantle, digestive
glands or soft tissue (Canesi et al., 1999; Geret and Cosson, 2002;
Hardivillier et al.,, 2006; Mourgaud et al.,, 2002; Ramsak et al.,
2012). As discussed above, Cd concentrations in IG muscle tissue
were significantly higher than muscle tissue from GB, which may
be the cause for the higher MT concentrations in mussels from this
location. MT have also been reported as showing free radical
scavenging abilities, but this protection mechanism has been
postulated as being secondary, since certain studies have shown
no direct relationship between oxidative stress and MT levels
(Dondero et al., 2005). This corroborates with the results of the
present study, since MT was only significantly correlated to GSH
concentrations in the digestive gland at one sampling site in one
season (VB, summer).

Table 4

3.4. Seasonality considerations

3.4.1. Metal and metalloid concentrations

Metal concentrations for summer and winter are displayed in
Table 4. Most elements were significantly higher in winter, with the
exception of Ni in the digestive glands from IG, As at DB and VB (also
in digestive gland) and Cd (digestive gland) from all sampling sites.
This is in accordance to studies conducted by several authors
(Giarratano and Amin, 2010; Hamed and Emara, 2006; Hamer et al.,
2008b; Szefer et al., 2004) that also reported higher metal con-
centrations in mussels during winter. According to a recent study
(Szefer et al., 2004), the higher precipitation that occurs in summer
can be responsible for the dilution of pollutants and reduction in the
concentration of metals in water and, consequently, in the organ-
isms. These authors also report significant differences in the water
temperature between summer and winter, which can affect mussel
physiology and cause alterations in the metal concentrations present
in these organisms. Comparisons were also conducted with regard
to Brazilian and international guidelines separating data by season,
and As and Se concentration in both summer and in winter were
above the maximum permissible concentrations by both Brazilian
and international guidelines, offering risks to human consumers, as
discussed previously for total metal concentrations.

Metal and metalloid concentrations in Perna perna muscle (M) and digestive gland (G) in the present study compared to Brazilian and international legislations (data is
expressed as means + expanded uncertainty of the means (95%), ng g~ ! wet weight) by season.

Area Tissue/organ Ni Cu Zn As Se Ccd Pb
IG sum M 11+£0.2 0.54 +0.04 158 £ 1.1 34+01 0.64 +0.01 0.10 £ 0.01 0.012 + 0.001
G 1.68 +0.04 23+01 13.6 +0.3 92+03 170+ 0.03 1.9+01 0.065 + 0.003
IG win M 3.6+0.2 1.0+ 0.1 444 +2.5 44+01 1.39 +0.02 0.22 +0.01 0.047 + 0.002
G 118 £ 0.03 3.00 £ 0.05 17.3+0.3 83402 2.01 + 0.02 0.28 +£0.01 0.101 + 0.004
DB sum M 1.6+0.2 0.8+0.1 471+35 44+03 0.7+0.1 0.08 +0.01 0.06 +0.01
G 11+0.2 29+0.1 22.5+0.9 133+ 0.6 1.21 +£0.04 0.67 +0.04 0.17 + 0.02
DB win M 35+01 1.24 + 0.02 491+ 11 41+02 1.0+0.1 0.10 +0.01 0.140 + 0.002
G 1.5+01 45401 20.6+£0.9 10.7+0.3 22+01 0.19+0.01 0.42 +0.01
UB sum M 21402 23+0.2 68.9+5.8 25+0.1 0.76 + 0.03 0.027 + 0.002 0.14 +0.01
G 1.01 +0.03 42401 22.7+10 50+0.2 1.26 + 0.02 0.11 +0.01 0.8+0.1
UB win M 25+0.2 17+0.2 679+5.1 3.0+0.2 0.8+0.1 0.044 + 0.003 0.45+0.05
G 09+01 59+0.6 231+09 46+0.2 15+01 0.059 + 0.003 0.45+0.02
VB sum M 1.6+0.2 1.0+0.1 40.0 +3.6 3.7+02 0.76 + 0.04 0.098 + 0.001 0.42 +0.05
G 114+ 0.05 43+04 224+12 111+03 14+01 0.37+0.03 0.7+01
VB win M 63+03 2.0+01 101.3 £ 2.0 53+01 153 +0.03 0.125 + 0.002 1.8+0.1
G 21401 79405 48.7 +5.5 89+0.2 24+01 0.218 + 0.003 24402
ANVISA - 5 30 50 1 0.3 1 2
FAO/WHO - - 30 50 - - 1 2
EPA - - 20 30 - - 2 0.8

" Indicates statistically significant differences (p < 0.05).
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3.4.2. GSH and MT levels

Comparisons between GSH and MT concentrations by season
are displayed in Fig. 2. Regarding GSH, with the exception of
muscle tissue from IG, levels in mussel P. perna were significantly
higher in summer, in accordance with the MT results, which were
also higher in this season. In muscle tissue, GSH concentrations
from DB and VB were not significantly different between seasons,
were significantly higher in winter at IG and significantly higher in
summer at UB. In the digestive glands, GSH levels from all four
sampling sites were significantly higher in summer. No significant
correlations were observed for GSH concentrations in either
winter or summer for muscle tissue, while this parameter in the
digestive glands showed significant correlations to Cd at DB in
winter, and to As and Cd at UB and Zn at VB in the summer (all
positive, either strong or very strong).

Regarding MT, when separating and comparing summer and
winter MT concentrations, it can be observed that MT levels were
significantly higher, both in muscle tissue and digestive glands, in
summer at both IG and GB, except in muscle tissue at UB, that did
not present statistically significant differences. This corroborates
reports in the literature, such as the report by Viarengo and col-
laborators (Viarengo et al., 1997) that also observed higher MT
concentration in the summer. In the present study, however, most
metals and metalloids were present in significantly higher con-
centrations in winter. The exception, however, was Cd in the di-
gestive glands, which was significantly higher in summer. As MT
and Cd showed strong, positive, statistical correlations, it is
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possible that this metal greatly influenced MT synthesis, as de-
scribed in other reports (Raspor et al., 1989). MT concentrations in
winter in muscle tissue were significantly correlated to the fol-
lowing metals and metalloids: Ni (IG); Ni and Cd (DB) (positive
correlations) and Cd (VB) (negative correlation), while no sig-
nificant relationships were observed for this tissue in the summer.
The following correlations were observed in winter in the diges-
tive glands: As (DB) and Ni (VB) (positive correlations), while,
again, no significant correlations were observed for this tissue in
the summer and all correlations were either strong or very strong.

It is interesting to note that, when separating the data by sea-
son, correlations were also observed between MT and GSH in the
digestive gland at VB (positive, very strong) in the summer. Mussel
reproduction occurs throughout the year. There are, however,
more pronounced reproductive periods (breeding peaks) corre-
sponding to the months of April, May and June (autumn), Sep-
tember (spring) and January (summer), with the latter two being
the most intense (Marques, 1997). This is of note, as previous re-
ports indicate that reproductive efforts can generate reactive
oxygen species as by-products in several species, such as in oocyte
maturation in crayfish for example (Lifian-Cabello et al., 2004),
since these efforts lead to increased metabolic activity, ROS pro-
duction and, consequently, oxidative stress as a result of reduced
energy available for antioxidant defenses (Petes et al., 2008). Also,
induction of MT has been correlated to certain abiotic factors, such
as hyperthermia, hyposmotic stress, temperature and dissolved
oxygen (Gourgou et al., 2010; Hamer et al., 2008a; Jarque et al.,
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Fig. 2. GSH and MT concentrations in muscle tissue (M) and digestive glands (G) of Perna perna mussels sampled from Ilha Grande (IG), Diabo Beach (DB), Urca Beach (UB)
and Vemelha Beach (VB) in summer and winter. Data is displayed as means + standard deviation (pg g~! dry weight). Different symbols indicate statistically significant
differences between the summer and winter groups for each location (* for muscle tissue and # for digestive glands).
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2014). All these factors have been postulated as being the cause of
seasonal variations in certain oxidative stress biomarkers (Petes
et al., 2008), and might be the source of some of the variations
observed in the present study with regard to MT, although the
statistically significant correlations observed between these bio-
chemical parameters and certain determined metals in both the
digestive gland and muscle tissue point towards exposure to me-
tals as an MT inductor in this case, especially since all correlations
observed between MT and metals were either strong or very
strong.

3.4.3. Multivariate analyses

Multivariate analyses were conducted in order to further in-
vestigate seasonality changes in the biochemical and metal para-
meters. Data were analyzed for muscle tissue and digestive gland
separately. The results of the discriminant function analyses and
the scatter plots of the functions are presented in Table 5 and
Fig. 3, respectively.

When analyzing muscle data, 3 canonical functions, or factors,
representing 94.8% of the total data variability were detected in
the discriminant analyses. The first factor (Fig. 3A) represented

Table 5
Results of the discriminant function analysis on in P. perna muscle and digestive
glands for summer and winter.

Muscle

Discriminant function 1 2 3
Eigen value 23.66 19.87 8.07
Cum. proportion 0.45 0.8 0.95
Variables Standardized discriminant function coefficients
Pb 1 0.09 -0.23
cd 0.36 -0.6 0.25
Zn 0.44 125 0

As -0.81 -11 -1

Se 0.36 0.14 1.38
Ni 0.42 -0.62 -0.57
MT -049 -0.38 -0.32
Cu -0.82 0.29 0.39
GSH -0.32 —0.09 0.5
Means of the canonical variables

IG sum —-41 -2.69 —2.38
DB sum —3.31 -1.74 —247
UB sum —2.08 6.97 242
VB sum -0.7 0.78 -1.55
IG win -0.74 -5.94 5.15
DB win -0.14 —1.45 -0.77
UB win 0.09 4.68 0.54
VB win 10.99 -0.62 —-0.94
Digestive glands

Discriminant function 1 2 3
Eigen value 101.01 51.73 28.44
Cum. proportion 0.51 0.77 0.92
Variables Standardized discriminant function coefficients
Pb 0.09 -0.83 0.6

Ccd 1.08 -0.27 -0.57
Zn —0.51 -0.07 —0.74
As -0.26 152 0.2

Se -09 -1.07 —0.66
Ni 047 —0.66 0.86
MT 0.97 -114 1.24
Cu 0.23 -0.42 0.37
GSH —0.06 0.37 0.1
Means of the canonical variables

IG sum 18.87 —-4.77 —5.78
DB sum 3.73 12.05 0.48
UB sum 411 -52 9.51
VB sum 1.91 4.56 4.65
IG win —5.02 0.01 —2.73
DB win -8.7 2.79 -2.83
UB win —-6.17 -0.14 —-3.03
VB win -8.73 -9.31 -0.26

41.54% of the total data variability, and was composed of Pb, As and
Cu, that showed the highest coefficients (1.00, —0.81 and —0.82,
respectively) and contributed most to the discriminatory power of
function 1. There was a slight correspondence of data from IG and
DB in the summer only, and ellipses were overlapped. The second
factor represented 35.20% of the total data variability, composed
by Zn, As and Ni (coefficients of 1.25, —1.10 and —0.62, respec-
tively). Regarding data separated by the power of function 2
(Fig. 3B), there was a slight correspondence of data with some
ellipses overlapped and better discrimination of data from IG in
winter, and UB both in summer and in winter. Factor 3 was com-
posed of As and Se, representing 14.2% of the total data variability.

When analyzing digestive gland data, 3 canonical functions
were also detected in the discriminant analyses, representing 92%
of the total data variability. The first factor represented 51.3% of the
total data variability, and was composed of Cd, Se and MT, that
presented the highest coefficients (1.08, —0.81 and —0.90 and
0.975, respectively) and contributed most to the discriminatory
power of function 1. There was a slight correspondence of data
from IG and UB in winter only, and ellipses were overlapped
(Fig. 3C). Regarding the data separated by the power of function 2
(Fig. 3D) (26.3% of the total data variability), the highest con-
tributions were observed for As, Se, MT, Pb and Ni (coefficients of
1522, —1.07, —1.14, —0.83 and —0.66, respectively). Again, there
was a slight correspondence of data with some ellipses overlapped
regarding data from IG and UB in the winter, but greater dis-
crimination by sampling site and season when compared to
muscle. Factor 3 was composed of Se, MT, Pb, Ni e Zn, representing
14.4% of the total data variability.

These results are further proof that the MT variations are due to
metal concentrations, since GSH influence in the Discriminant
Canonical Analysis for both muscle and digestive gland was non-
significant (p >0.05) and thus, did not contribute to data dis-
crimination, while MT showed high discriminatory contribution in
Factor 1 in the digestive gland.

4. Conclusions

P. perna mussels from all analyzed sites are improper for hu-
man consumption due to metal contamination, both in summer
and in winter, including at Ilha Grande Bay, which is of note, since
this location has generally been considered a reference site. This is,
to the best of our knowledge, one of the first reports on metal
contamination in Ilha Grande Bay, as well as the first report on
muscle tissue biochemical parameters in this species and corre-
lations with metals and metalloids, since most studies are con-
ducted in soft tissues in their entirety.

Correlations were observed between the investigated MT, GSH
and metals and metalloids, both for total data and separated by
season, were observed, indicating that P. perna mussels are indeed
adequate sentinel species for metal contamination. Most metals
and metalloids determined in the digestive glands were sig-
nificantly higher than in P. perna muscle tissue. This, allied to
significant correlations between observed, and the results of the
multivariate analyses conducted in the present study indicate that
the digestive gland is a better bioindicator for environmental
contamination by metals and metalloids in this species and offer
further proof that MT variations observed are due to metal ex-
posure and not oxidative stress, since GSH influence for both
muscle and digestive gland was non-significant. MT free radical
scavenging abilities were also shown to be secondary since only
one instance of a direct relationship between oxidative stress and
MT levels was observed in the present study.
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Fig. 3. Scatter plots of the discriminant functions in P. perna muscle (A and B) and digestive gland (C and D) samples from both seasons (Sum - summer; Win - winter).
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