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• Metals and POPs were quantiﬁed in the
muscle and liver of blue sharks.
• Biochemical stress responses were addressed in the same sharks.
• Correlations between contaminant
levels and biochemical responses were
found.
• Suitable biomarkers for future pollution
biomonitoring studies were proposed.
• Sharks presented contamination values
above regulatory limits for human consumption.
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a b s t r a c t
Marine ecosystems are constantly being threatened by contaminants produced by human activities. There is an
urge to better understand their impacts on marine organisms and develop reliable tools for biomonitoring studies, while also assessing their potential impacts on human health. Given their position on top of food webs, sharks
are particularly susceptible to bioaccumulation, making them potential sentinel species of marine contamination.
The main objective of this study was to ﬁnd suitable biomarkers for future marine pollution biomonitoring studies by correlating biochemical responses with tissue contaminant body burden in blue sharks (Prionace glauca), a
species heavily caught and consumed by humans, while also addressing their general health. The chemical contaminants analysed comprised different persistent organic pollutants (POPs) families from polychlorinated compounds to brominated ﬂame retardants (BFRs) and perﬂuorinated compounds (PFCs) and different trace and
heavy metals. Concentrations of some contaminants in sharks' tissues were found to be above the legally allowed
limits for human consumption. A canonical correspondence analysis (CCA) was performed and some strong associations were found between biochemical responses and contaminants' accumulation levels. DNA damage and
lipid peroxidation levels, as well as the inhibition of the antioxidant enzyme glutathione peroxidase, were the
main effects and consequences of contamination. The impact of contamination on these vital macromolecules
underlines the suboptimal conditions of the sampled P. glauca, which can ultimately lead to the degradation of
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core ecological aspects, such as swimming, feeding, and reproduction. It can be concluded that P. glauca demonstrates great potential to be used as environmental sentinel and suitable biomarker candidates were identiﬁed in
this work. Moreover, this study also highlights the risks that the consumption of blue shark derived products can
pose to human health, which is of upmost interest as the sampled organisms were still juveniles and already presented values above regulatory limits.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
Marine ecosystems are being continuously loaded with xenobiotics produced by human activities, very often affecting aquatic organisms (Van der Oost et al., 2003). Persistent organic pollutants
(POPs), such as polychlorinated dibenzo-p-dioxins (PCDDs),
polychlorinated dibenzofurans (PCDFs), polychlorinated biphenyls
(PCBs), brominated ﬂame retardants (BFRs) and perﬂuorinated compounds (PFCs), or metals such as arsenic (As), cadmium (Cd), copper
(Cu), iron (Fe), mercury (Hg), manganese (Mn), nickel (Ni), lead
(Pb) and zinc (Zn) can negatively affect marine fauna and human
health given their high toxicity and persistence in the environment,
leading to bioaccumulation processes (Heath, 1995; Storelli et al.,
2002; Gramatica and Papa, 2007; Storelli et al., 2011; Skomal and
Mandelman, 2012; Barrera-García et al., 2013). Bioaccumulation of
these xenobiotics is a growing concern and has been shown to cause injurious effects on biodiversity (Franke et al., 1994; Marchettini et al.,
2001; Wang, 2002).
The changes caused by pollutants in the ecosystem usually have an
earlier effect at lower levels of biological organization, such as at the organism level or even at the gene and cellular level, allowing the development of biomarkers to monitor changes caused by the contaminants,
before they cause an effect at higher complexity levels – communities
or ecosystems (Bayne et al., 1985; Lemos et al., 2010). In order to assess
the health of marine ecosystems, different biological parameters with
the potential to be used as biomarkers may be of use, such as oxidative
stress related enzymatic activities, DNA damage and lipid peroxidation
(LPO) as measurements of oxidative damage, and indicators of neuromuscular activity and energy expenditure (Winston and Di Giulio, 1991;
Filho, 1996; Van der Oost et al., 2003).
Usually, when a contaminant enters a living organism, a two-phase
detoxiﬁcation process is initiated in order to facilitate its elimination
(Chen, 2012). Glutathione-S-transferase (GST) plays a role in the second
phase of the detoxiﬁcation process, where it facilitates the excretion of
xenobiotics (Van der Oost et al., 2003). This process is essential but increases the already naturally occurring cellular oxidation (Valko et al.,
2007). Furthermore, the presence of POPs and metal contaminants further increases the amount of reactive oxygen species (ROS), such as superoxide anion radical (O•−
2 ) and hydrogen peroxide (H2O2), forcing the
cells to ﬁght the harmful effects of these oxidizing molecules (Buet et al.,
2006; Kumar et al., 2014). Defence mechanisms to eliminate ROS, and
prevent oxidative damage, include enzymatic antioxidants, such as superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase
(GPx) and glutathione reductase (GR). SOD is an enzyme responsible
for the transformation of O•−
2 into H2O2 that is then eliminated by the
enzymes CAT and GPx, both acting to prevent its accumulation. GR ensures that reduced glutathione (GSH) is available to act as an antioxidant itself, or as a cofactor for GPx and GST (Egaas et al., 1995;
Halliwell and Gutteridge, 2001; Livingstone, 2001; Richardson et al.,
2008; Valko et al., 2007).
All the internal responses of the organisms to cope with pollution
stress are highly energy-costly. Examples of biomarkers that can be
used to assess effects related with changes in the energy metabolism
are the enzymes lactate dehydrogenase (LDH) and isocitrate dehydrogenase (IDH), which are involved in the anaerobic and aerobic metabolism, respectively (Bernal et al., 2003; Walsh et al., 2006), and have been
successfully applied in studies addressing effects of marine

contamination by metals (e.g. Antognelli et al., 2003; Vieira et al.,
2009), or by different organic pollutants (e.g. Monteiro et al., 2006;
Greco et al., 2007).
Acetylcholinesterase (AChE), a vital enzyme for good neuronal functions in vertebrates, is highly sensitive to anti-cholinergic compounds
and other contaminants often present in marine ecosystems, and has already demonstrated great potential to be used in pollution monitoring
studies as a biomarker of effect (Payne et al., 1996; Kirby et al., 2000;
Van der Oost et al., 2003; Arufe et al., 2007; Solé et al., 2008; Alves
et al., 2015).
Due to their role as apex predators, elasmobranchs such as sharks
end up being more exposed to environmental contamination through
bioaccumulation and biomagniﬁcation processes through the food
web (Serrano et al., 2000; Strid et al., 2007). Additionally, their wide distribution and importance to the ecosystem makes them ideal sentinel
organisms for marine pollution biomonitoring studies (Marcovecchio
et al., 1991; Vas, 1991). Sharks are known to accumulate high concentrations of metals (Storelli et al., 2002; Pethybridge et al., 2010;
Storelli and Marcotrigiano, 2004; Turoczy et al., 2000). Some of them
are essential for physiological processes (e.g., Fe and Zn), while others
do not have any recognized physiological purpose (e.g., Hg and Pb)
(Barrera-García et al., 2013). To know the concentrations of these
metals present in ﬁsh muscle, and particularly Hg, is of utmost importance since in most cases this is the main route of exposure to these elements in humans (Järup, 2003; Khayatzadeh and Abbasi, 2010).
Furthermore, Hg can be found in different forms and one of the most
toxic, methylmercury (meHg), accounts for N95% of the total Hg found
in the muscle of ﬁshes (Krystek and Ritsema, 2005; Piraino and Taylor,
2009; Payne and Taylor, 2010). Sharks have also been found to accumulate large amounts of POPs in their muscle and liver tissues
(e.g., Johnson-Restrepo et al., 2005; Storelli et al., 2005, 2011). These
compounds have even been found in sharks from remote areas as the
Artic (Strid et al., 2007), and they can severely impair the health of
both marine organisms and humans (Mandal, 2005; Foster et al., 2012).
The blue shark (Prionace glauca, L. 1758) is one of the most frequently caught shark species all over the world and in particular by the Portuguese longline swordﬁsh ﬁshing ﬂeet as bycatch (Bonﬁl, 1994; Santos
et al., 2002; Stevens, 2009). Some recent studies have demonstrated
the potential of this species to be used as a biomonitor of marine contamination (Storelli et al., 2011; Barrera-García et al., 2012, 2013), but
very little is known about the mechanisms involved in these sharks'
detoxiﬁcation and antioxidant processes, or other mechanisms of response to chemical pollutants. Understanding these relations is of upmost importance to public health since almost 122,000 t of shark meat
were imported worldwide in 2011, with P. glauca increasingly becoming the preferential source of both ﬁns and meat (Dent and Clarke,
2015; Eriksson and Clarke, 2015).
The main objective of the present study is two-folded: 1) Do Atlantic
blue sharks present high levels of POPs and metals in their tissues that
can pose a risk for these organisms as well as for humans health?; and
2) Are the contaminant body burden levels correlated with biochemical
responses of stress in the organisms?
With this approach, reliable biomarkers for P. glauca can be addressed as prospect tools for biomonitoring Atlantic waters. Also, to
our knowledge, this is one of the most comprehensive studies of its
kind, attempting to integrate the levels of different contamination
sources (e.g. metals and POPs) with detoxiﬁcation pathways, oxidative
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stress response mechanisms, and energetic and neuronal parameters in
sharks.

Plasma Mass Spectrometry (ICP-MS) using a Thermo X-Series ICP-MS
spectrometer (Thermo Fisher Scientiﬁc Inc., MA, USA).

2. Materials and methods

2.3. Biochemical responses

2.1. Organisms

2.3.1. Tissue preparation
After defrosting, tissue samples were homogenized and separated
for different biochemical measurements, depending on the tissue. Approximately 300 mg of liver from each organism were homogenized,
in a 1:10 proportion, in K-phosphate buffer (0.1 M, pH 7.4). Part of the
tissue homogenate was transferred to a microtube containing BHT
(2.6-dieter-butyl-4-metylphenol) 4% in methanol to prevent tissue oxidation for further determination of LPO. Another portion was separated
for DNA strand breaks quantiﬁcation and the rest was centrifuged at
10,000 g for 20 min (4 °C) to isolate the post mitochondrial supernatant
(PMS), which was then separated into different microtubes and stored
at − 80 °C for posterior protein and total levels of glutathione (TG)
quantiﬁcation, as well as for the activity measurements of GST, SOD,
CAT, GPx, and GR. An additional 100 mg of liver tissue were used for
the quantiﬁcation of O–2 as a measurement of ROS.
A sample of muscle tissue from each organism (200 mg) was homogenized in K-phosphate buffer (0.1 M, pH 7.2), in a 1:5 proportion.
The homogenate was then centrifuged at 3000 g for 3 min (4 °C) and
the supernatant was separated into different microtubes and stored at
− 80 °C, for posterior protein quantiﬁcation and measurements of
LDH, IDH, and cholinesterases (ChE) activities.
Regarding the brain, the preparation was similar to that used for
muscle analysis with the exception that only protein concentration
and ChE activity measurements were performed with this tissue's
supernatant.
In all biochemical assays, blanks were made using K-phosphate buffer instead of the sample. All spectrophotometric measurements were
performed, in quadruplicates and at 25 °C, in a Synergy H1 Hybrid
Multi-Mode microplate reader (BioTek® Instruments, Vermont, USA).

Twenty P. glauca individuals were captured at a depth of approximately 20 m, southwest of Portugal (36°43′11.2″N, 13°09′30.0″W),
aboard a commercial swordﬁshing vessel as bycatch. Captured sharks
were sacriﬁced by the ﬁsherman after landing on the vessel, and the
procedure of capture and handling was performed as fast as possible
and in a similar way between individuals. Immediately after capture,
tissues (liver, muscle, and brain) were collected from each individual
taking the appropriate measures to minimize cross-contamination –
dissections were performed in a closed space inside the ﬁshing vessel
(specially dedicated for this work), and all material and working station
were cleaned with ethanol before each dissection. Samples were preserved on ice and transported to the laboratory, where they were stored
at −80 °C until further analysis. Size (total length, cm) and gender were
recorded for all sampled individuals. All sharks in this study were classiﬁed as juveniles according to Pratt (1979).
2.2. Contaminant chemical analysis
2.2.1. POPs
Different POP families were determined in the tissues of each individual. Prior to analysis, muscle and liver tissues were freeze-dried,
ground and homogenized. Regarding polychlorinated compounds,
approx. 3 g (dry weight) of liver and muscle samples were analysed
for the following congeners: 17 PCDDs and PCDFs, 12 dioxin-like
polychlorinated biphenyls (DL-PCBs) and 6 non dioxin-like PCBs
(NDL-PCBs) (Table S1 – supplementary data). Identiﬁcation and quantiﬁcation of these compounds were performed by gas chromatography
(GC; 7890 A; Agilent Technologies, CA, USA) coupled to a double electromagnetic sector high resolution mass spectrometer (HRMS; JMS700D and 800D, Jeol, Japan). The analysis of BFRs was performed
using approx. 3 g (dry weight) of liver and muscle tissues and focused
on 8 polybrominated diphenyl ethers (PBDEs), 3 polybrominated biphenyl (PBBs) and 3 diastereomeric pairs of enantiomers of
1,2,5,6,9,10-hexabromocyclododecane (HBCDs). Identiﬁcation and
quantiﬁcation of PBDEs and PBBs were also achieved by GC-HRMS,
while HBCDs were determined by liquid chromatography (LC; Agilent
1200 series) coupled with tandem mass spectrometry (MS/MS; Agilent
6410 triple quadupole). The analysis of PFCs was done using approx. 1 g
(dry weight) of liver and muscle samples and included 9 perﬂuoroalkyl
carboxylic acids (PFCAs) and 5 perﬂuoroalkyl sulfonic acids (PFSAs).
Identiﬁcation and quantiﬁcation were performed by LC (Agilent 1200
series) coupled to MS/MS (LTQ-Orbitrap™, Thermo Fisher Scientiﬁc
Inc., MA, USA). Further details can be found as supplementary data
(Text S1). All the POP analyses were performed at the French national
reference laboratory for PCDD/F and PCB analysis in food and feed, according to validated and accredited methods (ISO/IEC 17025:2005
standard).
2.2.2. Metals
Liver and muscle samples from each individual were used for trace
and heavy metals quantiﬁcation. In each sample, the concentrations of
the following metals were analysed: Al, Cr, Mn, Fe, Ni, Cu, Zn, As, Se,
Ag, Cd, Pb, and Hg. Digestion of the tissues was performed by adding
3 mL of HNO3 to 200 mg of tissue. Samples were digested in a microwave oven for 10 min, at 175 ± 5 °C. After cooling to room temperature,
0.1 mL of H2O2 were added to the samples and a new digestion was performed for 5 min at 175 ± 5 °C. From each digested tissue sample, the
different metal concentrations were analysed by Inductively Coupled

2.3.2. Protein quantiﬁcation
Before the enzymatic assays, the soluble proteins were quantiﬁed
according to the Bradford method (Bradford, 1976), adapted from
BioRad's Bradford microassay set up in a 96-well ﬂat bottom plate,
using bovine γ-globuline as protein standard. Absorbance was read at
600 nm and results were expressed in mg of protein mL−1.
2.3.3. Detoxiﬁcation and antioxidant mechanisms
For the assessment of GST (EC 2.5.1.18) activity, an adaptation of the
procedure described by Habig et al. (1974) was used. The formation of
the thioether glutathione dinitrobenzene, a product of the reaction
between GSH and CDNB, was followed at 340 nm for 3 min. GST
activity was calculated, using a molar extinction coefﬁcient of
9.6 × 103 M−1 cm−1, and expressed in nmol min−1 mg−1 of protein.
The activity of SOD (EC 1.15.1.1) was measured performing an adaptation of the method described by McCord and Fridovich (1969), using
the xanthine/xanthine oxidase mediated reduction of cytochrome C.
The decrease of the cytochrome C reduction was followed at 550 nm
and SOD activity was expressed in U mg−1 of protein using a SOD standard of 1.5 U ml−1, where 1 U represents the amount of enzyme in the
sample that causes 50% inhibition of cytochrome C reduction. CAT (EC
1.11.1.6) activity was determined by following the decay in the H2O2
concentration at 240 nm, adapting the method described by Claiborne
(1985). Absorbance was read every 10 s for 1 min. CAT activity was
expressed in nmol min− 1 mg− 1 of protein, using a molar extinction
coefﬁcient of 40 M− 1 cm− 1. GR (EC 1.8.1.7) catalytic activity was
measured by following the decrease in absorbance during NADPH
oxidation, according to Cribb et al. (1989). Absorbance was read at
340 nm for 1 min. The enzymatic activity was calculated using a molar
extinction coefﬁcient of 6.2 × 103 M−1 cm−1, and expressed in nmol
min−1 mg− 1 of protein. GPx (EC 1.11.1.9) activity was measured by
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monitoring the oxidation of NADPH, when GSSG is reduced back to GSH
by GR, using H2O2 as a substrate (Mohandas et al., 1984). The activity
was measured following the absorbance at 340 nm for 1 min and
expressed in nmol min−1 mg−1 of protein, using a molar extinction coefﬁcient of 6.2 × 103 M−1 cm− 1. Total glutathione (TG) levels were
measured using the recycling reaction of GSH with DTNB in the presence of GR excess (Tietze, 1969). The absorbance was read at 421 nm
and TG levels were calculated using the molar extinction coefﬁcient of
13.6 × 103 M−1 cm−1. Results were expressed in nmol min−1 mg−1
of protein.
2.3.4. Oxidative stress and oxidative damage parameters
For evaluating the effects of ROS, the superoxide anion radical (O–2)
was quantiﬁed by following the method described by Drossos et al.
(1995). Krebs buffer was added to the 100 mg of liver tissue from
each animal, and the samples were left resting for 5 min. After the addition of cytochrome C (15 μM), the samples were incubated at 37 °C in a
shaking water bath for 15 min. To stop the reaction, N-ethylmaleimide
(3 mM) was added. Samples were ﬁnally centrifuged for 10 min at
1509 g and the supernatant was transferred to a microplate. The presence of O–2 was determined by the capacity of the radicals to reduce cytochrome C, which can be measured at 550 nm, with an extinction
coefﬁcient of 19 × 103 M−1 cm−1. The amount of O–2 produced was calculated and expressed in nmol O–2 mg− 1 of protein. LPO levels were
assessed by measuring the content of thiobarbituric acid reactive substances (TBARS), using the method described by Ohkawa et al. (1979)
and Bird and Draper (1984) with the modiﬁcations made by Wilhem
et al. (2001) and Torres et al. (2002). TBARS were measured at
535 nm and the results were calculated using a molar extinction coefﬁcient of 1.56 × 105 M−1 cm−1. Results were expressed as nmol TBARS
g− 1 of wet weight (ww). The DNA strand breaks were measured
using the DNA alkaline precipitation assay (Olive, 1988), adapted from
LaFontaine et al. (2000). Fluorescence was measured using an

Fig. 1. Biplot of axes 1 and 2 of the Canonical Correspondence Analysis (CCA) on
contaminants and biochemical parameters data, on liver samples. Arrows indicate the
different types of persistent organic pollutants (POPs) and metals quantiﬁed, blue
diamonds represent enzymatic biomarkers measured, and green diamonds represent
non-enzymatic biomarkers measured. POPs abbreviations: PCDDs = polychlorinated
dibenzo-p-dioxins; PCDFs = polychlorinated dibenzofurans; NDL-PCB = non-dioxinlike polychlorinated biphenyls; HBCDs = hexabromocyclododecanes; DL-PCBs =
dioxin-like polychlorinated biphenyls; PBDEs = Polybrominated diphenyl ethers; Lip =
lipid percentage; PBBs = Polybrominated biphenyls; PFCs = perﬂuorinated compounds.
Biomarkers abbreviations: LDH = lactate dehydrogenase; IDH = isocitrate
dehydrogenase; TG = total glutathione; GPx = glutathione peroxidase; GST =
glutathione S-transferase; GR = glutathione reductase; SOD = superoxide dismutase;
CAT = catalase; ChE_M = cholinesterase measured in muscle; ChE_B = cholinesterase
measured in brain; LPO = lipid peroxidation; SPXD = superoxide anion radical;
DNA = DNA damage. Colour code: red – POPs; black – metals; Purple – Lipids; Green –
non-enzymatic parameters; Blue – enzymatic parameters.
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excitation/emission wavelength of 360/450 nm and the results were
expressed as mg of DNA g−1 of ww, using calf thymus DNA as standard.
2.3.5. Energy metabolism and neuronal related parameters
LDH (EC 1.1.1.27) activity was assessed using the method described
by Vassault (1983) and later adapted by Diamantino et al. (2001), following the oxidation of NADH when pyruvate is converted to lactate.
The absorbance was read at 340 nm for 5 min and the results were
expressed as nmol min−1 mg−1 of protein, using a molar extinction coefﬁcient of 6.2 × 103 M−1 cm−1. IDH (EC 1.1.1.42) activity was measured following the protocol described and adapted by Ellis and
Goldberg (1971) and Lima et al. (2007), respectively. The activity of
IDH was determined by following the increase in NADPH, which is concomitant with the decarboxylation of isocitrate by IDH. The change in
absorbance was measured at 340 nm for 3 min and results expressed
as nmol min−1 mg−1 of protein, using a molar extinction coefﬁcient
of 6.2 × 103 M−1 cm−1. The ChE activities were measured in muscle
and brain samples of each organism following the Ellman method
(Ellman et al., 1961) adapted to microplate (Guilhermino et al., 1996).
Absorbance was followed for 5 min, at 414 nm. ChE activity was calculated using the molar extinction coefﬁcient of 13.6 × 103 M−1 cm−1 and
expressed in nmol min−1 mg−1 of protein.
2.4. Statistical analysis
All data were checked for normality and homoscedasticity. To compare gender and size, as well as metal concentrations between tissues,
independent sample Student t-test or Mann-Whitney non-parametric
test were conducted (depending on the violation or not of the normality
and homogeneity of variance assumptions). Correlations between biochemical parameters were assessed using Pearson Correlation tests.
For all statistical tests, the signiﬁcance level was set at p ≤ 0.05. Where
applicable, results are expressed as mean ± standard-deviation. A Canonical Correspondence Analysis (CCA) (Ter Braak, 1986) was performed to evaluate the pattern of distribution and correlation based
on the contaminants' concentrations and biochemical biomarkers. The
resultant ordination biplot approximated the weighted average of enzymatic and non-enzymatic biomarkers (points) measured with regard to
each of the organic pollutants (POPs) and metals quantiﬁed, which were
represented as arrows. The lengths of these arrows indicated the

Fig. 2. Biplot of axes 1 and 2 of the Canonical Correspondence Analysis (CCA) on
contaminants and biochemical parameters data, on muscle samples. Arrows indicate the
different types of persistent organic pollutants (POPs) and metals quantiﬁed, blue
diamonds represent enzymatic biomarkers measured, and green diamonds represent
non-enzymatic biomarkers measured. Abbreviations, symbols and colour codes are as in
Fig. 1.
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Table 1
Comparison of Persistent Organic Pollutant (POP) concentrations (ng g−1 lipid weight) found in muscle and liver samples of different pelagic shark species. Only the most abundant compounds per POP family, which had data from the literature to compare, are shown. Data is presented as mean, mean ± standard deviation or range of values (minimum-maximum), as
found on the literature.
Tissue

Muscle

Liver

N

20
15
7
13
3
10
20
22
44
3
10
64

Size
(cm)

112–167
112 ± 20

82.3–97.1
355–480
112–167
105–124
80.5–212.0
82.3–97.1
355–480
84–102

Species

P. glauca
P. glauca
Isurus oxyrinchus
A. pelagicus
S. tiburo
Somniosus microcephalus
P. glauca
P. glauca
P. glauca
S. tiburo
S. microcephalus
Dalatias licha

Sampling site

NE Atlantic
Paciﬁc
Paciﬁc
Paciﬁc
NE Atlantic
NE Atlantic
NE Atlantic
SE Mediterranean
Mediterranean
NW Atlantic
NE Atlantic
Mediterranean

PFCs

BFRs

PFSAs

PFCAs

PFOS

PFUnA

0.15 ± 0.10⁎

0.37 ± 0.19⁎

b0.1–0.4⁎

b0.1–0.1⁎

1.46 ± 0.81⁎

6.88 ± 3.89⁎

0.2–6.3⁎

0.1–2.6⁎

PBDE 47

PBDE 100

48.51 ± 16.93
0.64
0.40
0.66

171.54 ± 137.30
3.59
0.41
0.20

1260.54 ± 414.15

4815.79 ± 2317.27

[1] Present work; [2] (Lee et al., 2015); [3] (Storelli et al., 2011); [4] (Kumar et al., 2009); [5] (Strid et al., 2007); [6] (Storelli et al., 2005).
PFCs = perﬂuorinated compounds; PFSAs = perﬂuoroalkane sulfonates; PFCAs = perﬂuorinated carboxylic acids; PFUnA = perﬂuoroundecanoic acid; PFOS = perﬂuorooctane sulfonate;
BFRs = brominated ﬂame retardants; PCBs = polychlorinated biphenyls; DL-PCB = dioxin like polychlorinated biphenyls; NDL-PCBs = non-dioxin like polychlorinated biphenyls;
PCDDs = polychlorinated dibenzo-p-dioxins; PCDFs = polychlorinated dibenzofurans; PBDEs = Polybrominated diphenyl ethers.
⁎ Values presented in ng g−1 wet weight.
⁎⁎ Values presented in pg g−1 lipid weight.

relative importance of POP and metals, explaining variations in the enzymatic and non-enzymatic biomarkers' proﬁles, whereas the angle between the arrows and the axis reﬂected the degree to which they were
correlated. Thus, the length of the arrow is proportional to the change in
that direction. Those contaminants factors that have long arrows are
more closely correlated in the ordination than those with short arrows,
and are more important in inﬂuencing biomarkers variation. Contaminant
data were standardized and the biomarkers data were log (x + 1) transformed (Legendre and Legendre, 1979). Downweighting of biochemical
biomarkers were performed.
All univariate statistical tests were performed with Sigma plot 11.0
(Systat Software, Inc. Chicago, IL, USA). CCA was performed with
CANOCO version 4.5 package (Ter Braak and Smilauer, 1998).
3. Results
The 20 sharks sampled in the present study consisted of 12 females
and 8 males, and ranged from 112 to 167 cm total length (TL). Although
all individuals were considered juveniles, samples were also grouped
according to sex and size, in order to assess eventual effects of these
physiological characteristics. Size groups were deﬁned as: 1) individuals
with b 130 cm TL (lower than the average TL); and 2) individuals over
130 cm TL (higher than the average TL).
3.1. Contaminant chemical analysis
The concentrations of POPs and metals measured in muscle and liver
of the sampled sharks are summarized in Tables S1 and S2 (supplementary data).
Regarding the POP concentrations the results showed that NDL-PCBs
were the dominant chemicals in muscle tissue, with 1.12 ± 1.04 ng g−1
ww, followed by PFCs and DL-PCBs, with 0.62 ± 0.32 ng g−1 ww and
0.10 ± 0.08 ng g−1 ww, respectively (Table S1 – supplementary data).
In liver tissue, it is possible to observe that, although in higher levels,
the dominant contaminants are mostly in accordance with the ones in
muscle, with the concentrations being 328.44 ± 273.32 ng g−1 ww for
NDL-PCBs, 45.97 ± 43.97 ng g−1 ww for DL-PCBs and 12.03 ±
6.16 ng g−1 ww for PFCs (Table S1 – supplementary data). In general,
liver samples showed higher concentrations of POPs when compared
with the respective contaminants in muscle. No statistically signiﬁcant
differences were found between genders in terms of POP accumulation

(p N 0.05), although a positive correlation with size was observed for
NDL-PCBs in muscle (r = 0.497, p = 0.026) and both DL- and NDL-PCBs
in liver (r = 0.511, p = 0.025; and r = 0.536, p = 0.018, respectively).
The metal analysis showed that As and Hg concentrations were signiﬁcantly higher (p b 0.001) in the muscle tissue, whereas the metals
Mn, Fe, Cu, Zn, and Cd were more concentrated (Table S2 – supplementary data). Concentrations of Ag, Ni, Se, and Cd in the muscle were below
the minimum detection level (MDL) in N 50% of samples; the same was
observed for Ni, Se, and Ag concentrations in liver. Hg levels in both
muscle and liver tissues proved to be positively correlated with the
size of the individuals (r = 0.454, p = 0.044; and r = 0.538, p =
0.047, respectively), meaning that as the size of the animals increases,
so does the concentration of Hg in their tissues.
3.2. Biochemical responses
Considering the measured enzymatic activities of the whole group of
20 individuals, CAT, showed the highest mean activity (18.45 ±
5.55 μmol min−1 mg−1 protein), followed by LDH (3.55 ±
1.37 μmol min−1 mg−1 protein), SOD (0.17 ± 0.06 μmol min−1 mg−1
protein), and GST (0.11 ± 0.03 μmol min−1 mg−1 protein).
The biochemical responses did not seem to be inﬂuenced by gender
or size since none of the Student t-tests performed individually for the
different biomarkers showed any statistical signiﬁcant differences between male and female responses or between the two different size
groups (p N 0.05).
However, signiﬁcant correlations were found between the several
biochemical responses quantiﬁed in the different tissues of the organisms (Table S3 – supplementary data). Activities of GST and CAT were
positively correlated, meaning that whenever the activity of one of
these enzymes is induced/inhibited, the other enzyme followed the
same pattern of response. The other pair of variables with a high significant correlation (p b 0.01), albeit negative, was IDH and O–2 (Table S3 –
supplementary data).
3.3. Contaminants versus biochemical responses
A multivariate analysis was performed in order to evaluate the relation between environmental contaminants present in the liver tissues of
each shark and their biochemical stress responses. Therefore, CCA was
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Table 1
PCBs

PCDDs

DL-PCBs

PCDFs

REFs

NDL-PCBs

PCB 105

PCB 118

1.2.3.6.7.8 - HxCDD

1.2.3.7.8 - PeCDD

2.3.4.7.8 - PeCDF

2.3.7.8 – TCDF

876.42 ± 764.3

4097.75 ± 3669.1

17.92 ± 20.47

30.63 ± 34.6

0.15 ± 0.07⁎⁎

0.08 ± 0.04⁎⁎

0.17 ± 0.08⁎⁎

0.16 ± 0.12⁎⁎

110
18.47 ± 22.65
3.07

470
68.36 ± 78.37
52
229 ± 95

1100
198.63 ± 195.91
193
616 ± 260

1200
353.07 ± 315.88
307
915 ± 383

0.67⁎⁎
1.95 ± 2.63⁎⁎
56

0.58⁎⁎
1.37 ± 2.15⁎⁎
15

1.3⁎⁎
5.80 ± 10.33⁎⁎
26

5.8⁎⁎
6.86 ± 11.17⁎⁎
179

130

500
136 ± 27

1200
519 ± 128

1300
605 ± 140

20⁎⁎

24⁎⁎

73⁎⁎

280⁎⁎

PCB 138

PCB 153

performed and its ordination results produced the biplot presented in
Fig. 1.
Although the analysis was performed for all axes, only the ﬁrst factorial plane (axes 1 and 2) is shown, as they retain most of the variability
in the data analysis (i.e., 62.8% of the total explained variability; see
Fig. 1). Beyond that, the results showed that POPs and metals are correlated with both axes; however the highest correlations are with the ﬁrst
axis. Namely, along the ﬁrst axis the biochemical stress responses
accounted for 38.6% of the total variation, followed by axis 2 which explained 24.2% of the variability. Thus biplot diagram resulting from the
CCA (Fig. 1) revealed that all POPs presented a positive correlation
with each other. Moreover, this result demonstrated that the activities
or levels of the enzymatic and non-enzymatic biomarkers could be inﬂuenced by POPs and metals.
The results showed that axis 1 is primarily driven by PCDFs, PCDDs,
DL-PCBs, As, Cd, and Zn, while axis 2 is mainly inﬂuenced by Cr (although less expressive) (Fig. 1). The CCA analysis indicated that low
GPx activity, as well as high DNA damage levels, were the biomarker responses more strongly characterized by high levels of most contaminants (POPs and metals). LPO levels can also be associated with PBBs
levels. Note that the variables HBCD, PFCs, Ni, and Cr have a lower importance in determining the observed default pattern.
Additionally, a CCA was performed in order to evaluate the relation
between environmental contaminants present in muscle tissue and biochemical stress responses. Ordination resulting from the CCA produced
the biplot showed in Fig. 2.
Similarly to the results obtained with liver, only the ﬁrst factorial
plane (axes 1 and 2) is shown, as they retain most of the variability in
the data analysis (i.e., 62.7% of the total explained variability; see
Fig. 2). Also, this indicates that the environmental contaminants factors
considered here accounted for most of the variation in the biomarkers
measured. Namely, along the ﬁrst axis the biochemical stress responses
accounted for 39.6% of the total variation, followed by axis 2 which explained 23.1% of the variability.
More speciﬁcally, axis 1 is mainly inﬂuenced by Cr, Fe, DL-PCBs, NDLPCBs, PBDEs and Hg, while axis 2 is mainly inﬂuenced by PBBs, Al, Se and
Zn (Fig. 2). From this CCA analysis, it is also possible to identify groups of
contaminants, namely the ones composed by: 1) HBCDs, PCDFs, PFCs,
and Cr; 2) DL-PCBs, NDL-PCBs, and PBDEs; and 3) Hg and Cd (Fig. 2).
The accumulation of contaminants from the group 1 in the muscle samples is positively correlated with lipid levels. The plot analysis indicates

[1]
[2]
[2]
[2]
[4]
[5]
]1[
[3]
[6]
[4]
[5]
[6]

that high LPO levels are associated with high levels of contaminants
from group 1, while high DNA damage levels and low GPx activities
are associated with high levels of contaminants from groups 2 and 3.
The DL- and NDL-PCBs are the most inﬂuential pollutants to the data
variability, and As, Mn, Pb, and PCDDs are less important to the determination of the observed default pattern.
4. Discussion
Marine apex predators are known to accumulate higher levels of
pollutants in their bodies than the majority of other animals in their
food chain (Storelli et al., 2005, 2007, 2008; Storelli and
Marcotrigiano, 2006). It is therefore of upmost importance to understand if and how these pollutants might affect the organisms, as all
changes, even if seemingly inconsequential, might affect their physiology and natural behaviour which can have repercussions in the entire
ecosystem. This study intended to give a step forward in that knowledge
of pollution effects on sharks by quantifying a vast array of chemical
contaminants in shark tissues and trying to correlate those levels with
important and diverse metabolic responses as a strategy to predict
physiological and ecological consequences and ﬁnd biomarkers for future biomonitoring studies.
The present results with P. glauca showed that concentrations of
POPs were higher in the liver than in the muscle (Table S1 – supplementary data), which was expected since it is known that these contaminants have a tendency to accumulate in tissues with high lipid
content, such as the liver (Wu et al., 2001; Korhonen et al., 2001). Sharks
are known for having high lipid contents in their livers, as demonstrated
in the present work, and these contaminant accumulation patterns have
already been observed in other elasmobranchs, as reviewed by
Gelsleichter and Walker (2010).
POP chemical analysis in the present study also revealed that
NDL-PCBs were the most abundant contaminants in P. glauca tissues. Although NDL-PCBs were for some time seen as harmless
non-active compounds, it is presently known that they can be
toxic and affect ﬁsh behavioural responses (Fischer et al., 1998;
Péan et al., 2013). Moreover, some of the individuals sampled in
this work even presented levels of NDL-PCBs in the liver above the
ones legally permitted for human consumption. The majority of
liver samples showed NDL-PCB concentrations higher than the
200 ng g− 1 ww maximum established by the European Commission
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(European Commission, 2011). Although shark liver is not usually
directly consumed by humans, liver-derived products frequently
are, and have already been found to contain and induce accumulation of POPs on consumers (Akutsu et al., 2006; Kakimoto et al.,
2008).
There are already some studies about the concentrations and accumulation patterns of POPs in sharks sampled in different oceans
(Storelli and Marcotrigiano, 2001; Gelsleichter et al., 2005; Strid et al.,
2007; Storelli et al., 2011Lee et al., 2015), although information on the
impacts of some of the POPs analysed in the present study, like BFRs
and PCDDs/Fs, is still scarce.
When looking at the studies available in the literature about the contaminants' levels in sharks, in general, concentrations seem to ﬂuctuate
not only among different species of sharks, but also among animals of
the same species and captured in the same geographical area (e.g.
Branco et al., 2007; Gelsleichter et al., 2008; Storelli et al., 2011;
Barrera-García et al., 2013; De Carvalho et al., 2014. Some of these differences are summarized in Table 1.
Regarding the quantiﬁcation of PFCs in the present P. glauca samples,
PFOS was found in similar concentrations to those previously reported
for Sphyrna tiburo also from NE Atlantic, but PFUnA was present in
higher amounts in both muscle and liver tissues (Table 1). Other compounds that were also considerably higher in the muscle of these sampled P. glauca were the BFRs when comparing with other sharks from
the Paciﬁc Ocean, including the same species (Lee et al., 2015). The
aforementioned compounds have been proven to cause severe negative
effects on both marine organisms and humans, impairing organs like
the brain and the thyroid (De Wit et al., 2010; Gelsleichter and
Walker, 2010). On the other hand, PCBs, PCDDs, and PCDFs were generally lower than the values found for the other shark species or the same
P. glauca species from different sampling sites. These differences can be
due to many factors (e.g. state of maturation of the organisms, feeding
ecology, characteristics of the sampling site, etc.) but it is reasonable
to assume that the POP concentrations measured in the present study
(juvenile individuals) would have been higher in older organisms, as
bioaccumulation has been demonstrated to increase with size and age
(Fernandes et al., 2007).
Regarding the metal analysis, the results obtained in this work
showed that, contrary to what was observed for POPs, some of the
metals accumulated preferably in the muscle while others had higher
concentrations in the liver (Table S2 – supplementary data). The analysis showed different accumulation patterns between the tested tissues
but, in general, both hepatic and muscular metal concentrations are
within the ranges previously described for this species, in different
parts of the globe (Table 2). Surprisingly, the biggest differences in
metal concentrations can be observed when comparing with a study
performed with samples from older animals collected in the same
ocean (Vas, 1991): our P. glauca organisms presented higher values of
Mn and Cd in the liver and higher levels of Fe and Cu in both tissues,
whereas the levels of Ni were lower (Table 2). The previous stated
study was done in the same ocean, but more than two decades ago,
and still, bigger organisms presented an overall lower contaminant burden. This evidence should ﬂag the possibility of an historical increase of
the contamination of these waters, which deserve to be further studied
as it may represent a worrying fact.
The levels of As were also found to be higher than the ones from
other studies, in both tissues, which might be attributed to different
feeding habits since As accumulation in ﬁsh is known to occur mainly
through feeding (De Gieter et al., 2002). However, these As levels should
not constitute a reason for concern given that is known that the majority
of As found in ﬁsh is in its less toxic organic form (Olmedo et al., 2013).
The Hg concentrations determined in our muscle samples were similar
to the ones recorded by other authors for the same species (Table 2), but
it is important to highlight that they are higher than 1.0 μg Hg g−1 ww,
which is the limit established for human consumption by international
agencies, such as the European Commission (European Commission,

2006). This is of special concern given the fact that the sampled animals
were small juveniles and Hg concentration is known to increase with
the size of the organisms, a behaviour well described in the literature
(De Pinho et al., 2002; Branco et al., 2007; Barrera-García et al., 2012).
Both POP and heavy metal concentrations found in these juvenile organisms should place and highlight this topic as priority concerning
human health risk for this highly consumed species.
Marine organisms are constantly in contact with foreign contaminants, which may induce physiological alterations in response to the
stress, namely regarding their detoxiﬁcation and antioxidant systems,
as well as in terms of their energetic status (Heath, 1995; Carson,
2013). It has been described that LPO and DNA damage can cause several pathologies in different organisms, and over the last decade authors
have observed that exposure to contaminants and to the resulting reactive oxygen species, such as O–2, lead to the increase of these and other
injurious conditions (Thomas and Wofford, 1993; Baker et al., 1997;
Steinberg, 1997; Berntseen et al., 2003; Valavanidis et al., 2006).
The correlation analysis performed between the different biochemical parameters (Table S3 – supplementary data) indicates that GST and
CAT are signiﬁcantly (p b 0.001) and positively correlated, and therefore
may work together to minimize the effects of contaminants: when GST
is being induced to biotransform the xenobiotics, CAT is also being induced to cope with the resulting ROS. IDH and O–2 have also demonstrated a signiﬁcantly negative correlation (p b 0.001), which might indicate
an inhibition of the enzyme with the increase of these free radicals or
can be related indirectly via intermediate mechanisms, like for example
through the consumption of the enzyme substrate (NADP) in other oxidative stress response processes. The negative correlation between GPx
and DNA damage suggests that this enzyme can act to prevent oxidative
damage in these macromolecules and whenever the enzyme is induced
or inhibited there are less or more harmful effects on DNA, respectively.
Although some studies have already been successful in correlating
metal concentrations and biochemical responses of oxidative stress in
sharks (e.g. Barrera-García et al., 2012, 2013), no information is available on the effects of POPs in the enzymatic activities of these ﬁsh. The
Canonical Correspondence Analysis (CCA) was performed with the purpose of linking POP and metal concentrations with the biochemical parameters. The components derived from this analysis allowed a better
interpretation of the relations between the environmental and biochemical variables and some strong correlations could be identiﬁed.
Two separated statistical analysis were performed, one for the liver
(Fig. 1) and one for the muscle (Fig. 2), given that bioaccumulation of
the measured compounds were shown to be different on each tissue.
From the analysis of the liver CCA (Fig. 1) it is possible to observe a
similar pattern of response towards all contaminants, except PBBs, Ni
and Cr. This might indicate that these three types of compounds have
different accumulation patterns and toxicity pathways than others, or
simply that their concentrations in the tissues are too low to affect
these animals. It is also possible to observe that the levels of As, Cd
and Zn are very closely and positively correlated. As and Cd are heavy
metals with known toxic effects in ﬁsh (Kumar and Singh, 2010;
Magellan et al., 2014; Pandey and Madhuri, 2014). The fact that Zn is
found in high concentrations in these samples, although being an essential trace metal, might be explained by the fact that this element has a
protective action against heavy metals like Cd, in the liver (Hidalgo
et al., 1985). The CCA plot of the liver also revealed an apparent positive
association between practically all contaminants and DNA damage
which suggests that when the organisms are exposed to most of the
analysed POPs and metals, they are not able to effectively counter the effects of ROS and prevent damage in the DNA. This is in accordance with
the work of González-Mille et al. (2010) where it was demonstrated
that contaminants like POPs have the capacity to induce DNA damage
in ﬁsh through the formation of ROS.
The CCA performed with muscle results (Fig. 2) show that HBCDs,
PCDFs, and PFCs, along with Cr, were positively correlated with lipid
content. These classes of POPs have already been described as having

1.14
0.25
5.95 ± 2.67
0.65
3.23
4.02
0.37

1.61 ± 0.12
24.42 ± 40.10
Liver

[1] Present work; [2] (Barrera-García et al., 2013); [3] (Barrera-García et al., 2012); [4] (Maz-Courrau et al., 2012); [5] (Escobar-Sánchez et al., 2011); [6] (Branco et al., 2007); [7] (Storelli and Marcotrigiano, 2004); [8] (Vas, 1991).
Al = aluminium; Cr = chromium; Mn = manganese; Fe = iron; Ni = nickel; Cu = copper; Zn = zinc; As = arsenic; Se = selenium; Ag = silver; Cd = cadmium; Pb = lead; Hg = mercury. Mdl = minimum detection level.

0.28 ± 0.35
0.22 ± 0.35
0.032–0.96
b0.02
1.30 ± 4.35
0.37 ± 0.37
0.45
4.52 ± 3.60
34.66 ± 29.61
0.0
0.0
1.67 ± 0.58
0.47–3.0
7.20 ± 3.05

39.98 ± 27.76
10.62 ± 4.76
43.99 ± 39.65
49.94 ± 27.1
0.24
6.81 ± 3.89
9.28 ± 8.39
6.34
99.85 ± 55.81
195.678 ± 95.57
1.55
2.46 ± 1.14

2.58
0.04 ± 0.15

0.10 ± 0.05
0.084–0.30

Ref
Hg

1.36 ± 0.83
1.03 ± 0.08
1.96 ± 1.48
1.39 ± 1.58
0.22–1.3
0.12 ± 0.11
bMdl

Pb
Cd

0.01 ± 0.03
0.2 ± 0.12
0.0
bMdl

Ag
Se

0.29 ± 0.93
0.22 ± 0.02
78.19 ± 21.98
6.66 ± 0.55

As
Zn

24.61 ± 15.51
6.10 ± 0.37
1.15 ± 0.55
1.64 ± 0.13

Cu
Ni

0.34 ± 0.57
28.21 ± 26.17
27.39 ± 3.57

Fe

0.63 ± 0.58

Mn
Cr

2.58 ± 3.27
23.77 ± 47.01

Al
Sampling site

NE Atlantic
Paciﬁc
Paciﬁc
Paciﬁc
NE Atlantic
Mediterranean
N Atlantic
NE Atlantic
Paciﬁc
NE Atlantic
Mediterranean
N Atlantic
112–167
117–269
206.2 ± 52.8
113–287
84–239
80.5–212.0
203–219
112–167
117–269
84–239
80.5–212.0
203–219

Size (cm)
N

20
44
21
38
37
23
5
20
35
37
23
5
Muscle

Table 2
Comparison of metal concentrations (μg g−1) found in muscle and liver samples from different studies with Prionace glauca. Data is presented as mean or as mean ± standard deviation, as found on the literature.
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a tendency to accumulate in highly lipid tissues (Korhonen et al., 2001;
Wu et al., 2001), and Cr is known, not only for accumulating preferably
in tissues with high lipid content, but also for being necessary for lipid
metabolism itself (Halver and Hardy, 2002). Cr has also recently
shown to have beneﬁcial effects for ﬁsh health, preventing the proliferation of parasites (Fujimoto et al., 2010; Mehrim, 2014). In the muscle
samples, it was also possible to observe a positive association between
LPO and HBCDs, PCDFs and PFCs, suggesting that the higher the concentration of these compounds in the muscle, the greater will be the level of
lipid damage in the tissue. Additionally, levels of DNA damage were positively associated with concentrations of DL-PCBs, PBDEs, Cd, and Hg.
This increase in oxidative damage to the DNA molecules, and its relation
with contaminant levels, has been described in the literature
(González-Mille et al., 2010; Tchounwou et al., 2012) and it was a pattern observed when analysing levels of contaminants in both muscle
and liver samples. The levels of the same group of POPs and metals
have also shown a strong negative association with GPx activity, suggesting that high concentrations of these contaminants may inhibit
this enzyme, which usually acts to prevent the effects of ROS. The neuronal and energetic biomarkers assessed do not seem to be inﬂuenced
by the contaminants' concentration, leading us to conclude that these
parameters are not the most appropriate for future studies of similar nature. Thus, from the CCA analyses performed between contamination
levels and biochemical responses, it can be drawn that LPO, DNA damage, and GPx inhibition seem to be the main consequences of P. glauca
exposure to the measured POPs and metals, representing therefore
the best candidates to be used as biomarkers for future biomonitoring
studies. These results indicate that the higher the contaminants values,
the higher the inhibition of this antioxidant enzyme and the levels of
damage in important macromolecules such as lipids and DNA, which
might have impacts in the organisms' regular metabolism and general
well-being. These impacts can ultimately lead to the degradation of
core ecological aspects in P. glauca (e.g. swimming, feeding and reproduction), something already extensively described for many other marine taxa (e.g. Van der Oost et al., 2003; Valavanidis et al., 2006;
Benedetti et al., 2015; Mearns et al., 2015).
In summary, the present results represent a ﬁrst insight into the cellular and physiological effects caused by POPs and metals on sharks.
However, it should be noted that the organisms have most deﬁnitely accumulated some other contaminants and an integrated analysis with,
for example, polycyclic aromatic hydrocarbons (PAHs) would improve
the interpretation and provide additional knowledge on the mechanisms involved in the sharks' response to xenobiotics. Nevertheless,
the results suggest some interesting associations between biochemical
parameters and POPs and metals accumulation levels, being LPO and
DNA damage the main consequences of certain types of these contaminants, along with the inhibition of GPx activity. DNA damage was the
most positively associated biomarker with contamination, in both muscle and liver tissues, even if with slightly different proﬁles depending on
the contaminant. Although liver presented higher contamination levels,
the results obtained in the muscle allowed a much clearer understanding of the responses associated to each particular contaminant, suggesting that this should be the tissue preferably used in future studies of
similar nature. Evaluating stomach content would also add a valuable insight into feeding habits of these animals and how they can
affect contaminant accumulation. In order to complement and validate the ﬁndings of this work to have a better overall assessment
of these species health status, it would be of upmost value to have
a larger sampling area of the Atlantic as well as of other oceans, including size-normalized time series as well as adult individuals, as
the increased size/age may induce different metabolic responses
when in the presence of xenobiotics. However, the fact that no statistical differences were found between gender or size (within juveniles) and the biochemical parameters, already gives an indication of
robustness of the parameters to be used as biomarkers for biomonitoring studies.
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In conclusion, P. glauca demonstrates great potential to be used as a
pollution sentinel, and some suitable biomarker candidates were identiﬁed with this work. With this study, we also intend to highlight the
human health risks of consuming P. glauca meat and liver derived products, given that some of the contaminants here quantiﬁed presented
higher concentrations than the legally allowed for human consumption,
an issue for special concern particularly since the sampled organisms
were still juveniles.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2016.04.085.
Acknowledgements
This study had the support of the Fundação para a Ciência e a
Tecnologia (FCT) Strategic Project UID/MAR/04292/2013 granted to
MARE. Sara C. Novais wish to acknowledge the ﬁnancial support given
by FCT (SFRH/BPD/94500/2013).
References
Akutsu, K., Tanaka, Y., Hayakawa, K., 2006. Occurrence of polybrominated diphenyl ethers
and polychlorinated biphenyls in shark liver oil supplements. Food Addit. Contam. 23
(12), 1323–1329.
Alves, L.M., Lemos, M.F.L., Correia, J.P.S., da Costa, N.A.R., Novais, S.C., 2015. The potential
of cholinesterases as tools for biomonitoring studies with sharks: biochemical characterization in brain and muscle tissues of Prionace glauca. J. Exp. Mar. Biol. Ecol. 465,
49–55.
Antognelli, C., Romani, R., Baldracchini, F., De Santis, A., Andreani, G., Talesa, V., 2003. Different activity of glyoxalase system enzymes in specimens of Sparus auratus exposed
to sublethal copper concentrations. Chem. Biol. Interact. 142 (3), 297–305.
Arufe, M.I., Arellano, J.M., García, L., Albendín, G., Sarasquete, C., 2007. Cholinesterase activity in gilthead seabream (Sparus aurata) larvae: characterization and sensitivity to
the organophosphate azinphosmethyl. Aquat. Toxicol. 84, 328–336.
Baker, R.T.M., Martin, P., Davies, S.J., 1997. Ingestion of sub-lethal levels of iron sulphate by
African catﬁsh affects growth and tissue lipid peroxidation. Aquat. Toxicol. 40, 51–61.
Barrera-García, A., O'Hara, T., Galván-Magaña, F., Méndez-Rodríguez, L.C., Castellini, J.M.,
Zenteno-Savín, T., 2012. Oxidative stress indicators and trace elements in the blue
shark (Prionace glauca) off the east coast of the Mexican Paciﬁc Ocean. Comp.
Biochem. Physiol. C Pharmacol. Toxicol. Endocrinol. 156, 59–66.
Barrera-García, A., O'Hara, T., Galván-Magaña, F., Méndez-Rodríguez, L.C., Castellini, J.M.,
Zenteno-Savín, T., 2013. Trace elements and oxidative stress indicators in the liver
and kidney of the blue shark (Prionace glauca). Comp. Biochem. Physiol. A – Mol.
Integr. Physiol. A 165, 483–490.
Bayne, B.L., Brown, D.A., Burns, K., Dixon, D.R., Ivanovici, A., Livingstone, D.A., Lowe, D.M.,
Moore, M.N., Stebbing, A.R.D., Widdings, J., 1985. The Effects of Stress and Pollution
on Marine Animals. Praeger, New York, USA (384 pp.).
Benedetti, M., Giuliani, M.E., Regoli, F., 2015. Oxidative metabolism of chemical pollutants
in marine organisms: molecular and biochemical biomarkers in environmental toxicology. Ann. N. Y. Acad. Sci. 1340, 8–19.
Bernal, D., Smith, D., Lopez, G., Weitz, D., Grimminger, T., Dickson, K., Graham, J.B., 2003.
Comparative studies of high performance swimming in sharks II. Metabolic biochemistry of locomotor and myocardial muscle in endothermic and ectothermic sharks.
J. Exp. Biol. 206 (16), 2845–2857.
Berntseen, M.H., Aatland, A., Handy, R.D., 2003. Chronic dietary mercury exposure causes
oxidative stress, brain lesions, and altered behaviour in Atlantic salmon (Salmo salar)
parr. Aquat. Toxicol. 65, 55–72.
Bird, R.P., Draper, H.H., 1984. Comparative studies on different methods of malonaldehyde determination. Methods Enzymol. 105, 299–305.
Bonﬁl, R., 1994. Overview of world elasmobranch ﬁsheries. FAO Fish. Aquacult. Tech. Pap.
341, 119.
Bradford, M.M., 1976. Rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem.
72, 248–254.
Branco, V., Vale, V., Canário, J., dos Santos, M.N., 2007. Mercury and selenium in blue shark
(Prionace glauca, L. 1758) and swordﬁsh (Xiphias gladius, L. 1758) from two areas of
the Atlantic Ocean. Environ. Pollut. 150, 373–380.
Buet, A., Banas, D., Vollaire, Y., Coulet, E., Roche, H., 2006. Biomarker responses in
European eel (Anguilla anguilla) exposed to persistent organic pollutants. A Field
study in the Vaccarès Lagoon (Camargue, France). Chemosphere 65 (10), 1846–1858.
Carson, H.S., 2013. The incidence of plastic ingestion by ﬁshes: from the prey's perspective. Mar. Pollut. Bull. 74, 170–174.
Chen, C.-H., 2012. Activation and Detoxiﬁcation Enzymes – Functions and Implications.
Springer Science + Business Media, LLC, New York (182 pp.).
Claiborne, A., 1985. Catalase activity. In: Greenwald, R.A. (Ed.), Handbook of Methods for
Oxygene Radical Research. CRC Press, Boca Raton, Florida, USA, pp. 283–284.
Cribb, A.E., Leeder, J.S., Spielberg, S.P., 1989. Use of a microplate reader in an assay of
glutathione-reductase using 5.5¢-Dithiobis (2-Nitrobenzoic acid). Anal. Biochem.
183, 195–196.
De Carvalho, G.G.A., Degaspari, I.A.M., Branco, V., Canário, J., de Amorim, A.F., Kennedy,
V.H.K., Ferreira, J.R., 2014. Assessment of Total and organic mercury levels in blue

sharks (Prionace glauca) from the south and southeastern Brazilian Coast. Biol.
Trace Elem. Res. 159, 128–134.
De Gieter, M., Leermakers, M., Van Ryssen, R., Noyen, J., Goeyens, L., Baeyens, W., 2002.
Total and toxic arsenic levels in north sea ﬁsh. Arch. Environ. Contam. Toxicol. 43
(4), 406–417.
De Pinho, A.P., Guimarães, J.R.D., Martins, A.S., Costa, P.A.S., Olavo, G., Valentin, J., 2002.
Total mercury in muscle tissue of ﬁve shark species from Brazilian offshore waters:
effects of feeding habit, sex, and length. Environ. Res. 89, 250–258.
De Wit, C.A., Herzke, D., Vorkamp, K., 2010. Brominated ﬂame retardants in the Arctic environment — trends and new candidates. Sci. Total Environ. 408, 2885–2918.
Dent, F., Clarke, S., 2015. State of the global market for shark products. FAO Fish. Aquacult.
Tech. Pap. 590, 187.
Diamantino, T.C., Almeida, E., Soares, A.M.V.M., Guillermino, L., 2001. Lactate dehydrogenase activity as an effect criterion in toxicity tests with Daphnia magna strauss.
Chemosphere 45, 553–560.
Drossos, G., Lazou, A., Panagopoulos, P., Westaby, S., 1995. Deferoxamine cardioplegia reduces superoxide radical production in human myocardium. Ann. Thorac. Surg. 59,
169–172.
Egaas, E., Falls, J.G., Svendsen, N.O., Ramstad, H., Shkaare, J.U., Dauterman, W.C., 1995.
Strain- and sex-speciﬁc differences in the glutathione S-transferase class pi in the
mouse examined by gradient elution of the glutathione-afﬁnity matrix and reversephase high performance liquid chromatography. Biochim. Biophys. Acta 1243,
256–264.
Ellis, G., Goldberg, D.M., 1971. An improved manual and semi-automatic assay for NADPdependent isocitrate dehydrogenase activity, with a description of some kinetic properties of human liver and serum enzyme. Clin. Biochem. 2, 175–185.
Ellman, G.L., Courtney, K.D., Andres, V., Featherstone, R.M., 1961. A new and rapid colorimetric of acetylcholinesterase determination. Biochem. Pharmacol. 7, 88–95.
Eriksson, H., Clarke, S., 2015. Chinese market responses to overexploitation of sharks and
sea cucumbers. Biol. Conserv. 184, 163–173.
Escobar-Sánchez, O., Galván-Magaña, F., Rosíles-Martínez, R., 2011. Biomagniﬁcation of
mercury and selenium in blue shark Prionace glauca from the Paciﬁc Ocean off
Mexico. Biol. Trace Elem. Res. 144, 550–559.
European Commission, 2006. Commission Regulation (EC) no 1881/2006 of 19 December
2006 setting maximum levels for certain contaminants in foodstuffs (text with EEA
relevance). Off. J. Eur. Communities L364, 5–24.
European Commission, 2011. Commission regulation (EU) no 1259/2011 of 2 December
2011 amending regulation (EC) no 1881/2006 as regards maximum levels for dioxins, dioxin-like PCBs and non dioxin-like PCBs in foodstuffs text with EEA relevance. Off. J. Eur. Communities L320, 18–23.
Fernandes, C., Fontaínhas-Fernandes, A., Peixoto, F., Salgado, M.A., 2007. Bioaccumulation
of heavy metals in Liza saliens from the Esmoriz–Paramos coastal lagoon, Portugal.
Ecotoxicol. Environ. Saf. 66, 426–431.
Filho, D.W., 1996. Fish antioxidant defenses – a comparative approach. Braz. J. Med. Biol.
Res. 29, 1735–1742.
Fischer, L.J., Seegal, R.F., Ganey, P.E., Pessah, I.N., Kodavanti, P.R.S., 1998. Symposium overview: toxicity of non-coplanar PCBs12. Toxicol. Sci. 41, 49–61.
Foster, W.G., Cheung, A.P., Davis, K., Graves, G., Jarrell, J., Leblanc, A., Liang, C.L., Leech, T.,
Walker, M., Weber, J.P., Van Oostdam, J., 2012. Circulating metals and persistent organic pollutants concentrations in Canadian and non-Canadian born primiparous
women from ﬁve Canadian centres: results of a pilot biomonitoring study. Sci. Total
Environ. 435-436, 326–336.
Franke, C., Studinger, G., Berger, G., Bohling, S., Bruckmann, U., Cohors-Fresenborg,
D., Johncke, U., 1994. The assessment of bioaccumulation. Chemosphere 29,
1501–1514.
Fujimoto, R.Y., Castro, M.P., Martins, M.L., Moraes, F.R., Varella, J.E.A., Diniz, D.G.,
2010. Effects of chromium Supplementarion on the Infrapopulations of
Anacanthorus penilabiatus (Monogenoidea) and Piscinoodinium pillulare
(Dinoﬂagellida) parasites of Piaractus mesopotamicus (Characidae). Braz. Arch.
Biol. Technol. 53 (4), 827–833.
Gelsleichter, J., Walker, C., 2010. Pollutant exposure and effects in sharks and their relatives. Pollutant exposure and effects in sharks and their relatives. In: Carrier, J.C.,
Musick, J.A., Heithaus, M.R. (Eds.), Sharks and Their Relatives II: BiodiversityAdaptive
Physiology, and Conservation. CRC Press, Boca Raton, pp. 491–540.
Gelsleichter, J., Manire, C.A., Szabo, N.J., Cortes, E., Carlson, J., Lombardi-Carlson, L., 2005.
Organochlorine concentrations in bonnethead sharks (Sphyrna tiburo) f rom four
Florida estuaries. Arch. Environ. Contam. Toxicol. 48, 474–483.
Gelsleichter, J., Szabo, N.J., Belcher, C.N., Ulrich, G.F., 2008. Organochlorine contaminants
in bonnethead sharks (Sphyrna tiburo) from Atlantic and Gulf estuaries on the US
east coast. Baseline/Marine Pollution Bulletin 56, 348–379.
González-Mille, D.L., Ilizaliturri-Hernández, C.A., Espinosa-Reyes, G., Costilla-Salazar, R.,
Díaz-Barriga, F., Ize-Lema, I., Mejía-Saavedra, J., 2010. Exposure to persistent organic
pollutants (POPs) and DNA damage as an indicator of environmental stress in ﬁsh
of different feeding habits of Coatzacoalcos, Veracruz, Mexico. Ecotoxicology 19,
1238–1248.
Gramatica, P., Papa, E., 2007. Screening and ranking of POPs for global half-life: QSAR approaches for prioritization based on molecular structure. Environ. Sci. Technol. 41 (8),
2833–2839.
Greco, L., Capri, E., Rustad, T., 2007. Biochemical responses in Salmo salar muscle following
exposure to ethynylestradiol and tributyltin. Chemosphere 68 (3), 564–571.
Guilhermino, L., Ribeiro, R., Gonialves, F., Soares, A.M.V.M., 1996. METIER (modular
ecotoxicity tests incorporating ecological relevance for difﬁcult substances). III. Efects
of medium renewal and use of a carrier on the bioavailability of parathion. Environ.
Pollut. 92, 97–99.
Habig, W.H., Pabst, M.J., Jacoby, W.B., 1974. Glutathione S-transferases: the ﬁrst enzymatic
step in mercapturic acid formation. J. Biol. Chem. 249, 7130–7139.

L.M.F. Alves et al. / Science of the Total Environment 563–564 (2016) 282–292
Halliwell, B., Gutteridge, J.M.C., 2001. Free Radicals in Biology and Medicine. Oxford University Press, Oxford, UK, p. 936.
Halver, J.E., Hardy, R.W., 2002. Fish Nutrition. third ed. Academic Press, San Diego, California, USA (500 pp.).
Heath, A.G., 1995. Water Pollution and Fish Physiology. Lewis Publishers Boca Raton, New
York, London, Tokyo (359 pp.).
Hidalgo, J., Tort, L., Flos, R., 1985. Cd-, Zn-, Cu-binding protein in the elasmobranch
Scyliorhinus canicula. Comp. Biochem. Physiol. C 81, 159–165.
Järup, L., 2003. Hazards of heavy metals contamination. Br. Med. Bull. 68, 167–182.
Johnson-Restrepo, B., Kannan, K., Addink, R., Adams, D.H., 2005. Polybrominated diphenyl
ethers and polychlorinated biphenyls in a marine food web of coastal Florida. Environ. Sci. Technol. 39, 8243–8250.
Kakimoto, K., Akutsu, K., Konishi, Y., Tanaka, Y., 2008. Evaluation of
hexabromocyclododecane in ﬁsh and marine mammal oil supplements. Food
Chem. 107, 1724–1727.
Khayatzadeh, J., Abbasi, E., 2010. The Effects of Heavy Metals on Aquatic Animals. The 1st
International Applied Geological Congress. Department of Geology, Islamic Azad University – Mashad Branch, Iran, pp. 26–28.
Kirby, M.F., Morris, S., Hurst, M., Kirby, S.J., Neall, P., Tylor, T., Fagg, A., 2000. The use of
cholinesterase activity in ﬂounder (Platichthys ﬂesus) muscle tissue as a biomarker
of neurotoxic contamination in UK estuaries. Mar. Pollut. Bull. 40 (9), 780–791.
Korhonen, M., Verta, M., Lehtoranta, J., Kiviranta, H., Vartiainen, T., 2001. Concentrations
of polychlorinated dibenzo-p-dioxins and furans in ﬁsh downstream from a Ky-5
manufacturing. Chemosphere 43, 587–593.
Krystek, P., Ritsema, R., 2005. Mercury speciation in thawed out and refrozen ﬁsh samples
by gas chromatography coupled to inductively coupled plasma mass spectrometry
and atomic ﬂuorescence spectroscopy. Anal. Bioanal. Chem. 381 (2), 354–359.
Kumar, P., Singh, A., 2010. Cadmium toxicity in ﬁsh – an overview. GERF Bull. Biosci. 1,
41–47.
Kumar, S.K., Zushi, Y., Masunaga, S., Gilligan, M., Pride, C., Sajwan, K.S., 2009.
Perﬂuorinated organic contaminants in sediment and aquatic wildlife, including
sharks, from Georgia, USA. Mar. Pollut. Bull. 58 (4), 621–629.
Kumar, N., Gupta, S., Chandan, N.K., Aklakur, M., Pal, A.K., Jadhao, S.B., 2014. Lipotropes
protect against pathogen-aggravated stress and mortality in low dose pesticide-exposed ﬁsh. PLoS ONE 9 (4), e93499.
LaFontaine, Y., Gagné, F., Blaise, C., Costan, G., Gagnon, P., Chan, L.H.M., 2000. Biomarkers
in zebra mussels (Dreissena polymorpha) for the assessment and monitoring of water
quality of StLawrence River (Canada). Aquat. Toxicol. 50 (1–2), 51–71.
Lee, H.-K., Kim, S.-J., Jeong, Y., Lee, S., Jeong, W., Lee, W.-C., Choy, E.-J., Kang, C.-K., Moon,
H.-B., 2015. Polybrominated diphenyl ethers in thirteen shark species from offshore
and coastal waters of Korea. Mar. Pollut. Bull. 95, 374–379.
Legendre, L., Legendre, P., 1979. Écologie numérique. Tome 1: Le traitement multiple des
données écologiques. Collection d'Écologie no 12. Paris et les Presses de l'Université
du Québec, Masson (Xiv. 197 pp.).
Lemos, M.F.L., Soares, A.M.V.M., Correia, A.C., Esteves, A.C., 2010. Proteins in ecotoxicology –
how, why and why not? Proteomics 10, 873–887.
Lima, I., Moreira, S.M., Osten, J.R., Soares, A.M.V.M., Guilhermino, L., 2007. Biochemical responses of the marine mussel Mytilus galloprovincialis to petrochemical environmental contamination along the Northwestern coast of Portugal. Chemosphere 66,
1230–1242.
Livingstone, D.R., 2001. Contaminant-stimulated reactive oxygen species production and
oxidative damage in aquatic organisms. Mar. Pollut. Bull. 42, 656–666.
Magellan, K., Barral-Fraga, L., Rovira, M., Srean, P., Urrean, G., García-Berthou, E., Guasch,
H., 2014. Behavioural and physical effects of arsenic exposure in ﬁsh are aggravated
by aquatic algae. Aquat. Toxicol. 156, 116–124.
Mandal, P.K., 2005. Dioxin: a review of its environmental effects and its aryl hydrocarbon receptor biology. J. Comp. Physiol. B: Biochem. Syst. Environ. Physiol.
175, 221–230.
Marchettini, N., Panzieri, M., Tiezzi, E.B., 2001. Effects of bioaccumulation of PCBs on biodiversity and distribution of ﬁsh in two creeks in East Tennessee (USA). Ann. Chim.
91 (7–8), 435–443.
Marcovecchio, J.E., Moreno, V.J., Pérez, A., 1991. Metal accumulation in tissues of sharks
from the Bahía Blanca estuary, Argentina. Mar. Environ. Res. 31, 263–274.
Maz-Courrau, A., López-Vera, C., Galván-Magana, F., Escobar-Sánchez, O., RosílesMartínez, R., Sanjuán-Munoz, A., 2012. Bioaccumulation and biomagniﬁcation of
Total mercury in four exploited shark species in the Baja California peninsula,
Mexico. Bull. Environ. Contam. Toxicol. 88, 129–134.
McCord, J.M., Fridovich, I., 1969. Superoxide dismutase. An enzymic function for
erythrocuprein (hemocuprein). J. Biol. Chem. 44 (22), 6049–6055.
Mearns, A.J., Reish, D.J., Oshida, P.S., Ginn, T., Rempel-Hester, M.A., Arthur, C., Rutherford,
N., Pryor, R., 2015. Effects of pollution on marine organisms. Water Environ. Res. 87
(10), 1718–1816.
Mehrim, A.I., 2014. Physiological, biochemical and histometric responses of Nile tilapia
(Oreochromis niloticus L.) by dietary organic chromium (chromium picolinate) supplementation. J. Adv. Res. 5 (3), 303–310.
Mohandas, J., Marshall, J.J., Duggin, G.G., Horvath, J.S., Tiller, D., 1984. Differential distribution of glutathione and glutathione related enzymes in rabbit kidney: possible implications in analgesic neuropathy. Cancer Res. 44, 5086–5091.
Monteiro, M., Quintaneiro, C., Pastorinho, M., Pereira, M.L., Morgado, F., Guilhermino, L.,
Soares, A.M.V.M., 2006. Acute effects of 3.4-dichloroaniline on biomarkers and spleen
histology of the common goby Pomatoschistus microps. Chemosphere 62 (8),
1333–1339.
Ohkawa, H., Ohishi, N., Yagi, K., 1979. Assay for lipid peroxides in animal-tissues by thiobarbituric acid reaction. Anal. Biochem. 95, 351–358.
Olive, P.L., 1988. DNA precipitation assay: a rapid and simple method for detecting DNA
damage in mammalian cells. Environ. Mol. Mutagen. 11 (4), 487–495.

291

Olmedo, P., Pla, A., Hernández, A.f., Barbier, F., Ayouni, L., Gil, F., 2013. Determination of
toxic elements (mercury, cadmium, lead, tin and arsenic) in ﬁsh and shellﬁsh samples. Risk assessment for the consumers. Environ. Int. 59, 63–72.
Pandey, G., Madhuri, S., 2014. Heavy metals causing toxicity in animals and ﬁshes. Res.
J. Anim. Vet. Fish. Sci. 2 (2), 17–23.
Payne, E.J., Taylor, D.L., 2010. Effects of diet composition and trophic structure on
mercury bioaccumulation in temperate ﬂatﬁshes. Arch. Environ. Contam.
Toxicol. 58, 431–443.
Payne, J.F., Mathieu, A., Melvin, W., Fancey, L.L., 1996. Acetylcholinesterase, and old biomarker with a new future? Field trials in association with two urban rivers and a
paper mill in Newfoundland. Mar. Pollut. Bull. 32, 225–231.
Péan, S., Daouk, T., Vignet, C., Lyphout, L., Leguay, D., Loizeau, V., Bégout, M.L., Cousin, X.,
2013. Long-term dietary-exposure to non-coplanar PCBs induces behavioural disruptions in adult zebraﬁsh and their offspring. Neurotoxicol. Teratol. 39, 45–56.
Pethybridge, H., Cossa, D., Butler, E.C.V., 2010. Mercury in 16 demersal sharks from Southeast Australia: biotic and abiotic sources of variation and consumer health implications. Mar. Environ. Res. 69, 18–26.
Piraino, M.N., Taylor, D.L., 2009. Bioaccumulation and trophic transfer of mercury in
striped bass (Morone saxatilis) and tautog (Tautoga onitis) from the Narragansett
Bay (Rhode Island, USA). Mar. Environ. Res. 67, 117–128.
Pratt Jr., H.L., 1979. Reproduction in the blue shark, Prionace glauca. Fish. Bull. 77,
445–470.
Richardson, B.J., Mak, E., De Luca-Abbott, S.B., Martin, M., McClellan, K., 2008. Antioxidant
responses to polycyclic aromatic hydrocarbons and organochlorine pesticides in
green-lipped mussels (Perna viridis): do mussels “integrate” biomarker responses?
Mar. Pollut. Bull. 57, 503–514.
Santos, M.N., Garcia, A., Pereira, J.G., 2002. Historical review of the by-catch from the Portuguese surface long-line swordﬁsh ﬁshery: observations on the blue shark (Prionace
glauca) and short-ﬁn mako (Isurus oxyrinchus). ICCAT, Collect. Vol. Sci. Pap. 54 (4),
1333–1340.
Serrano, R., Fernández, M., Rabanal, R., Hernández, M., Gonzales, M.J., 2000.
Congener-speciﬁc determination of polychlorinated biphenyls I shark and grouper livers from the Northwest African Atlantic Ocean. Arch. Environ. Contam.
Toxicol. 38, 217–224.
Skomal, G.B., Mandelman, J.W., 2012. The physiological response to anthropogenic
stressors in marine elasmobranch ﬁshes: a review with a focus on the secondary response. Comp. Biochem. Physiol. 162, 146–155.
Solé, M., Lobera, G., Aljinovic, B., Ríos, J., García de la Parra, L.M., Maynou, F., Cartes, J.E.,
2008. Cholinesterases activities and lipid peroxidation levels in muscle from shelf
and slope dwelling ﬁsh from the NW Mediterranean: its potential use in pollution
monitoring. Sci. Total Environ. 402, 306–317.
Steinberg, D., 1997. Low density lipoprotein oxidation and its pathological signiﬁcance.
J. Biol. Chem. 272, 20963–20966.
Stevens, J., 2009. Prionace glauca. The IUCN Red List of Threatened Species. Version 2014.2
www.iucnredlist.org (17 September 2014).
Storelli, M.M., Marcotrigiano, G.O., 2001. Persistent organochlorine residues and toxic
evaluation of polychlorinated biphenyls in sharks from the Mediterranean Sea
(Italy). Mar. Pollut. Bull. 12, 1323–1329.
Storelli, M.M., Marcotrigiano, G.O., 2004. Interspeciﬁc variation in total arsenic body concentrations in elasmobranch ﬁsh from the Mediterranean Sea. Mar. Pollut. Bull. 48,
1145–1167.
Storelli, M.M., Marcotrigiano, G.O., 2006. Occurrence and accumulation of organochlorine
contaminants in swordﬁsh from Mediterranean Sea: a case study. Chemosphere 62,
375–380.
Storelli, M.M., Giacominelli-Stufﬂer, R., Marcotrigiano, G., 2002. Mercury accumulation
and speciation in muscle tissue of different species of sharks from Mediterranean
Sea, Italy. Bull. Environ. Contam. Toxicol. 68, 201–210.
Storelli, M.M., Storelli, A., Marcotrigiano, G.O., 2005. Concentration and hazard assessment
of polychlorinated biphenyls and organochlorine pesticides in shark liver from the
Mediterranean Sea. Mar. Pollut. Bull. 50, 850–858.
Storelli, M.M., Barone, G., Piscitelli, G., Storelli, A., Marcotrigiano, G.O., 2007. Tissue related
polychlorinated biphenyls accumulation in Mediterranean cetaceans: assessment of
toxicological status. Bull. Environ. Contam. Toxicol. 78, 206–210.
Storelli, M.M., Casalino, E., Barone, G., Marcotrigiano, G.O., 2008. Persistent organic pollutants (PCBs and DDTs) in small size specimens of blueﬁn tuna (Thunnus thynnus) from
the Mediterranean Sea (Ionian Sea). Environ. Int. 34, 509–513.
Storelli, M.M., Barone, G., Storelli, A., Marcotrigiano, G.O., 2011. Levels and congener proﬁles of PCBs and PCDD/Fs in blue shark (Prionace glauca) liver from the South-Eastern
Mediterranean Sea (Italy). Chemosphere 82, 37–42.
Strid, A., Jörundsdóttir, H., Päpke, O., Svavarsson, J., Bergman, Å., 2007. Dioxins and PCBs in
Greenland shark (Somniosus microcephalus) from the North-East Atlantic. Mar. Pollut.
Bull. 54, 1514–1522.
Tchounwou, P.B., Yedjou, C.G., Patlolla, A.K., Sutton, D.J., 2012. Heavy Metals toxicity and
the Environment. Experientia Supplementum. In: Lunch, A. (Ed.), Molecular, Clinical
and Environmental Toxicology. Springer, Basel, pp. 133–164.
Ter Braak, C.J.F., 1986. Canonical correspondence analysis: a new eigenvector technique
for multivariate direct gradient analysis. Ecology 67 (5), 1167–1179.
Ter Braak, C.J.F., Smilauer, P., 1998. CANOCO Reference Manual and User's Guide to
Canoco for windows – Software for Canonical Community Ordination (Version 4).
Microcomputer Power, Ithaca, NY.
Thomas, P., Wofford, H.W., 1993. Effects of cadmium and Arochlor 1254 on lipid peroxidation, glutathione peroxidase activity, and selected antioxidants in Atlantic croaker
tissues. Aquat. Toxicol. 27, 159–178.
Tietze, F., 1969. Enzymic method for quantitative determination of nanogram amounts of
total and oxidized glutathione – applications to mammalian blood and other tissues.
Anal. Biochem. 27, 502–522.

292

L.M.F. Alves et al. / Science of the Total Environment 563–564 (2016) 282–292

Torres, M.A., Testa, C.P., Gaspari, C., Masutti, M.B., Panitz, C.M.N., Curi-Pedrosa, R., De
Almeida, E.A., Di Mascio, P., Filho, D.W., 2002. Oxidative stress in the mussel Mytella
guyanensis from polluted mangroves on Santa Catarina Island, Brazil. Mar. Pollut.
Bull. 44 (9), 923–932.
Turoczy, N.J., Laurenson, L.J.B., Allinson, G., Nishikawa, M., Lambert, D.F., Smith, C.,
Cottier, J.P.E., Irvine, S.B., Stagnitti, F., 2000. Observations on metal concentrations in three species of shark (Deania calcea, Centroscymnus crepidater, and
Centroscymnus owstoni) from southeastern Australian waters. J. Agric. Food
Chem. 48, 4357–4364.
Valavanidis, A., Vlahogianni, T., Dassenakis, M., Scoullos, M., 2006. Molecular biomarkers
of oxidative stress in aquatic organisms in relation to toxic environmental pollutants.
Ecotoxicol. Environ. Saf. 46, 178–189.
Valko, M., Leibfritz, D., Moncol, J., Cronin, M.T.D., Mazur, M., Telser, J., 2007. Free radicals
and antioxidants in normal physiological functions and human disease. Int.
J. Biochem. Cell Biol. 39, 44–84.
Van der Oost, R., Beyer, J., Vermeulen, N.P.E., 2003. Fish bioaccumulation and biomarkers
in environmental risk assessment: a review. Environ. Toxicol. Pharmacol. 13 (2),
57–149.
Vas, P., 1991. Trace metal levels in sharks from British and Atlantic waters. Mar. Pollut.
Bull. 22, 67–72.

Vassault, A., 1983. Lactate dehydrogenase. In: Bergmeyer, H.U., Bergmeyer, J., Graβl, M.
(Eds.), Methods of Enzymatic Analysis, third ed. vol. III. Verlag Chemie, Weinheim
(118-126 pp.).
Vieira, R., Gravato, C., Soares, A.M.V.M., Morgado, F., Guilhermino, L., 2009. Acute effects of
copper and mercury on the estuarine ﬁsh Pomatoschistus microps: linking biomarkers
to behavior. Chemosphere 76 (10), 1416–1427.
Walsh, P.J., Kajimura, M., Mommsen, T.P., Wood, C.M., 2006. Metabolic organization and
effects of feeding on enzyme activities of the dogﬁsh shark (Squalus acanthias).
J. Exp. Biol. 209, 2929–2938.
Wang, W.X., 2002. Interactions of trace metals and different marine food chains. Mar.
Ecol. Prog. Ser. 243, 295–309.
Wilhem, F.D., Tribess, T., Cáspari, C., Claudio, F.D., Torres, M.A., Magalhaes, A.R.M., 2001.
Seasonal changes in antioxidant defenses of the digestive gland of the brown mussel
(Perna perna). Aquaculture 203 (1), 149–158.
Winston, G.W., Di Giulio, R.T., 1991. Prooxidant and antioxidant mechanisms in aquatic
organisms. Aquat. Toxicol. 19, 137–161.
Wu, W.Z., Schramm, K.W., Xu, Y., Kettrup, A., 2001. Accumulation and partition of
polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/F) in the muscle and
liver of ﬁsh. Chemosphere 43, 633–641.

