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terations were the more responsive bio-
markers.
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GRAPHICAL ABSTRACT

ABSTRACT

Top predators such as most shark species are extremely vulnerable to amassing high concentrations of contaminants,
but not much is known about the effects that the contaminant body burden imparts on these animals. Species like the
blue shark (Prionace glauca) are very relevant in this regard, as they have high ecological and socioeconomic value, and
have the potential to act as bioindicators of pollution. This work aimed to assess if differences in contaminant body
burden found in blue sharks from the Northeast Atlantic would translate into differences in stress responses. Biochem-
ical responses related to detoxification and oxidative stress, and histological alterations were assessed in the liver and
gills of 60 blue sharks previously found to have zone-related contamination differences. Similar zone-related differ-
ences were found in biomarker responses, with the sharks from the most contaminated zone exhibiting more pro-
nounced responses. Additionally, strong positive correlations were found between contaminants (i.e., As, PCBs, and
PBDESs) and relevant biomarkers (e.g., damaged DNA and protective histological alterations). The present results are
indicative of the potential that this species and these tools have to be used to monitor pollution in different areas of
the Atlantic.
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1. Introduction

Pollution is nowadays recognized as one of the most serious threats
faced by marine ecosystems (UN, 2022). Inorganic and organic contami-
nants such as arsenic (Neff, 1997; Taylor et al., 2017) and polychlorinated
biphenyls (PCBs) (Baeyens et al., 2007; Schlenk et al., 2008), respectively,
have been shown to negatively impact both marine fauna and its human
consumers, so it is essential to monitor their concentrations and effects.
Since these contaminants usually have an earlier effect at lower levels of bi-
ological organization (Lemos, 2021), focusing our attention on the detec-
tion of cellular and histological alterations may allow us to detect
problematic contamination events earlier in time for the implementation
of remediation measures. The alterations caused by exposure to contamina-
tion can be followed by assessing various parameters, namely the presence
of reactive oxygen species (ROS), the lipid peroxidation (LPO) and DNA
damage they induce, the activities of enzymes involved in detoxification
of contaminants such as glutathione-S-transferase (GST), the activities of
antioxidant enzymes (i.e., glutathione peroxidase (GPx), superoxide dis-
mutase (SOD), and catalase (CAT)), and histological changes.

Another approach to improve the chances of a timely detection of con-
tamination issues is to use bioindicator species (Holt, 2010), which act as a
reference to their ecosystem and therefore avoid the need for the assess-
ment of many different species. Sharks have the potential to be used as
bioindicators of pollution (Alves et al., 2022), and blue sharks in particular
have been extensively used as pollution sentinels (Tiktak et al., 2020). This
species has also shown potential to give insight into the impacts of contam-
ination on marine ecosystem (Alves et al., 2015, 2016; Barrera-Garcia et al.,
2013) and has shown to pose some potential risks to human consumers
(Alves et al., 2023; Mufioz-Arnanz et al., 2022). In a previous work, the con-
centrations of contaminants in the tissues of blue sharks captured in differ-
ent zones of the North Atlantic were assessed, with the sharks captured
closer to continental shore exhibiting higher levels of contamination
when compared with their counterparts captured in a more oceanic envi-
ronment (Alves et al., 2023). The present work aims primarily at assessing
if the same sharks possessed similarly location-associated differences in de-
toxification and oxidative stress-related responses, as well as differences in
histological lesions, and if those responses could be associated with differ-
ent levels of bioaccumulated organic and inorganic contaminants.

2. Methods
2.1. Organisms

The blue sharks sampled for this work were captured as by-catch by a
commercial longliner operating in the North Atlantic. The sampling was op-
portunistic and occurred between March and December 2019, resulting in
the collection of tissue samples from 60 blue sharks. The 60 sharks were
characterized and previously grouped (Alves et al., 2023) according to
sex (male or female), size/maturity stage [small juveniles (SJ, <130 cm
FL), large juveniles (LJ, 130 cm = FL <183 cm, for males, and 130 cm =
FL < 180 cm, for females), and adults (AD, =183 cm FL, for males, and
= 180 cm FL, for females)], and geographical zone of capture (Inside
EEZ, < 200 nautical miles (NM) from shore and inside Portugal's EEZ; Out-
side EEZ, > 200 NM from shore and outside Portugal's EEZ) (Table 1).

To meet the methodological demands of the biomarker assays, the sam-
pling was performed only on individuals that were alive and showed no ob-
vious signs of prolonged stress when captured. The sharks were sacrificed
as soon as they were landed on the vessel, and the location, size (fork length
(FL), cm) and sex were documented. The sample collection was performed
immediately after landing and appropriate measures were taken to mini-
mize cross-contamination (i.e., one animal was sampled at a time, sampling
was conducted in a different location from where the animals were being
landed, and all material was frequently and methodically cleaned between
individuals; more details of the sampling can be seen in Alves et al., 2022).
All samples destined for the analysis of biochemical responses were kept on
liquid nitrogen until reaching the laboratory where they were then stored at
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Table 1

Descriptive summary of the 60 sharks sampled. SJ = small juveniles; LJ = large ju-
veniles; AD = adults; Inside EEZ = caught up to 200 nautical miles (NM) from
Portugal's continental coast and inside the country's EEZ; Outside EEZ = caught
>200 NM from Portugal's continental coast and outside the country's EEZ.

Sex Size Group Inside EEZ Outside EEZ Total

SJ 7 5 12
Female LJ 5 5 10 22

AD 0 0 0

SJ 3 1 4 60
Male LJ 9 8 17 38

AD 16 1 17

40 20

Total 60

—80 °C. Samples destined for histopathological analysis (measuring ap-
proximately 10 mm X 30 mm, with no >10 mm of thickness) were kept
in Bouin's solution (75 % picric acid, 25 % formaldehyde solution, and
5 % glacial acetic acid) in a 1:4 (weight:volume) ratio for appropriate fixa-
tion until reaching the laboratory, where they were rinsed with running tap
water, dehydrated in graded alcohol solutions, cleared in xylene, and em-
bedded into paraffin blocks using an automatic tissue processor.

2.2. Contaminant chemical analysis

The concentrations of inorganic and organic contaminants in the liver
and muscle of the sharks were previously determined, and the methodology
for the analysis have been described in detail in Mufioz-Arnanz et al. (2022)
and Alves et al. (2023). Briefly, inorganic contaminants were measured
using total x-ray fluorescence (TXRF), and organic contaminants were
measured using gas chromatography coupled to high-resolution mass spec-
trometry (GC-HRMS). For the present work, data pertaining to the concen-
trations detected in liver samples was used, namely the concentrations of
aluminium (Al), arsenic (As), calcium (Ca), copper (Cu), iron (Fe), mercury
(Hg), potassium (K), sodium (Na), manganese (Mn), phosphorus (P), lead
(Pb), sulphur (S), selenium (Se), strontium (Sr), titanium (Ti), zinc (Zn),
dioxin-like polychlorinated biphenyls (DL-PCBs), non-dioxin-like
polychlorinated biphenyls (NDL-PCBs), polybrominated diphenyl ethers
(PBDEs), polychlorinated dibenzo-p-dioxins (PCDDs), and polychlorinated
dibenzofurans (PCDFs).

2.3. Histopathological analysis

All samples (gills and liver) were routinely processed, each paraffin
block was sectioned in 5 pm thick serial sections that were stained with
Hematoxylin-Eosin (H-E), Periodic Acid Schiff (PAS) and Prussian blue
dye (Panreac Quimica, Spain) for light microscopic examination. A qualita-
tive analysis of tissues was done with a photomicroscope (Eclipse 80,
Nikon®, Tokyo, Japan) using an image analyser (Nis-elements, Nikon®,
Tokyo, Japan). Observations were done in fields at 100 X, 200 X and
400 x magnifications. In addition to the descriptive study of lesions, a se-
verity grading scale was established to assess the degree of histologic
changes: 0 (absent: structure of the organ is normal, with no lesions pres-
ent), 1 (lesions present in <33 % of each studied field), 2 (lesions present
between 33 % and 66 % of each studied field) and 3 (lesions present in
>66 % of each studied field). Ten randomly selected and not overlaid fields
were used (200 x ; area/field: 250,000 pm?).

2.4. Biochemical responses

2.4.1. Tissue preparation

To perform the biochemical biomarker assays, gill and liver samples
were homogenized and separated according to each assay's requirements.
The homogenizing buffer used for all homogenizations consisted of potas-
sium phosphate 0.1 mol L™' (pH 7.4), phenylmethylsulfonyl fluoride
(PMSF) 0.1 mmol L_l, ethylenediamine tetraacetic acid (EDTA) 1 mmol
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L™}, dithiothreitol (DTT) 1 mM, and potassium chloride (KCI) 150 mM. Ap-
proximately 500 mg of each tissue from each organism were homogenized
in a 1:10 proportion by ultrasonication (4 cycles of 5 s at 20 % amplitude,
pauses of 30 s on ice). A portion of the resulting homogenized tissue was
transferred to a microtube containing 2,6-dieter-butyl-4-metylphenol
(BHT) 4 % in methanol for the posterior measurement of lipid peroxidation
(LPO), and another portion was separated for the quantification of reactive
oxygen species (ROS). The rest of the homogenized tissue was centrifuged
at 10000g 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 later assessment of protein concentration and the activities of
glutathione-S-transferase (GST), glutathione peroxidase (GPx), superoxide
dismutase (SOD), and catalase (CAT). Additionally, for the quantification
of damaged DNA, approximately 50 mg of each tissue were homogenized
ina 1:10 proportion using a Precellys Dual Bead Beater with the Cryolys re-
frigerator unit (Bertin Instruments, Montigny-le-Bretonneux, France), and
performing 2 cycles of 20 s at 6500 rpm using zirconium beads (1.4 mm).
Blanks were prepared in all biochemical assays, using homogenizing buffer
instead of the sample. All spectrophotometric measurements were per-
formed in quadruplicates at 25 °C, using a Synergy H1 Hybrid Multi-
Mode microplate reader (BioTek® Instruments, Vermont, USA).

2.4.2. Protein quantification

The soluble protein concentration in the PMS fraction, needed for the
normalization of the measured parameters, was quantified according to
the Bradford method (Bradford, 1976). The method was adapted from
BioRad's Bradford microassay set up in a 96-well flat bottom plate, using
bovine y-globulin as the protein standard, and absorbance was read at
600 nm. Results were expressed in mg of protein mL™?.

2.4.3. Detoxification and antioxidant mechanisms

The assessment of GST activity was performed using an adaptation of
the procedure described by Habig et al. (1974), by following the formation
of the thioether glutathione dinitrobenzene, a product of the reaction be-
tween GSH and 1-Chloro-2,4-Dinitrobenzene (CDNB), at 340 nm, for 3
min. The activity of GST was calculated using a molar extinction coefficient
of 9.6 x 10°M ™! em ™! and expressed in nmol min~* mg ™! of protein.

Selenium-dependent GPx (Se-GPx) and total GPx (T-GPx) were
assessed using the method described in Flohé and Giinzler (1984),
adapted to a 96-well microplate. The activities of Se-GPx and T-GPx
were measured using hydrogen peroxide (H>05) and cumene hydro-
peroxide (C¢HsC(CH3)>OO0H) as substrates, respectively, and monitor-
ing the continuous decrease in nicotinamide adenine dinucleotide
phosphate (NADPH) concentration at 340 nm for 5 min. The activities
of Se-GPx and T-GPx were calculated using a molar extinction coeffi-
cient of 6.22 x 10° M~ ! em ™! and expressed in nmol min~' mg~*
of protein. The SOD activity was assessed according to McCord and
Fridovich (1969), and as adapted to a 96-well microplate by Lima
etal. (2007). This method follows the reduction of cytochrome C medi-
ated by xanthine/xanthine oxidase at 550 nm. Results were expressed
in Umg ™! of protein using a SOD standard of 1.5 U mL ™', with one U
representing the amount of enzyme in the sample that induces a 50 %
inhibition of the reduction of cytochrome C. The activity of CAT was
evaluated by following the decrease in H,O,, adapting the method de-
scribed by Claiborne (1985) to a 96-well microplate. Absorbance was
read at 240 nm and the concentration of H,O, was calculated using a
molar extinction coefficient of 40 M~ ! cm ~'. Results were expressed
in ygmol min ! mg~? of protein.

2.4.4. Oxidative stress and oxidative damage

The amount of ROS was assessed according to Socci et al. (1999)
adapted to a 96-well microplate. The assay measures the conversion of
non-fluorescent 2’,7’-dichlorofluorescein diacetate (DCFDA) into 2’,7’-
dichlorofluorescein (DCF), in the presence of ROS. The fluorescence of
DCF was read using an excitation/emission wavelength of 485/525 nm. Re-
sults were expressed in fluorescence units (FU) mg_l of wet weight (ww).
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The LPO was measured by determining the content of thiobarbituric acid
reactive substances (TBARS), following the method described by Ohkawa
et al. (1979) and Bird and Draper (1984), adapted by Wilhelm Filho et al.
(2001) and Torres et al. (2002). The TBARS were quantified colorimetri-
cally at 535 nm using a molar extinction coefficient of 1.56 x 10° M’
cm ™! and expressed as nmol of TBARS g~ ! of ww. The DNA damage (dou-
ble-strand breaks) was assessed according to the method described by Olive
(1988), adapted from De Lafontaine et al. (2000). Damaged DNA was quan-
tified by fluorescence, using an excitation/emission wavelength of 360/
450 nm. Results were expressed as mg of DNA g ! of ww, using calf thymus
DNA as standard.

2.5. Statistical analyses

The contaminant dataset was retrieved from the works of Mufoz-
Arnanz et al. (2022) and Alves et al. (2023). For the present study, given
the nature of the addressed biological parameters of fast response to stress,
only liver contaminant levels were used. Shapiro-Wilks tests were used to
assess the normality of the data. The existence of correlations between
variables was assessed using Spearman's test, and the strength of the
correlations found was categorized according to the obtained absolute
correlation coefficient as in Schober et al. (2018): 0.00 to 0.10 — negligible
correlation; 0.10 to 0.39 — weak correlation; 0.40 to 0.69 — moderate corre-
lation; 0.70 to 0.89 - strong correlation; 0.90 to 1.00 — very strong correla-
tion. Statistical differences amongst the different groups of data were
evaluated using Wilcoxon rank sum tests. Given the lack of adult females,
statistical sex differences were assessed using sharks measuring only up to
the size of the largest female (i.e., 160 cm (FL)). The significance level for
all statistical tests was set at 0.05. The influence of sex, size/maturity, and
zone of capture on different biomarker responses was investigated in the
entire set of sharks sampled using Principal Component Analysis (PCA).
All statistical analysis and data plotting were performed on R Version
4.0.3 (R Core Team, 2020), using the additional packages “Hmisc”
(Harrel, 2022) and “ggplot2” (Wickham, 2016) in the integrated develop-
ment environment RStudio Version 1.3.1093 (RStudio Team, 2020).

3. Results
3.1. Contaminant body burden

The concentrations of organic and inorganic contaminants measured in
the blue sharks' liver samples have been previously described in the works
by Mufioz-Arnanz et al. (2022) and Alves et al. (2023), respectively, and a
summary can be seen in Supplementary Table 1. Since Alves et al. (2023)
focused the analysis on the inorganic contaminants' accumulation mainly
in the muscle tissue, accumulation data on the liver will be further explored
herein. No sex-associated differences in the liver concentrations of either
organic or inorganic contaminants were found for any of the assessed com-
pounds (Wilcoxon Rank Sum, all p > 0.05). Positive correlations with
sharks' size (FL) were found for all organic contaminant groups assessed
in liver samples (Mufioz-Arnanz et al., 2022), and tmoderate and weak pos-
itive correlations were observed for the concentrations of As (rho = 0.478,
p-value = 1.138e~*) and Fe (rtho = 0.366, p-value = 4.042e~>), respec-
tively. Additionally, a weak negative correlation between FL and Sr was de-
tected (tho = —0.274, p-value = 3.414e-2).

When all sharks were considered, contaminants in liver samples were
found to be tendentially higher in sharks from inside EEZ (Supplementary
Fig. 1), with the concentrations of As, Fe, Se, NDL-PCBs, DL-PCBs, and
PBDE: being significantly higher in that zone of capture (Fig. 1). To address
the potential bias caused by the fact that 16 of the 17 adults were sampled
at locations from the area inside EEZ, a similar analysis was performed
using the group of samples pertaining to juvenile sharks, which possessed
a much more balanced composition between zones of capture. The analysis
of the juveniles showed the same tendency observed for all sharks, with
sharks from inside EEZ presenting overall tendentially higher concentra-
tions of inorganic and organic contaminants and significantly higher
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concentrations of NDL-PCBs, DL-PCBs, PBDEs, Mn, P, and Se (Supplemen-
tary Fig. 2).

3.2. Histological lesions

The histopathological assessment indicated that the gill samples from
all sharks exhibited lesions, with the samples being mainly affected by pro-
gressive alterations, observed as proliferation or/and hyperplasia of the ep-
ithelial cells of the secondary lamellae, that tended to collapse the
interlamellar space leading to lamellar fusions and dilation of capillary ves-
sels (Fig. 2A), and, ultimately, circulatory disturbance. An increase in the
number of mucous cells in the interlamellar space was found in 17 % of
the sharks. A light positivity to PAS staining was observed in some individ-
uals (Fig. 2B). In addition, the proliferation of the connective tissue in the
most affected areas of the secondary lamellae was registered in 24 % of
the sharks (Fig. 2C). Regressive changes were also described in the liver
samples of all animals. The most pronounced histological alteration in
liver tissue was a massive hepatocyte degeneration, represented by steato-
sis phenomena (> 90 % of the cells), and normal hepatocytes around vessels
(Fig. 2D). Hepatocytes with signs of mitosis (Fig. 2D) and scar connective
tissue proliferation (Fig. 2E) were also remarkable lesions. The degree of se-
verity of the histological lesions observed in both gill and liver samples was
assessed (on a scale from 0 to 3, with 3 representing the most severe degree
of lesion) and the results can be seen in Supplementary Table 2. In gills, di-
lation of capillary vessels and connective tissue proliferation were the le-
sions with the highest and lowest mean severity degree, respectively. In
the liver, 59 of the 60 animals presented the highest degree of severity for
the only lesion ranked (hepatocyte degeneration), the exception being
one shark that scored the second highest value of severity for that lesion.
One-sided Wilcoxon rank sum tests showed no differences between sex
groups. No correlations with size were observed (Spearman's test, all p >
0.05), but Wilcoxon rank sum tests indicated that small juvenile sharks
had significantly higher epithelial proliferation in gills than both large juve-
niles (p-value = 1.253e 2, W = 299.5) and adults (p-value = 3.456e 72,
W = 180.5), and that adults had significantly higher levels of connective
tissue proliferation in gills than large juveniles (p-value = 4.212e™ 3,
W = 147).

Finally, animals from inside EEZ showed significantly higher epithelial
proliferation in gills when both all animals (p-value = 2.302e 3, W = 566)
and only juveniles were assessed (p-value = 9.668e~*, W = 346.5)

3.3. Biochemical responses

All biochemical biomarkers were successfully measured in both liver
and gills, except for CAT in the latter, for which no measurable activity
could be detected. The values of all parameters assessed in both tissues
were compared and differences between tissues were observed for all bio-
markers (Supplementary Fig. 3). Regarding oxidation sources and their ef-
fects, the results were mixed, with gills presenting higher values of ROS and
Damaged DNA, while the liver presented higher levels of LPO. Most enzy-
matic biomarkers were higher in the liver, with the only exception being
Se_GPx.

The influence of physiological and geographical factors (i.e., sex, size/
maturity stage, and zone of sampling) in the different biochemical re-
sponses was assessed by performing a Principal Component Analysis
(PCA). Three biplots were created with the same PCA results of the
biomarker values measured in both liver and gills, each emphasizing a
different factor (i.e., sex — Fig. 3A, size/maturity — Fig. 3B, and zone of cap-
ture — Fig. 3C). Axis 1 and 2 of the PCA explained 39.7 % of the variability
observed, and both were influenced by a combination of biomarkers mea-
sured in each tissue.

Vector displacement indicates that biomarkers measured in the liver
mostly aligned positively with their gill counterparts, with Damaged DNA
being the exception and presenting negative associations between the
values measured in the liver and gills. Spearman's tests confirmed weak
positive correlations between tissue pairs for ROS (rtho = 0.278, p-value
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= 3.177e?) and T_GPx (tho = 0.274, p-value = 3.379e~?), a moderate
positive correlation for SOD (rho = 0.618, p-value = 1.405e~7), and a
weak negative correlation for damaged DNA (rtho = —0.309, p-value =
1.640e ~2) (Supplementary Fig. 4). Regarding the influence of sex in the re-
sponses, the biplots show a great deal of overlap between female and male
groups (Fig. 3A), and concurringly the only differences shown by one-sided
Wilcoxon rank sum tests were higher values for liver T GPx (W = 102, p-
value = 7.725e~%) and gills GST (W = 104, p-value = 9.728¢ %) in fe-
males. There was also a high percentage of overlap amongst the three
groups of size/maturity (Fig. 3B), but adults showed different response pro-
files than the two groups of juveniles, with adult sharks seeming to be char-
acterized by higher levels of most biomarkers. Wilcoxon rank sum tests
mostly confirmed this interpretation and identified some differences in bio-
chemical biomarker responses between size/maturity groups, mainly on
gills (Fig. 4). In liver, adult sharks exhibited higher levels of T_GPx than
large juveniles (W = 322, p-value = 1.273e~2), higher SOD than both
large juveniles (W = 319, p-value = 1.543e” %) and small juveniles
(W = 204, p-value = 6.793e %), and lower CAT than large juveniles
(W = 88, p-value = 2.096e~*). In gills, adults showed higher levels of
ROS than small juveniles (W = 206, p-value = 6.076e ), higher LPO
than both large juveniles (W = 350, p-value = 1.551e”>) and small
juveniles (W = 226, p-value = 3.897e™ ), higher Se_GPx than both large
juveniles (W = 346, p-value = 2.172e %) and small juveniles (W = 204,
p-value = 6.793e~ %), but lower levels of damaged DNA than both large
juveniles (W = 48, p-value = 1.122e %) and small juveniles (W = 21, p-
value = 2.971e”®), and lower GST than large juveniles (W = 123, p-
value = 4.776e~2) and small juveniles (W = 59, p-value = 2.376e ™).
Spearman's tests confirmed the existence of correlations between the size
of the sharks (FL) and the values of some biochemical biomarkers. In the
liver, SOD showed a moderate positive correlation with size (tho =
0.418, p-value = 8.939¢ %), and in gills there were weak positive correla-
tions with ROS (rho = 0.291, p-value = 2.41e™2), Se_GPx (tho = 0.379, p-
value = 2.8e %), and SOD (tho = 0.255, p-value = 4.977e~2), amoderate
positive correlation with LPO (tho = 0.461, p-value = 2.106e %), and a
moderate negative one with Damaged DNA (rho = —0.517, p-value =
2.371e™).

Lastly, the PCA biplot concerning the sampling zones highlighted differ-
ences between animals caught in inside and outside EEZ (Fig. 3C), with the
disposition of the dotted samples in relation to the vectors indicating that
the animals from inside EEZ were characterized by overall more pro-
nounced biochemical responses when compared to the animals from out-
side EEZ. One-sided Wilcoxon rank sum tests (p < 0.05) revealed
significant differences between zones for several biomarkers measured in
both tissues. DNA damage in liver (W = 597, p-value = 8.241e™ %) and
SOD in both tissues (W = 537, p-value = 3.148e~ % and W = 533, p-
value = 1.886e ™2 in liver and gills, respectively) were significantly higher
in sharks from inside EEZ, while LPO (W = 197.5), p-value = 7.684e 4
and CAT (W = 253, p-value = 1.034e~2) in liver, and GST (W = 273, p-
value = 2.364e~2) and DNA damage (W = 142, p-value = 2.695e¢ ") in
gills were significantly lower in sharks from inside EEZ.

Using a similar approach to the one used when trying to minimize the
bias introduced in the contaminant concentration by the skewness of the
sampling (i.e., most adult sharks were sampled inside EEZ, and all adults
were males), a PCA was performed using only data from juvenile sharks
(SJ + LJ). Two corresponding biplots were created and can be seen in
Fig. 5, each emphasizing a different factor (i.e., sex — Fig. 5A, and zone of
capture — Fig. 5B). Axis 1 and 2 of the PCA explained 36.3 % of the variabil-
ity observed. Contrary to what was observed in Fig. 4, the vectors in Fig. 6
clustered into two clearly distinct groups: one formed by damaged DNA
(liver) and SOD (liver and gills), and another formed by the remaining bio-
markers.

The biplot of the PCA highlighting different sex groups in juvenile
sharks does not substantiate clear differences, with sharks from both
sexes presenting homogenous distributions, and Wilcoxon Rank Sum tests
only identified significant differences between sex groups for liver T_GPx,
with males presenting higher levels than females (W = 130, p-value =
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Fig. 2. Histological lesions observed in tissue samples from blue sharks (Prionace glauca) captured in the Northeast Atlantic. A Gills; cellular proliferation and acellular debris
in some lamellae (asterisk). Dilations of vessels (arrow). H-E. Scale bar = 400 pm. B Gills; slight positivity to PAS (purple). PAS. Scale bar = 200 pm. C Gills; interlamellar
connective proliferation (green). Masson's trichrome. Scale bar = 200 pm. D Liver; hepatocytes with great vacuole in its cytoplasm. Some normal hepatocytes around vessels.
Cells in mitosis (arrowheads). H-E. Scale bar = 200 pm. E Liver; disrupting in the tissular architecture with scar connective tissue proliferation (green). Masson's trichrome.
Scale bar = 200 pum. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

1.353e~?). Akin to what was observed when all sharks were considered,
highlighting the zone of capture showed the clearest segregation on the re-
sponses measured even when no adults are considered. Juveniles from in-
side EEZ were mostly characterized by high levels of DNA damage in
liver tissue and high activity of SOD in both tissues, and juveniles from out-
side EEZ presented generally more diverse responses and were also associ-
ated with lower levels of the biomarkers that were elevated in animals from
the other zone.

3.4. Contamination versus responses

Correlations between contaminants (liver) and histopathological and
biochemical biomarkers (liver and gills) were assessed for all sharks and
the results can be seen in Supplementary Fig. 5. The correlations pertaining,
specifically, to the contaminants that were significantly higher in samples
from inside EEZ for either all sharks or just juveniles are highlighted in
Fig. 6.
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The nature of the correlations varied depending on the pair of contam-
inant and biomarker being tested. Regarding the liver biomarkers, both As
and DL-PCBs correlated positively with SOD, and As also correlated posi-
tively with T_GPx. Most of the contaminants represented in Fig. 6 correlated
negatively with both ROS and LPO measured in liver samples, but they all
correlated positively with the presence of damaged DNA in the same tissue.
The trend was completely reversed when looking at damaged DNA mea-
sured in the gills, with all contaminants correlating negatively with this
biomarker. Arsenic correlated positively with both Se_GPx and T_GPx mea-
sured in gills, and all the three groups of organic contaminants correlated
positively with some degree of histological damage in that tissue.

4. Discussion

Large marine predators are known to accumulate higher levels of pollut-
ants in their bodies than most of the other animals in their ecosystem
(Olmedo et al., 2013; Teffer et al., 2014). This may have negative impacts
on their health and pose a threat to their human consumers, but also pro-
vides an opportunity to use these animals as bioindicators of marine con-
tamination. The blue shark is one of the best-studied shark species in this
regard, with dozens of reports on its contamination levels available in the
literature (Tiktak et al., 2020). However, not much is known about the ef-
fects that high concentrations of contaminants have on this species. Juve-
nile blue sharks caught in the North Atlantic have been found to possess
elevated concentrations of both inorganic and organic contaminants, with
some of those contaminants having been linked to signs of negative impacts
on the health of the sharks (Alves et al., 2016). Recently, the concentrations
of organic and inorganic contaminants, in liver and muscle, respectively,
detected in a different and more diverse set of blue sharks caught in the
same region were reported to be even more worrisome (Alves et al.,
2023). The same study also identified a tendentially higher degree of con-
tamination in sharks caught closer to Portugal's continental shore
(i.e., inside EEZ), when compared with sharks caught in a more oceanic
zone (i.e., outside EEZ).

The present study intended to build on the findings described in Alves
et al. (2023) by assessing if the differences in levels of contaminants lead
to differences in biomarker responses in liver and gill tissues, and if specific

Science of the Total Environment 872 (2023) 162095

contaminants could be inducing specific responses that could be used to as-
sess the health status of the sharks. To do so, biochemical responses related
to oxidative stress were measured in the liver, along with the histopatholo-
gical alterations in gills and livers, organs with important physiological and
metabolic functions related to contaminant uptake and detoxification.

4.1. Histological lesions

The histopathological evaluation showed that the gills of the sampled
sharks were mainly affected by progressive alterations, and these lesions
were found in all studied individuals. While there were some differences
in the prevalence of some lesions amongst size/maturity groups, both juve-
niles and adults from inside EEZ exhibited higher severity levels of epithe-
lial proliferation when compared with sharks from outside EEZ. Given the
nature of the histological alterations assessed, the higher degree of epithe-
lial proliferation in sharks from inside EEZ may be associated with the
fact that sharks from that zone had significantly higher concentrations of
contaminants (further discussed in subsequent sections). Proliferative
changes, which involve an increase in the respiratory diffusion distance,
represent a defence mechanism to reduce the entry of exogenous agents
(Kaya et al., 2013). However, this protection strategy can impair gas ex-
change and excretion of substances, impacting physiological and metabolic
functions (Campagna et al., 2007). An increase in the number of mucous
cells in the interlamellar space was found in some sharks, along with a
light positivity to PAS staining (PAS staining reveals polysaccharides as
well as mucoprotein). In fish, mucous is composed of glycoproteins, sialic
acid (a carboxylated monosaccharide), sulphated monosaccharides and
glycosaminoglycans. Goblet cells produce mucous granules that release
this material by exocytosis (as reviewed by Shephard, 1994). Since mucous
contains specific immunoglobulins and lysozymes (as reviewed by
Shephard, 1994), the increase in its secretion is another protective response
of the gills against external factors (Reverter et al., 2018), that can also hin-
der adequate oxygen uptake by increasing the lamellar fusion. Regarding
the liver, regressive changes were described in all sharks sampled. Accumu-
lation of fat is a reversible change due to an imbalance of lipid metabolism
(increased synthesis or uptake of lipids and/or decreased lipid metabolism)
or inhibition of lipid excretion impairing metabolic function, a consequence
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Fig. 5. Biplots with axis 1 and 2 from the same Principal Component Analysis (PCA) performed for biochemical responses measured in liver and gill samples from juvenile
blue sharks (Prionace glauca), highlighting: A) the different sexes — pink = female samples, blue = male samples; B) the different zones of sampling — pink = individuals
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Fig. 6. Heatmaps with correlations (Spearman's test) between liver contaminants significantly more concentrated in individuals from inside EEZ, and biomarkers measured in
gills and liver from blue sharks (Prionace glauca) captured in the Northeast Atlantic. * = 0.05 > p-value >0.01; ** = 0.01 > p-value >0.001; *** = p-value <0.001. Red
represents negative associations; green represents positive associations. ROS = reactive oxygen species, LPO = lipid peroxidation, T GPx = total glutathione peroxidase,
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this figure legend, the reader is referred to the web version of this article.)

of reduced hepatocyte surface area (George et al., 2017). Hepatocytes with
signs of attempted regeneration and scar connective tissue proliferation like
repair tissue after an injury (Zachary and McGavin, 2012), were also re-
markable lesions. Since all sharks scored the same value on the severity
score for hepatocyte degeneration (i.e., the highest (Supplementary
Table 2), this parameter was not considered further for the integration
with the contamination data, being of limited use as a biomarker to assess
the effects of the contamination detected on the sharks studied in this
work. Overall, the histological lesions found in the liver are not pathogno-
monic but provide information about hepatic functionality. The liver is an

essential organ in the response to contamination for most organisms,
being responsible for the biotransformation and detoxification of contami-
nants (Grant, 1991). This organ is known to be particularly important for
sharks and their relatives, as these fishes lack a swimming bladder and
rely on the liver for buoyancy (Ebert and Winton, 2010). Sharks have also
been shown to produce high amounts of liver oils with important antioxi-
dant and immunological traits (Kim and Karadeniz, 2012). While blue
shark muscle tends to possess higher concentrations of inorganic contami-
nants when compared with the liver (Alves et al., 2023; Boldrocchi et al.,
2019), the latter usually assimilates contaminants faster, giving insight to
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more recent exposures and therefore allowing for a better tracking of con-
tamination. The liver is also the organ where some of the most nefarious
contaminants (i.e., organic) tend to accumulate preferably (Boldrocchi
et al., 2019; Mufoz-Arnanz et al., 2022) and where the first and main re-
sponses to contamination occur, making it ideal to study not only the con-
centrations of contaminants but also the early responses they may elicit.

4.2. Biochemical biomarkers of oxidative stress

The liver's role in the response to contamination justifies the overall
more pronounced biochemical responses in this tissue when compared
with gills (Supplementary Fig. 5). The failure to detect CAT activity in the
gills suggests lower levels of this enzyme in this tissue, a characteristic al-
ready described in other species of sharks (Lopes et al., 2018). These
lower levels of CAT could explain the higher level of Se_GPx in gills when
compared with liver, likely due to Se_GPx compensating for the low CAT ac-
tivity in the decomposition of H,O,. Nevertheless, the analysis of correla-
tions between the biomarker pairs that were successfully analysed in both
tissues indicates an overall concordance between biomarker pairs. This re-
sult could be used to argue that gills have the potential to complement and/
or replace liver as a target tissue in future monitoring studies, offering the
advantage of not requiring destructive sampling and allowing the use of
live sharks as bioindicators. While sex seems to not induce significant differ-
ences in the contaminant accumulation in these sharks (Mufoz-Arnanz
etal., 2022; Alves et al., 2023), our findings showed some occasional differ-
ences between sexes for some of the biochemical biomarkers assessed
(T_GPx in liver and GST in gills). Additionally, some differences were ob-
served between size/maturity groups, where mostly higher antioxidant en-
zymatic activities were seen in adults. While affecting a small percentage of
the responses, something already reported by other studies targeting the
same species (Barrera-Garcia et al., 2012, 2013), these differences are a re-
minder that the chosen biomarker responses can be affected by factors
other than the contaminants here assessed (Alves et al., 2022; van der
Oost et al., 2003), and that the biological differences existing in each of
the sex and size/maturity groups assessed should be considered when
using these tools in pollution monitoring surveys.

4.3. Contamination versus biological responses

Using contaminant data from the same set of sharks described in Alves
etal. (2023), the present work showed that the tendency for higher contam-
ination in sharks caught closer to the Portuguese continental shore is also
true for inorganic contaminants measured in liver samples, with the con-
centrations of As, Fe, and Se being significantly higher inside EEZ (Fig. 1).
Additionally, the results indicate that despite the concentrations of some
contaminants correlating positively with the size of the sharks, which
leads to the known tendency of adult sharks to be more contaminated
than juveniles, the same zone-associated differences remained when only
the juvenile sharks were assessed. These results indicate that while size/
maturity stage did affect the concentrations of contaminants in the liver
of these sharks, the zone they preferentially habit exerted a higher degree
of influence.

Looking at Fig. 3, it is possible to observe that most sharks from inside
EEZ (Fig. 3C) are males (Fig. 3A) and that many of them are adults
(Fig. 3B). Since some positive correlations between size and biochemical
biomarkers were found, it can be theorized that the differences in responses
observed for sharks from inside EEZ could be mostly because that zone
contained almost all the adult sharks. This difference in the demographic
composition between both zones, and the overall lack of adult females in
our sampling, can be attributed to the combination of the opportunistic na-
ture of our sampling and of the spatial and temporal segregations that have
been described for this species in the Atlantic (Vandeperre et al., 2014a,
2014b), something already explored in Alves et al., 2023. To make sure
that our interpretation of Fig. 3 was not being forced by the skewness of
the sampling, a similar analysis on only juveniles was performed. The
PCA (Fig. 5) helped to dismiss that hypothesis, as the sample distribution
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between sexes and zones is much more balanced (Fig. 5A) and it shows
that juveniles from inside and outside EEZ also possess different response
patterns (Fig. 5B). Juvenile sharks from inside EEZ were characterized by
high levels of DNA damage in liver and high SOD activity in both liver
and gills, which positively correlated with each other (DNA liver and SOD
gills: tho = 0.334, p-value = 9.188e~3; DNA liver and SOD liver: rho =
0.369, p-value = 3.876e~>), suggesting higher oxidative stress levels in
this group of juvenile individuals.

While the results show that some of the variability of the biomarker re-
sponses measured could be explained by factors other than the contami-
nants measured, some strong and significant correlations could be found
between the liver contaminant levels and both biochemical responses and
severity of tissue lesions. Given this lack of specificity to chemical stressors
of the biological responses measured, and to increase the relevance of the
relationships found with the contaminants, the present analysis was fo-
cused on the contaminants that showed to be significantly more accumu-
lated in individuals sampled inside EEZ (Fig. 6).

Although most biomarker pairs from both tissues correlated positively,
the correlations between each of the pairs' counterparts and the concentra-
tions of contaminants varied. In both liver and gills the presence of As
seems to be inducing the activity of SOD and GPx. Although this species
has been reported as having mechanisms to help it deal with As and other
contaminants (i.e. metallothioneins) (Hauser-Davis et al., 2021), our results
are to be expected given the antioxidant role of the aforementioned en-
zymes (Winston and Di Giulio, 1991). Notably, organic contaminants
were negatively associated with Se_GPx, which aligns with earlier observa-
tions using the same species also collected in the North Atlantic (Alves etal.,
2016). These negative correlations between GPx and contaminant concen-
trations have also been reported for other pelagic (Vélez-Alavez et al.,
2013) and coastal (Somerville et al., 2020) shark species. Most contami-
nants correlated negatively with ROS and LPO measured in both liver and
gills. While the negative correlation between contaminants and ROS in
the liver is somehow unexpected but could be potentially related to the
over induction of the antioxidant system, an apparent decrease in LPO in
that tissue may occur with the increase of contaminants if the exposure
leads to a reduction in levels of highly unsaturated fatty acids, which are
very susceptible to being oxidized (Hsieh and Kinsella, 1989). Since studies
have shown that exposure to different stressors, including contaminants,
can induce alterations in the fatty acid profile (FAP) of fish (Ferain et al.,
2018; Gongalves et al., 2021; Liao et al., 2019), and differences in FAP
have been reported in elasmobranchs exhibiting different contamination
profiles (Rosenfelder et al., 2012), it would be valuable to perform an eval-
uation of the fatty acid profile of these sharks' liver and assess if these more
contaminated individuals would indeed show a reduction in highly unsatu-
rated fatty acids. In the gills, the observed negative correlation between
contaminants and damaged DNA may be associated with the histological le-
sions observed. While the pathologies described in the gills of the studied
sharks are chronic alterations not specifically related to any particular
agent, and could be induced by many different stressors (i.e., exposure to
environmental pollutants, infectious processes, seasonal variation, etc.), a
great deal of the ROS, LPO and DNA damage occurring in the gills is likely
derived from their functions in gas exchanges and the absorption/excretion
of contaminants (Ellis, 2003). Since the histopathologic analysis indicates
that contamination is positively correlated with a protective response in
the gills of the sampled sharks, which can result in reduced gas exchanges
and reduced absorption and excretion of substances (a notion reinforced
by the weak negative correlation existing between ROS in the gills and ep-
ithelial proliferation in the same tissue (Spearman's test, tho = —0.317, p-
value = 1.369e™2), higher concentrations of contamination may lead to
less ROS from both respiration and bioaccumulation processes which in
turn reduce the oxidative damage to the lipids and DNA in this tissue.

Remarkably, all contaminants represented in Fig. 6 correlated positively
with damaged DNA in the liver, a clear sign that the presence of these con-
taminants is inducing harm to the health of these sharks. Positive associa-
tions between DNA damage in the liver and the concentrations of
inorganic and organic contaminants measured in that tissue have already
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been reported in blue sharks from the North Atlantic (Alves et al., 2016),
supporting the idea that this is a good biomarker of effect of contamination
in the liver of this species. It is noteworthy that in that previous study from
2016, with a much smaller number of individuals and all being juveniles,
the biomarkers that showed stronger relationships with the contaminant's
levels were precisely the DNA damage (positive correlations) and Se_GPx
activity (negative correlation). The fact that this trend was this time ob-
served in with a larger and more complete sampling set reinforces the po-
tential of these biomarkers for assessing contamination effects in this
species. While the monitoring of the health of the populations of this spe-
cies presents some difficulties due to the areas it chooses for reproduction,
the frequency and scale of its migrations, and the unreliability of its fisher-
ies' data, this study's results indicate that pollution is exerting damage to
these animals and therefore forcing them to diverge energetic resources
that could otherwise be used for growth and reproduction, and may cause
cumulative impacts in an already heavily pressured species (Lemos, 2021).

5. Conclusions

The present study builds on the findings of previous works and shows
that sharks caught closer to Portugal's continental shore (inside EEZ) pres-
ent higher concentrations of inorganic contaminants in their livers, when
compared with individuals caught in more oceanic locations (outside
EEZ). This study also indicates that the higher levels of contamination de-
tected in sharks caught inside EEZ may be eliciting more pronounced bio-
chemical responses. Our data showed higher levels of DNA damage in the
liver and histological lesions in the gills in animals from the zone where
contaminants like As, PCBs, and PBDEs were found to be significantly
more concentrated. Despite the contradicting results with what seems to
be one of the best indicators of contamination impacts on these sharks'
health (i.e., damaged DNA), the gills showed potential as a source tissue
for future monitoring studies using other biomarkers. They offer the advan-
tage of allowing for lesser-destructive sampling and, according to our data,
the histological damage observed in this tissue was a good indicator of con-
tamination with prominent groups of organic contaminants. The results of
this study demonstrate the importance of integrating responses at different
levels of biological organization, from molecular and biochemical to more
apical endpoints, to increase the knowledge on the pathways towards ad-
verse outcomes and to pinpoint the most valuable biomarkers to assess
physiological alterations in these organisms. The fact that positive correla-
tions with injury were found specifically for contaminants that were, for the
most part, significantly higher in the more contaminated zone is indicative
of the suitability of the species and these tools to be used to monitor con-
tamination and its effects in different areas of the Atlantic.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.162095.
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