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Abstract The present study evaluates the relation between
chronic arsenic (As) exposure in the natural distribution
area of wild brown trout (Salmo trutta), oxidative stress and
antioxidant enzymatic defenses. Two rivers of the same
watershed were evaluated to highlight the correlation
between As accumulation and the resulting stress: (i) the
Presa River, which has high chronic As levels (2281.66 ug/L)
due to past mining activity, and (ii) the Bravona River
(control river). This metalloid was measured in main fish
tissues (gills, kidney, liver, muscle, gonads and fins) and
water. As organotropism in S. trutta was kidney > liver >
gill > fin > gonad > muscle. The HepatoSomatic Index
(HSI) and somatic condition (CF) were used to compare fish
population conditions from both sites. Arsenic can be
absorbed by the gills and can induce oxidative stress and
disturb antioxidant defenses. The aim of this study was to
evaluate oxidative stress response by measuring mal-
ondialdehyde (MDA) content, as a marker of lipid perox-
idation, and antioxidant enzymatic defenses (Superoxide
dismutase (SOD), catalase CAT, glutathione peroxidase
(GPx) and glutathione S-transferase (GST)), in the main
tissues of control and exposed trout. The highest MDA
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content was found in the kidney and liver of exposed trout.
SOD and CAT activities in exposed livers and kidneys were
considerably increased while a significant rise of GPx
activity was observed only in the liver. GST activity was
found to be significantly induced in the liver of exposed
trout. The results demonstrate that arsenic bioaccumulation
can induce lipid peroxidation and substantial modifications
in antioxidant enzymatic defenses in main wild trout tissues.

Keywords Arsenic * Bioaccumulation * Oxidative stress *
Antioxidant defenses * Salmo trutta - Wild trout

Introduction

Our environment is subject to several perturbations such as
climatic changes and environmental pollution (heavy metals,
metalloids...). Aquatic ecosystems may be particularly vul-
nerable to these disturbances (Livingston et al. 1994).
Freshwater systems are major vectors for pollutant dispersion,
acting as “sinks for environmental contaminants” (Amundsen
et al. 2011). Pollutants that enter the water cause undesirable
changes that directly or indirectly affect the ecological
environmental balance (Biswas et al. 2011). Heavy metals
and metalloids are an important source of pollution in water
streams. Heavy metal or metalloid pollution can contaminate
fish via their body surface, gills or digestive tract. Thereby,
fish are good bio-indicators of metal pollution in water
streams. Some of these metallic trace elements (MTE) are
potentially toxic and can be very harmful with chronic
exposure (Munoz-Olivas and Camara 2001).

Arsenic (As) is a ubiquitous element. Natural sources of
As in the aquatic environment include the erosion of As
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rocks and soils, volcanic activity and degradation of fauna
and flora that have accumulated As. Main anthropogenic
sources of As are mining activities, combustion of fossil
fuels, agriculture, and industrial applications (Cockell and
Hilton 1988; Pedlar and Klaverkamp 2002). For example,
concentrations up to 3500 pg/g have been found in sediment
of the Kam Lake in Canada due to long-term As con-
tamination from gold mining activity (Pedlar and Kla-
verkamp 2002).

In Corsica (a Mediterranean island), the past exploitation
of an Arsenic mine near a tributary of the Bravona River
caused environmental pollution. The deposits in Matra
(name of the surrounding village) located in Alpine Corsica
come from a fold that has a serpentine core surmounted by
prasinites which overlaps lustrous shale. The vein is 500 m
long and almost 100 m deep. The most abundant mineral is
realgar (AsS). Stibnite (Sb2S3) and orpiment (As2S3) are
present in lower levels. At the end of 1880, following
flooding of the Presa River, arsenic sulfide outcrop was
found in the river bed. In 1913, the ore production reached
about 4000 tons containing 30-50% As (Mori et al. 1999).
The last period of mining was from 1935 to 1945, after a
total production of 30,000 tons of ore (Foata et al. 2009).
Now, As (V) represents 99.6% of the total As dissolved in
the Presa river, whereas As (III) is essentially present in the
mine bank (Calendini 2000). Arsenic toxicity is highly
dependent on the oxidation state, its chemical form and the
species of animal studied (Jain and Ali 2000). Generally, As
(IIT) is more toxic than As (V) (Spehar et al. 1980, Ercal
et al. 2001).The rapid of conversion of As (V) to As (III) in
cells and the faster rate of cellular uptake of As (III) could
be one reasons why As (III) is more toxic (Dopp et al.
2004).

Direct contaminant analysis of such substances does not
provide information about their effect on the ecosystem, so
the use of biomonitors is recommended to understand the
bioavailable pollutant loads (Lamas et al. 2007). Trout are
considered excellent bio-indicators due to their long life,
their capacity to assimilate pollutants for a long time and
their high position in food chain. In Corsica, above 500 m
altitude, trout are predominant in the rivers as the tem-
perature is low and the current speed and slope are high
(Roche and Mattei 1997). This is the case for the two sta-
tions (exposed and control sites) considered in this study.

Exposure of organisms to xenobiotics can induce ROS
formation leading to oxidative stress. Oxidative stress is
involved in DNA damage, protein oxidation, lipid perox-
idation (Winston and Digiulio 1991) and it disrupts signal
transduction (Druwe and Vaillancourt 2010). In order to
offset molecular and cellular damage, aerobic organisms
have developed sophisticated antioxidant mechanisms.
These mechanisms include enzymatic systems. Superoxide
dismutase (SOD) catalyzes dismutation of the superoxide

anion (0,°7) in hydrogen peroxide (H,0,). H,O, can then
be reduced by catalase (CAT) and glutathione peroxidase
(GPx). Glutathione S-transferase (GST) uses reduced glu-
tathione to protect cells against pollutant and toxic xeno-
biotics by conjugating them to endogenous and exogenous
electrophilic compounds (Townsend and Tew 2003).

Among the major environmental pollutants, heavy
metals and metalloids are a true ecological problem. For
example, Almeida et al. (2002) showed that higher SOD
and GPx activities in the liver of Nile tilapia (Oreochromis
niloticus) were correlated with cadmium (Cd) exposure. It
has been shown that As can also generate ROS (Allen et al.
2004b; Bhattacharya and Bhattacharya 2007; Dau-
tremepuits et al. 2009; Sarkar et al. 2014), although the
mechanisms of As toxicity are not clear. Monitoring of
antioxidant defense and oxidative damage in the natural
distribution area of fish may provide a more complete
understanding of the effects of xenobiotics on exposed fish.
Characterization of xenobiotic toxicity can provide impor-
tant data for environmental studies.

The present study analyzes the level and the location of
As bioaccumulation in wild brown trout. We investigated
the effects of chronic As exposure under environmental
conditions on oxidative stress by analyzing mal-
ondialdehyde content, a biomarker of lipid peroxidation,
and antioxidant enzymatic defenses such as SOD,
CAT, GPx and the xenobiotic-detoxifying enzyme, GST, in
trout tissues. To exclude other variables that may cause
stress but are not linked to the presence of As in water, we
used a non-contaminated sector of the Bravona river as a
control site.

Materials and methods
Studied area

The Bravona River (30 km length) begins at 1700 m altitude
and meets the Tyrrhenian Sea on the Eastern plain of
Corsica, north of Aleria (42°17' N, 9°23’ E). Its watershed
spans 140 km? (Mori et al. 1999). The Presa River is a
tributary of the Bravona. The distance from the mine to the
Bravona River is approximately 10km. The Presa station
(P), where samples were collected, is downstream from the
abandoned mine. This site was selected to provide As levels
close to the source of pollution. Antimony (Sb) is
also known to be present at this site, however the Sb levels
in fish tissues were below the detection level (data
not shown); there is no other known contamination at this
site. The Bravona station, upstream from the confluence
with the Presa (approximately 6 km), was the control site

(B) (Fig.1).
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Fig. 1 Map of Corsican freshwater streams, showing the Presa River
(exposed site) and the Bravona River (control site). P: Presa exposed
site (2281.66 + 52.03 g As/L); B: Bravona control site (As <5 pg/L);
Bce: Bravona upstream confluence (As <5 ug/L); Pc: Presa upstream

Sample collection

Thirty fish—15 from site (B) and 15 from site (P)—were
captured in October 2015 (14.2-18.4 cm in length). The fish
were immediately placed in separate bags for transport that
contained river water. These bags were placed in a cooler to
reduce thermal shock during transport (<18 °C) and to keep
the fish in the dark (to avoid any stress). This method
allowed us to keep them alive until dissection, thereby
removing the impact of cell breakdown from our analysis.

During the dissection, the size (in centimeters), indivi-
dual weight (in grams), and liver weight (in grams) of each
fish were recorded. The analyzed tissues (fins, liver, muscle,
gonads, kidney, and gills) were collected using stainless
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confluence (1480 + 32.26 ug As/L); Bf: Bravona after confluence with
Presa (117.8 +£11.04 ug As/L). In red, studied streams; in blue, other
major Corsican streams

steel instruments. The organs were cut in half in order to
measure two parameters: oxidative stress and As con-
centration. After rinsing the internal organs (liver, muscle,
gonads and kidney) with physiological saline and the
external organs (fins and gills) with Milli-Q® pure water,
the first batch was immediately immersed in liquid nitrogen
and stored at —80 °C for the oxidative stress analysis. The
second batch was stored at —20 °C for the contamination
analysis.

To evaluate arsenic contamination in the water, 50 mL
water samples were taken from five sites (indicated in
Fig.1): P, Presa exposed site; B, Bravona control site; Bc,
Bravona upstream confluence with Presa; Pc, Presa
upstream confluence with Bravona; Bf, Bravona after
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confluence with Presa. For this sampling, 50 mL sterile
tubes were immersed at the center of the river and opened
10cm below water surface. They were transported in a
cooler at 5 °C. Upon arrival at the laboratory, we proceeded
to acidify the samples with nitric acid (2%). The water
samples were stored at 5 °C until analysis.

Metal concentration analyses
Analytical procedure

The collected samples were analyzed to determine their As
concentration. These samples were placed in a refrigerator
for a few hours before the analysis. Sample ranging from 30
to 500 mg were weighed and placed in pressure-resistant
PTFE vessels (100 mL); 5 mL of HNO3; (>69%, TraceSE-
LECT) and 2mL of H,O, (30%, TraceSELECT) was
added. Mineralization was carried out by digestion in a
microwave reaction system (Anton Paar Multiwave 3000)
and involved three stages: 200 W (1 min), 500 W (5 min),
1100 W (15 mins), then OW (15 min). The stages were
graduated to optimize mineralization. After mineralization,
solutions were diluted with 25 mL of Milli-Q® water. The
solutions were then analyzed by ICP-OES (Perkin Elmer,
Optima 7000DV). The analytical procedure for As was
checked using certified fish protein reference material
(DORM-4) for trace metal analyses (National Research
Council, Canada) as quality assurance/quality control
(QA/QC). The water samples were analyzed after acid-
ification (3% HNO;); they were not filtered as they do not
contain impurities.

Inductively coupled plasma optical emission spectroscopy

The arsenic calibration solution (5, 50, 100 ug/L of As) was
prepared by diluting an Instrument Calibration Standard 4
(PerkinElmer Pure). The limit of quantification (LOQ) for
As (5 pg/L) was determined using relevant concentrations
(1, 2, 3, 4, 5, 10, 20, 50, 100) of multi-element solution
certified standards (PerkinElmer). Analytical blanks were
run the same way as the samples and analyzed every eight
samples. Analyses were carried out with three replicates to
refine the measurement. Only data showing an RSD per-
centage lower than 10% were considered as reproducible
and were included in our results.

The measurement accuracy was certified by a quality
assurance program carried out for metal analyses with an
ICP-OES (using DORM-4). The recovery percentage
between certified values and measured values was always
higher than 90% (6.87 mg/kg As +0.44). Element con-
centrations are expressed as micrograms per kilogram of
wet weight (ug/kg) for tissues and as micrograms per liter
(ug/L) for water analyses.

Indexes and factors

Several biometric indexes were calculated. The index of
somatic condition (CF) and the HepatoSomatic Index (HSI)
were calculated according to the formulas used by Dupuy
et al. (2012) and Galland et al. (2012), respectively. Mul-
tiplication factor is the ratio of contaminant concentrations
between the concentrations in an exposed and a control
organ. When trout from Bravona River (control site) had an
average concentration below the detection limit, we used
the detection limit for the contaminant as the average con-
centration to calculate the multiplication factor. Bio-
concentration factor (BCF) 1is the ratio Dbetween
environmental concentration and an organ concentration for
the same contaminant (Alexander 1999).

Biochemical analyses
Preparation of homogenates

Organs were homogenized using a Potter-Elvehjem homo-
genizer in chilled phosphate buffer (100 mM, pH 7.4) (25
mg w/w per mL of buffer) containing 20% glycerol and 0.2
mM phenylmethylsulfonyl fluoride as a serine protease
inhibitor. The homogenates were centrifuged at 15,000 x g
for 30 min at 4 °C and the supernatant used for biochemical
assays. Antioxidant enzyme activity and malondialdehyde
(MDA) levels were determined using a Specord 205 spec-
trophotometer (Analytic jena, Wembley, UK).

Enzyme activity assays

Superoxide dismutase activity Superoxide dismutase
(SOD) (E.C 1.15.1.1) activity was measured using xanthine/
xanthine oxidase as a source of superoxide radical (Oberley
and Spitz, 1984); 100 uL of extract was added to a reaction
mixture containing 1 mM DETAPAC buffer (pH 7.8), 1.25
units of catalase, 70 uM nitro-blue tetrazolium (NBT), 0.2
mM xanthine and 0.010 units of xanthine oxidase in a total
volume of 1 mL. One unit of SOD was defined as the
amount of enzyme that inhibits 50% of NBT reduction at
560 nm at 25 °C.

Catalase activity Catalase (CAT) (E.C 1.11.1.6) activity
was measured using the method described by Aebi (1984).
The reaction mixture contained 30 mM sodium phosphate
buffer (pH 7), 10 mM H,0, and 100 pL of extract in a total
volume of 1 mL. The decrease in absorbance was measured
at 240nm (¢ =39.4mM 'cm™!). One unit of CAT was
defined as 1 umol H,O, degraded per minute at 25 °C.

Glutathione peroxidase activity Glutathione peroxidase
(GPx) (E.C. 1.11.1.7) activity was measured using the
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Table 1 Average As

. Fins Gills Gonads Kidneys Livers Muscles
concentrations, standard
deslabt}ons’ m“thlli_hcatfl‘mt factor  congrol site Min-max ND ND-469 ND-265 ND-1886  ND-1525 ND
and bioconcentration factor
(BCF) analyzed in tiSSUeS Of Average ND 5293 2752 1304 13603 ND
S. trutta from Presa River and SD / 125.03 68.72 485.67 394.19 /

Bravona River Contaminated site

Min-max 1080-2086 583-9669 283-1939

6031-41630 690-13770 118-1323

Average 1444.46 2004.91 Male Female 22797.4 352242 613.87
326 1030
795.77
SD 323.82 2327.66  555.28 10681.86  3416.07  326.99
Multiplication factor 578 38 29 175 26 246
BCF 0.633 0.88 0.349 9.992 1.544 0.269

Concentrations are in pugkg ww

BCF bioconcentration factor, Min-max minimal-maximal values, ND not detected (under detection limit,

5ug/L) SD standard deviation

method described by Flohe et al. (1973). The reaction
mixture contained 0.1 mM EDTA phosphate buffer (pH
7.4), 1 unit of glutathione reductase, 0.25 mM reduced
glutathione, 0.12 mM NADPH, 10 mM NaCN and 1 mM
cumene hydroperoxide. The mixture was pre-incubated for
15 min at 37 °C. The reaction was initiated by adding 125
UL of extract in a total volume of 1 mL. The decrease in
absorbance was measured at 340 nm (¢ =6. 22.10°M .
cm ). One unit of GPx was defined as 1 umol NADPH
oxidized per minute at 37 °C.

Glutathione  S-transferase  activity Glutathione  S-
transferase (GST) (E.C. 2.5.18) activity was determined
using the method described by Habig et al. (1974). The
reaction mixture contained 80 mM sodium phosphate buffer
(pH 6.9), 0.25mM GSH and 0.12 mM 1-chloro-2,4-dini-
trobenzene (CDNB). The reaction started by adding 100 uL
of extract. The change in absorbance was measured at 340
nm (¢ =9.6 x 10° mM ! cmfl). One unit was defined as 1
mmol CDNB conjugate formed per minute at 25 °C.

Protein concentration was measured by spectrophotome-
try at 595 nm using the Bradford 1976) with serum albumin
(Sigma-Aldrich Chemicals, France) as the standard. All
enzyme activities were expressed in units.mg ' protein
(specific enzymatic activities).

Determination of malondialdehyde content

The MDA concentration of trout tissues was determined
using the thiobarbituric acid (TBA) reaction described by
Ohkawa et al. (1979). For extraction, 80 mg of frozen organ
tissue was homogenized with inert sand in 2mL of
extraction buffer (v/v), followed by centrifugation at
3000 x g for 10 min at 4 °C.

@ Springer

Statistical analyses

Data were expressed as mean + SD and analyzed using R
statistical software (http://www.R-project.org). Two-way
ANOVA and multiple mean comparisons were performed
with the Least Significant Difference (LSD) test at P < 0.05.
Data were compared between the two trout groups (control
and assay) for each parameter and for the same organ. In
addition, for each trout group, the data obtained between
organs were compared.

Results
Water contamination

Results of metal content testing of water from the five
analyzed sites (Fig. 1) show that the Presa River (P), just
downstream of the Matra mine, contains a high arsenic
concentration (2281.66 + 52.03 ug/L). The concentration at
a point upstream of the confluence with the Bravona was
lower (Pc: 1480 + 32.26 ug/L). In the Bravona, the samples
taken at the control site (B) and at a point upstream of the
confluence with the Presa (Bc) had a concentration under
the detection limit (<5 pg/L). In the samples taken after
the confluence between the Bravona and the Presa (Bf), the
concentration was 117.8 +£11.04 ug/L, evidence of the
contaminant having been diluted.

Bioaccumulation of arsenic

Table 1 summarizes mean As concentrations in each tissue
of trout from the Presa and Bravona rivers and their relative
standard deviations, multiplication factors and bioconcen-
tration factors. Concentrations are very heterogeneous



Effect of chronic arsenic exposure under environmental conditions on bioaccumulation, oxidative... 935

Fig. 2 Arsenic distribution by o Control m Exposed
organ in control trout (white 100000
bars) and trout exposed to A
arsenic (black bars). All data are o 10000 -

= A
presented as the mean (+ SD) of 3 A
fifteen fish samples (n = 15). e A ‘
Data were analyzed using = 1000 - A A
ANOVA and Fisher’s LSD tests g B B
(P <0.05). Different uppercase = B
letters indicate significant 3 100 | B
differences between the two g
trout groups for the same organ =

- 0F B B |J_‘

LI ]
Muscles Gills Fins Liver Kidney Gonads
Organs

between different tissues and between both sites. Average
As concentration was higher in each trout tissue from the
Presa River.

In the Presa River fish (Fig. 2), their kidneys had accu-
mulated the most As (22,797.40 ug/kg). Liver is the second
target-organ for As (3522.42 pg/kg). The gills and fins had
an average As concentration higher than 1 mg/kg w/w
(2004.91 and 1444.46 png/kg respectively). Arsenic is less
present in gonads (795.77 pg/kg) and muscle (613.87 pg/kg).
The As concentrations found in control tissues were very
low. The arsenic concentrations in tissues of trout from the
Presa River were significantly different from those taken
from Bravona River. Arsenic was detected in only four
organs in the fish from the Bravona river: livers and kidneys
had a value near to 130 pg/kg, gills and gonads were under
50 pug/kg, while fins and muscle had an As concentration
below the detection limit. Arsenic is 175 times more con-
centrated in kidneys from trout of polluted sites than those
from trout taken at the control site. For other tissues (gills,
liver, and gonad), the multiplication factor is near 30
(Table 1). Bioconcentration factors indicate that As con-
centration in the kidney of exposed trout is nearly 10 fold
higher than in water. Only two organs had a higher As
concentration than water: kidney and liver. In other organs,
the water concentration of As was higher than the tissue
concentration of As.

Biometric indexes

Just like energy metabolism, the study of condition indices
allows us to assess the general physiological status of an
individual. The HSI highlights the importance of the liver
relative to the carcass weight of an individual. In the Bra-
vona River, more female trout were caught: 10 compared to
8 in the Presa River. CF and HSI indexes were relatively
similar for both sites (Table 2). The HSI was somewhat
more important in the Presa River.

Table 2 Mean concentrations of biometric indexes and sex repartition
between contaminated and control site

Sex HST* CF*
Contaminated 8F ; TM 1.49 0.00121
Control 10F ; 3M ; 2 UD 1.20 0.00114

CF Somatic condition, HSI HepatoSomatic Index, F female, M male

*Values are calculated from length in mm, and weight in g

Biochemical analyses
Changes in MDA content

Significant differences between exposed trout and their
controls were observed in all organs except gonads (Fig. 3).
The kidneys had the highest MDA level. An increase of 53
and 30% was observed in liver and kidney of exposed trout,
respectively, compared to the controls. A slight increase
was also observed in muscles and fins of exposed trout
compared to their controls, while MDA level in control gills
were higher than in exposed trout.

Changes in antioxidant enzymatic activities

Chronic As exposure significantly affected the SOD, CAT,
GPx and GST activities in exposed trout compared to
control trout.

SOD activity in all organs, except muscle and fins, was
significantly greater in exposed trout compared to their
controls (Fig. 4a). The liver and kidney of exposed trout had
the highest SOD activities. A significant increase of 53 and
26% was observed in the kidney and liver of trout con-
taminated by As, respectively.

CAT activity differed between control and As exposed
trout. Significant differences were observed in liver, kidney
and gonads (Fig. 4b). Highest CAT activities were found in
the liver and kidney of exposed trout. CAT activity was
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Fig. 3 Changes in
malondialdehyde (MDA)
content in different organs of
control trout (white bars) and
trout exposed to arsenic (black
bars). All data are presented as
the mean (+SD) of fifteen fish
samples (n = 15). Data were
analyzed using ANOVA and
Fisher’s LSD tests (P < 0.05).
Different uppercase letters
indicate significant differences
between the two trout groups for
the same organ. Different
lowercase letters indicate
significant differences between
organs within one trout group

Fig. 4 Changes in a superoxide
dismutase (SOD) and b catalase
(CAT) specific activity in organs of
control trout (white bars) and trout
exposed to arsenic (black bars). All
data are presented as the mean
(£SD) of fifteen fish samples (n =
15). CAT activity was not detected
in fins. Data were analyzed using
ANOVA and Fisher’s LSD tests (P
< 0.05). Different uppercase letters
indicated significant differences
between the two trout groups for the
same organ. Different lowercase
letters indicate significant
differences between organs within
one trout group

MDA content {(nmol.g! W)

SOD specific activity (U.mg! protein)

CAT specific activity (Umg! protein)
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4.5-fold higher in liver when compared to the control. In the
kidney of exposed trout, an increase of 28% was observed
compared to the control trout. No CAT activity was

detected in the fins.
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GST activity was significantly higher in the liver and
kidney of exposed trout compared to their controls (Fig. 5a).
A significant increase was also observed in muscle and gills
of exposed trout; however, the values were lower than those
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Fig. 5 Changes in a glutathione (A) OControl MExposed
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(+SD) of fifteen fish samples (n = 22 6 aB
15). GPx activity was not detected 3 —: _
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of the liver and kidney. No significant change was observed
in the fins and gonads. The liver of exposed trout had the
highest GST activity. Liver and kidney exhibited the largest
increases (3.6-fold and 53%, respectively).

GPx activity was significantly increased in the liver and
gonads of exposed trout compared to their controls (Fig. 5b).
The highest GPx activities were found in the kidney and
liver; however no significant difference was observed
between exposed trout and the controls in the kidney tissues.
The values were 2.2-fold higher in the liver of exposed trout
than in control trout. No significant increase was found in
the other organs of exposed trout compared to their controls.
No GPx activity was detected in the fins.

Discussion
Biometric indexes
Biometric indexes reflect the condition of captured popula-

tions. In fact, a higher HSI gives a good interpretation of
water contamination. For the same length, thinner is often

considered as having a worse physiological condition than
bigger (Froese 2006). The relative index homogeneity of
both exposed and control sites can be translated as having
the same physiological conditions between studied groups.
The HSI was somewhat higher in the Presa River, evidence
of slightly higher detoxification activity in the liver of
exposed trout. This index can vary throughout a year due to
temperature, diet and other abiotic factors. Consequently,
biometric indexes alone are unable to translate a degree of
As pollution in water streams; they have to be cumulated
with more extensive analyses to determine tissue con-
centrations. Allen et al. (2004a) suggest that chromatophores
could be also used as a quick biomarker of As exposure. Sex
seems to have no influence on As accumulation in tissue,
excepted for gonads, as females have a higher concentration
(1030 pg/kg on average) than males (326 pg/kg on average).

Arsenic concentration
Water from the Bravona River is in the range of accepted

values (<5 pg/L) for the control sites for analyzed elements,
according to the World Health Organization (WHO) and
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European Directive (98/83/CE). Water from the Presa River
is considered as highly polluted (2281.66 pg/L) and greatly
exceeds the maximal acceptable As concentrations for
drinking water supply (10 pg/L). In fish tissues, variations in
metalloid content may have different causes. In addition to
metal pollution, there are endogenous parameters that
influence metal content (sex, length, age, etc.) (Linde et al.
1999). Experimental As exposure has been studied with
several fish species, e.g. Clarias batrachus (Bhattacharya
and Bhattacharya 2007), Ictalurus punctatus (Schlenk et al.
1997) and Gambusia holbrooki (Tuulaikhuu et al. 2016). In
all studied species, As has accumulated in tissues. Never-
theless, some fish accumulate more As than others: Mora
et al. (2001) compared As concentration between species
and found it to be higher in Oreochromis aurea than in
Ictioobus bubalus or in Cichlasoma cyanoguttatum (Mora
et al. 2001). Many in vivo studies show bioaccumulation of
As in freshwater fish (Maeda et al. 1990; Spehar et al. 1980;
Tariq et al. 1993; Winger et al. 1990) but only a few studies
describe the As distribution in different tissues (Calendini
2000; Culioli et al. 2009). As organotropism in S. frutta was
kidney > liver > gill > gonad > muscle > fin. The kidney
and liver seem to be central organs for bioaccumulation of
heavy metals and metalloids (De Jonge et al. 2014; Ghosh
et al. 2007), especially for S. trutta (Lamas et al. 2007; Linde
et al. 1999). Bioaccumulation improves the accuracy of trace
pollutant analysis close to the detection limits compared to
direct water analysis (Rainbow and Phillips 1993).

It has been observed that As accumulates primarily in the
retina, liver and kidney of fish species (Takatsu et al. 1999).
In lake whitefish, reduction of As content in the liver and
kidney was found after 30 days of As diet (Pedlar and
Klaverkamp 2002), evidence of a time-dependent alteration.
Consumption of fish exposed to As could result in As
exposure to humans and lead to adverse health effects. Kar
et al. (2011) have suggested that inhabitants exposed by
means of tilapia and shrimp consumption growing in
aquaculture using As groundwater are being subject to a
moderately high As exposure. Many in vitro studies provide
proof of the harmful effect of As compounds on fish tissues
(Ananth et al. 2014; Guardiola et al. 2013; Moeller et al.
2003; Schlenk et al. 1997). Dabrowski (1976) has shown
that sodium arsenate or As trioxide solution have a negative
effect on the survival rate of rainbow trout embryos. Lastly,
As is recognized as a source of disturbance during sper-
matogenesis of some fish (Shukla and Pandey 1984). This
metalloid also induces cellular alteration, which are clearly
obvious in a histological study of the kidney and spleen of
Clarias batrachus after As exposure (Ghosh et al. 2000).
Besides cellular alteration, As exposure can induce degen-
erative changes and necrosis in tissues, and affects embry-
onal development (Salmo gairdneri) (Dabrowski 1976).
Muscle, gonads and fins have lower As concentrations.
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Nevertheless, these tissues are also hazardous because these
parts of the fish are consumed by humans. Due to the high
hepatotoxicity of As, such concentrations in blood clearing
organs can lead to the development of cancer. Kar et al.
(2011) calculated a hazard quotient (HQ) that reflects the
increase or decrease of cancer risk, relative to human intake
of aquaculture fish exposed to As. The mean cancer risk
associated with the ingestion of Oreochromis mossambicus
exposed to lower As concentrations than those we found in
the Presa River is 200 times greater than the “normal” risk.

Despite the numerous studies on pollutant exposure in
several fish species, only a few studies have been carried out
to investigate the mechanism of oxidative stress induced by
chronic As exposure on the natural distribution area of fish.

Arsenic contamination and lipid peroxidation induction

Lipid peroxidation is one of the first mechanisms of cell
damage by xenobiotics (Recknagel and Glende 2011). Lipid
peroxidation is involved in altering membrane fluidity and
compromising membrane integrity (Milinkovitch et al.
2013). Malondialdehyde (MDA), one of the breakdown
product of lipid peroxidation, is considered as a useful
indicator of oxidative damage because of the susceptibility
of membranes to be targeted by ROS (Ohkawa et al. 1979).
Arsenic is known to induce lipid peroxidation in animals
and cellular models (Bhattacharya and Bhattacharya 2007).
In our study, a significant increase in MDA between
exposed and control trout was observed in all organs except
gonads. The highest MDA content was found in the kidney
and liver, indicating oxidative damage by As, such as lipid
peroxidation of biological membranes. When compared to
As content, the highest values were also found in the liver
and kidney. Enhanced MDA levels were observed in mus-
cles and fins, which also accumulate high As concentra-
tions. Dautremepuits et al. (2009) suggested that oxidative
damage is related to exposure duration and specific bioac-
cumulation in tissues. Indeed, different behaviors have been
observed in different organs, especially between liver and
kidney and other organs. Arsenic accumulates more in the
liver, because it is actively biomethylated in this tissue (Roy
and Bhattacharya 2006). It has been showed that the liver is
the main bioconversion tissue for organic xenobiotics in
aquatic organisms (Livingston et al. 1994). For example,
hepatomegaly and hepatocyte membrane damage have been
found in C. batrachus after 14 days of arsenic exposure
(0.50 uM) (Datta et al. 2007). Furthermore, the significant
accumulation of As in kidney is the result of its ability to
detoxify xenobiotics like liver tissue (Vinodhini and
Narayanan 2008). Dopp et al. (2004) showed the kidneys
play a major role in biomethylation of arsenic and excretion
of arsenic compounds, which can explain the greater
accumulation of arsenic in this organ during chronic
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exposure. Our study’s findings are in agreement with
Bhattacharya and Bhattacharya (2007) who reported ele-
vated lipid peroxidation in Indian catfish exposed to 8.4 mg/
L arsenic after 7 days of treatment. Sarkar et al. (2014)
reported a significant MDA increase in zebrafish with up to
15 days of As trioxide exposure (50 pg/L). Elevated MDA
levels in the present study may indicate oxidative stress
induced by ROS production, such as hydroxyl radical
mainly involved in lipid peroxidation (Schaich 1992).

Antioxidant enzymatic defenses and arsenic
contamination

The accumulation of metalloids such as As may lead to the
overproduction of reactive oxygen species (ROS) causing
oxidative stress (Farombi et al. 2007). Antioxidant enzy-
matic defenses like SOD, CAT, GPx and GST play a major
role in protecting tissues from oxidative stress (Valavanidis
et al. 2006). SOD is the first defense mechanism against
oxygen toxicity; it catalyzes dismutation of the superoxide
anion (Winston and Digiulio 1991). In this study, SOD
activity increased significantly in all organs of trout con-
taminated by As, except muscle and fins. The highest SOD
activity was found in the kidney and liver, although the
greatest increment was observed only in kidney. SOD
activity seems to be consistent with As accumulation in liver
and kidney suggesting that As induces production of the
superoxide radical. Kim and Kang (2015) found a significant
increase of SOD activity in the liver and gill of rockfish
(Sebastes schlegelii) exposed to 200 pg/L of sodium arsenite
for 20 days, like Bhattacharya and Bhattacharya (2007).
Thus, under environmental conditions, trout antioxidant
responses are clearly related to chronic arsenic exposure.
CAT and GPx are both involved in H,O, removal in the
peroxisome and cytosol, respectively. H,O, can be used as
precursor of radical hydroxyl production, mainly involved
in lipid peroxidation (Digiulio et al. 1989). Our results
showed a significant increase in CAT and GPx activities in
the liver of exposed trout while in the kidney, only CAT
activity was increased. Tuulaikhuu et al. (2016) suggest that
CAT activity was related to As toxicity, specifically in the
liver. The high CAT and GPx activity are consistent with
SOD activity, which highlights the needs to rapidly elim-
inate H,O, produced by SOD in order to prevent an accu-
mulation in trout tissues. In addition, this finding suggests
that the antioxidant response to As exposure depends on
metal bioaccumulation in tissues. Ventura-Lima et al.
(2009) reported no significant changes in CAT and GPx
activities in gills of zebrafish exposed to 100 pg As/L for 48
h, whereas Sarkar et al. (2014) found a significant increase
in GPx and CAT activities in zebrafish exposed to As tri-
oxide (As,0O3). In this study, a significant increase in liver
GPx activity was observed concomitantly with an elevation

of MDA. The situation was different in kidney where high
MDA levels were observed although no significant changes
in GPx activity were found. This suggests that the kidney
accumulates As and its detoxification mechanism is not
effective at limiting oxidative damage in this tissue.
Because it functions as a barrier between the external and
internal environment, gills constitute the primary target of
As toxicity (Pelgrom et al. 1995), which can explain the
high MDA content, while low antioxidant enzymatic
activities were found in this tissue. The low CAT and GPx
activities observed in muscle and gonads can increase the
level of hydrogen peroxide and other hydroperoxides,
which could cause enhanced oxidative damage.

Glutathione S-transferase (GST) is one of the most
important enzymes that protects organisms from oxidative
stress (Ercal et al. 2001); it is used as an environmental bio-
marker (Capkin and Altinok 2013). The present study showed
that maximum induction of GST activity was observed in the
liver of exposed trout, which shows the protective response of
this enzyme to prevent further arsenic-induced oxidative
damage (Mardirosian et al. 2015). A slight augmentation was
also found in muscle, gills and kidney of exposed trout, while
no significant changes were observed in fins and gonads. Kim
and Kang (2015) and Tuulaikhuu et al. (2016) reported a
considerable increase in GST activity in liver exposed to As
from Korean rockfish (Sebastes schlegelii) and Eastern mos-
quitofish (Gambusia holbrooki), respectively. Some authors
reported that As and heavy metals can inhibit GST activity in
fish tissues (Atli and Canli 2010; Sarkar et al. 2014) due to
their great affinity for protein thiol groups and cellular non-
protein thiols such as glutathione. This antioxidant molecule
plays an important role in ROS scavenging, in addition to its
role as a GPx and GST substrate. Consequently, a decrease in
GSH content led to a reduction of GPx and GST activities,
which can explain the lower level of GST activity found in
exposed muscles, gills, fins and gonads.

Conclusion

The oxidative stress and antioxidant defense response to As
present in the natural distribution area of Salmo trutta were
studied here. The Presa River contains a high concentration
of arsenic (2281.66 ug/L) just downstream the Matra mine.
Arsenic (V) is the predominant form in the Presa River.
Arsenic organotropism in S. trutta was kidney > liver > gill
> fin > gonad > muscle. Biometric indexes of S. trutta
caught at both sites reveal a homogeneous population.
These indexes coupled with tissue concentrations are evi-
dence of an environmental hazard in the Presa ecosystem.
Arsenic bioaccumulation is a major aspect of environment
safety because it can affect fish health in the river by
altering biochemical functions and inducing tissue damage.
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Our results suggest that arsenic exposure can induce oxi-
dative damage, reflected by MDA content, and can disrupt
the antioxidant enzymatic responses in Salmo trutta organs.
These data clearly indicate that the liver and kidney play a
key role in arsenic bioaccumulation and oxidative stress
response. High levels of antioxidant enzymatic activity
were found in these organs, evidence of their detoxification
function. However, the kidney seems to be more sensitive
than the liver to arsenic exposure. These findings demon-
strate the importance of selecting appropriate tissues and
sensitive biomarkers for biomonitoring of metal toxicity in
an aquatic environment.
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