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Abstract Freshwater samples and gastropod mollusks
(Pomacea canaliculata) were collected at 5 sampling sta-
tions located along the lower Rio de la Plata basin,
Argentina, to assess the extent of tributyltin (TBT) con-
tamination. Determined data revealed the presence of TBT
and some of its breakdown products (dibutyltin: DBT, and
monobutyltin: MBT) in all freshwater samples and also in
soft tissues of P. canaliculata gastropods. Chronic bioas-
says (6 months) were performed using female gastropods
that had been reared under laboratory conditions and
exposed to a similar TBT concentration than the value
determined in freshwater samples (1 ugL™"). The aims of
this study were to evaluate the extent of TBT accumulation,
the tissue distribution, and the effects on selected bio-
markers (activity of superoxide dismutasa: SOD, activity of
catalase: CAT, levels of total glutathione: t-GSH, lipid
peroxidation, and activity of acetylcholinesterase: AChE).
Gonads presented the highest accumulation, followed by the
cephalopedal region, albumin gland, and finally hepato-
pancreas. Both metabolites, DBT and MBT, were also
found. All exposed female animals presented development
of a penis reflecting the potential of TBT as an endocrine
disrupting chemical for this gastropod species. Results on
the selected biomarkers confirmed additional adverse effects
induced by TBT. An increase in CAT activity and changes
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in t-GSH levels are indicative of alterations on the cellular
redox status. The inhibition of AChE could reflect signs of
neurotoxicity. Altogether, these results reveal a negative
impact on the health of this gastropod population.

Keywords Pomacea canaliculata - TBT * Freshwater
systems * Biomarkers * Female gastropods

Introduction

Tributyltin (TBT) is an acronym for a group of organotins
(OTs) widely used as biocides in the formulation of anti-
fouling paints. It is considered as one of the most toxic
pollutants delivered to the environment by man (Jagtap
et al. 2011). The ecotoxicological effects of TBT are well
documented, including gastropod imposex, mussel larvae
mortality and oyster malformation, even at TBT exposure
concentrations as low as 1 ngL™" (Liu et al. 2006; Leung
et al. 2007; Higuera-Ruiz and Elorza 2011). Concentrations
in the range of 1-2ng TBT L' can cause chronic and acute
poisoning to sensitive non-target species, including algae,
zooplankton, mollusks and the larval stage of some fish
(Hoch 2001). The banning of TBT by the International
Maritime Organization (IMO) covers only its use in anti-
fouling paints. However, this compound is also used as
fungicide, wood preservative, PVC stabilizer, catalysts, etc.,
constituting additional sources of TBT contamination (Fent
1996; Hoch 2001; Wang et al. 2010). TBT and its principal
breakdown products, dibutyltin (DBT) and monobutyltin
(MBT), are widely found in marine waters and sediments
throughout the world (Axiak et al. 2000; Buggy and Tobin
2006; Wang et al. 2008; Waisbaum et al. 2010). OTs can
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also be found in surface waters and sediments of rivers and
lakes, especially near areas with high vessel traffic (Fent
1996). Degradation processes of TBT are controlled by
several environmental conditions (especially temperature,
sunlight radiation, and dissolved organic carbon content)
and microorganism diversity (Tessier et al. 2007). In aquatic
systems, TBT may be degraded by chemical and sunlight
radiation and its half-life usually varies between 6 and
126 days (Fent et al. 2006). The half-life for the biotic
degradation in both seawater and freshwater varies between
6 days to several weeks (Riidel 2003). In sediments,
degradation rates may be much lower especially in anoxic
sediments (from months up to 20 years) (Dowson et al.
1996). While undesirable consequences at the ecosystem
level have been convincingly shown for the marine envir-
onment, the impact of TBT in freshwater ecosystems has
received much less attention.

The basin called Rio de la Plata is one of the most
important in South America. The Rio de la Plata river is
formed by the confluence of the Parand and Uruguay rivers
and flows into the Rio de la Plata estuary, ultimately
draining into the Atlantic Ocean. Many well-established
commercial and recreational ports are found along the
coastal areas and channels are constantly dredged to permit
the navigation of ships transporting, predominantly, agri-
cultural products from the upper basin to the Atlantic
Ocean.

Pomacea canaliculata belongs to the phylum mollusca,
class gastropoda, family ampullaridae and genus Pomacea.
They are amphibious and dioecious organisms that are
internally fertilizing and oviparous (Cazzaniga 1990). P.
canaliculata is widely distributed in South America and
found southern Guyana to the Rio de la Plata river. This
organism is ecologically relevant as a prey for several fish
and bird species. There are still not standardized protocols
using freshwater gastropods in environmental risk assess-
ment programs. However, this situation is progressively
changing. Some species, including those of Pomacea genus,
are under investigation in order to include them as bioin-
dicator organisms for toxicity tests (Tallarico 2016).
Besides, it is considered that frequently native species are
more sensitive to stressors than non-autochthonous ones
(Martins and Bianchini 2011). Therefore, its selection
would be particular useful for assessing the impact of
contaminants in South America freshwater systems (Tal-
larico 2016).

TBT is not only a well known endocrine disrupting
chemical but also it can increase the generation of reactive
oxygen species (ROS) (Bernanke and Kohler 2009; Zhou
et al. 2010). Organisms have developed a complex system
of antioxidant defenses to balance the redox cellular status.
However, when these defenses are overcome by an excess
of ROS, oxidative stress damages may occur, such as lipid
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peroxidation (Valavanidis et al. 2006; Lushchak 2011).
Superoxide dismutase (SOD, EC. 1.15.1.1) and catalase
(CAT, EC.1.11.1.6) play crucial roles as enzymatic defen-
ses. The content of reduced glutathione (GSH) is one of the
most important non enzymatic antioxidant agents (Hermes-
Lima et al. 1998; Lesser 2006). Malondialdehyde (MDA) is
one of the final products of polyunsaturated fatty acids
peroxidation and it is considered as a good marker of free
radical-mediated damage. Besides, TBT can induce neuro-
toxic effects in several vertebrate species by disrupting the
metabolism of various neurotransmitters (Tsunoda et al.
2004; Nakayama et al. 2007; Mitra et al. 2013). Thus, the
activity of the enzyme acetylcholinesterase (AChE, EC
3.1.1.7), which catalyses the degradation of the neuro-
transmitter acetylcholine, may result affected.

This study had two objectives. First, a field study was
performed to assess the levels of TBT and its principal
breakdown products (DBT and MBT), in freshwater sam-
ples and in biological tissues of P. canaliculata collected at
different sampling stations located along the lower basin of
the Rio de la Plata, Argentina. Then, female organisms of P.
canaliculata reared under laboratory conditions were
chronically exposed to TBT (6 months) to assess levels of
bioaccumulation, tissue distribution, and effects on a
selection of biomarkers related to the cellular redox status
(activities of SOD and CAT, t-GSH content, lipid perox-
idation), and to neurotoxic effects (activity of AChE). The
TBT exposure level was selected according to the values
found in the freshwater samples collected from the field.

Materials and methods
Test substances

Tributyltin chloride (TBTCI) (purity >97%) and Florisil
were obtained from Merck Schuchard. The breakdown
products (DBT and MBT), NaBH,, Dureno (1,2,4,5-tetra-
methylbenzene), acetylthiocholine iodide, 5,5’-dithio-bis (2-
nitrobenzoic acid) (DTNB), reduced glutathione (GSH),
glutathione reductase, NADPH, NADP", epinephrine, and
thiobarbituric acid (TBA) were purchased from
Sigma—-Aldrich of Argentina S.A. All other reagents and
chemicals were of analytical grade.

Water and gastropod samples

Water and gastropod samples were collected from 5 sam-
pling stations along coastal areas of the lower Rio de la
Plata basin, Argentina (Fig. 1). From north to south they
were: Escobar and Tigre (both stations located along the
delta of the Paran4 river); San Fernando (along the coast of
a minor tributary river); San Isidro and Olivos (both stations
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Fig. 1 Map of the lower the Rio de la Plata basin showing the 5 sampling stations

located along the Rio de la Plata river). Samples were
collected during January and March, (summer season).
Water samples were placed in 1 L amber bottles and kept at
4 °C. Once in the laboratory samples were filtered through a
0.45 um pore size filter.

Gastropods were placed in 10 L containers with about 5
L of water from the same sampling station where animals
had been collected and transported alive to the laboratory.

For gastropods analyses, animals were frozen at —20 °C
and then sacrificed. The whole body soft tissues were iso-
lated and lyophilized. For this field study, no sex selection
was performed.

Analyses of TBT ant its breakdown products

OTs in the water samples were analyzed according to the
method previously described (Waisbaum et al. 2010). Water
samples (250 mL) were acidified with SmL of HCI 1 M,
shaked for 30 min and then an aliquot of 10 mL of NaCl
10% (w/v) was added. Organotins were extracted 3 times
with 50 mL of a mixture of n-hexane and ethyl acetate
(70:30). The organic phase was dried with NaSO,4 and then
evaporated at 35 °C to a final volume of 5 mL. The extract
was treated with 85 mg of NaBH, diluted in SmL of
absolute ethanol for 60 min. Finally, 10 mL of NaCl 10%
(w/v) were added and the ethanol phase was discarded. The
other organic phase was purified by filtering through a glass
column (0.50mm diameter, 23 mm length) containing
Florisil. A solution containing 2.71 ug DurenomL ™' was
added to the eluate as internal standard.

Soft tissues of gastropods were analyzed similarly. About
0.5-1.0 g of soft tissues were acidified with 5 mL of HCI 1
M and the extraction was performed using 15 mL of the
binary mixture n-hexane-ethyl acetate (70:30).

The analyses were carried out using a Hewlett Packard
5890 Plus GC chromatograph (Agilent Technologies,
Avondale, PA) equipped with a capillary injector and a
flame ionization detector (FID). OTs compounds were
separated using a capillary column DB-5 (Agilent Tech-
nologies) (diameter = (0.32 mm, length =30 m). Tempera-
ture conditions for the running were as follows: injector =
280 °C, detector = 300 °C. The column was initially stabi-
lized at 40 °C for 3 min and then the following gradients
were applied: 15 °C per min until the temperature reached
140 °C; 20 °C per min until it reached 230 °C, and finally
25°C per min until it reached 290 °C which was kept
constant for 14 min.

Quantification of the different OTs compounds was
performed using Dureno as internal standard. Several
parameters that describe the goodness of the method are
presented in Table 1.

P. canaliculata cultures

A laboratory culture was established using gastropods col-
lected at the sampling station located in Escobar (Fig. 1).
Once in the laboratory animals were placed in 20 L aquaria
containing approximately 12-15 of potable tap water that
had previously been dechlorinated by letting it sit at least
24h and by filtering through a carbon column. The
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Table 1 Detection and quantification limits, calibration curve and recovery of the test methods

Detection Quantification  Correlation Calibration Lower and upper confidence Recovery
limit (DL)* limit (QL)° coefficient (r)  curve intervals of the calibration curve® (%)
Water samples (n = 27)d
TBT 208ngL™"  694ngL”! 0.9748 y=0.14x+0.11  y=0.13x4+0.03 and y = 0.16x +0.16 80-125
DBT 247 ngL™! 822ngL~! 0.9862 y=0.15x +0.18 y=0.14x +0.06 and y =0.17x + 0.15 71-115
MBT 237ngL™! 789ng L™ 0.9801 y=0.15x +0.17 y=0.14x +0.05 and y =0.18x +0.17 72-130
Biological tissues (n = 13)d
TBT 211ngg™" 702ng g 0.9713 y =0.36x-0.23 y=0.29x-0.44 and y =0.39x +0.24  76-110
DBT 217ngg™! 72ngg! 0.9635 y =0.36x-0,44 y=0.27x-0.37 and y = 0.35x + 0.21 ~ 70-98
MBT 355ngg”! 1183ngg™" 0.9832 y =0.28x-0,10 y=0.24x-0.11 and y =0,30x + 0,21  65-79

* DL was calculated as the ratio of 3 x SD of the blank and the slope of the calibration curve

® QL was calculated as the ratio between 10 x SD of the blank and the slope of the calibration curve

¢ Confidence intervals of the regression curves were calculated at a = 0.05

4 Number of replicates

following physicochemical parameters were determined:
total hardness = 48 + 3 mg CaCO; L™ '; alkalinity = 29 + 2
mg.CaCOsL™"; pH=7.0+0.2 and conductivity =250 +
17 pS. The aqueous media were completely renewed once a
week.

The cultures were maintained at T =23 +2°C, with
constant aeration and under a photoperiod of 14:10 h light-
dark. Animals were fed lettuce leaves ad libitum. Only
animals born under laboratory conditions from the second
generation were used for the experiments.

Laboratory bioassays

Chronic bioassays (6 months) were performed for deter-
mining OTs bioaccumulation and biomarker parameters in
different soft tissues of female P. canaliculata. The selected
exposure period ensured that all animals could reach the
reproductive maturity under laboratory conditions. In the
natural environment, the reproductive maturity may be
reached in a broad range period (3—24 months) depending
on the ambient temperature while longevity is up to 4 years
(GISD 2016). Organisms of similar size (4.2 + 0.5 cm) and
about 4-5 months old were randomly selected from the
cultures. Ten organisms were placed in 20 L aquaria con-
taining 8 L and exposed to 1 ug TBT L' using a stock
solution prepared in methanol. Controls were exposed to
dechlorinated tap water and the same proportion of
methanol. The nominal exposure level was selected
accordingly to the results obtained from the field analyses of
freshwaters (details in Results section). A week before the
end of bioassays animals were allowed to depurate in
dechlorinated tap water. Six animals were used for bioac-
cumulation studies and 4 animals for biomarker determi-
nations. Four replicates were performed.

According to TBT water analyses, experimental con-
centration values did not change more than 20% than the
nominal value when the test solutions were completely
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renewed twice a week. These were acceptable variations
according to the criterion recommended for many reg-
ulatory aquatic toxicity tests (Rand 1995; US EPA 2002).
Water physicochemical parameters were checked every
time the aqueous medium was renewed. During the renewal
of the test solution animals were allowed to feed ad libitum
lettuce leaves for 2 h.

At the end of the exposure period, animals were frozen,
sacrificed and the following anatomical regions were iso-
lated at 4 °C: cephalopedal, gonads, hepatopancreas, and
albumin gland. Tissues were lyophilized until analyses.

Biomarker determinations
SOD activity determination

Tissues were homogenized (1:5, w/v) in 0.05 M phosphate
buffer, pH 7.0 containing 0.0l mM EDTA. The homo-
genates were centrifuged at 3000 g for 15 min at 4 °C and
the supernatants were immediately used as enzymatic
source. SOD activity was determined by the rate of auto-
xidation of epinephrine to adenochrome (Misra and Frido-
vich 1972). The reaction volume was 1 ml and contained 10
mM epinephrine, 50 mM sodium carbonate buffer pH 10.2,
10mM EDTA. The results are given in units of SOD
activity per milligram of protein (U mg '), where 1 U of
SOD was defined as the amount of sample causing 50% of
inhibition of epinephrine autoxidation.

CAT activity determination

Tissues were homogenized (1:5, w/v) in 0.05 M phosphate
buffer, pH 7.0, 0.0l mM EDTA, and then centrifuged at
3000 g for 15 min at 4 °C. The resulting supernatants were
diluted 1:2 with 0.05M phosphate buffer, pH 7.0, 0.1%
Triton X100, sonicated for 5 min in a bath sonicator and
immediately used as enzymatic source. CAT activity was
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determined by monitoring the decomposition of hydrogen
peroxide using a spectrophotometric assay as described
previously (Claiborne 1985). One unit of CAT activity was
defined as the amount of catalase to degrade 1 pmol of
hydrogen peroxide in 1 min at pH 7.0 at 25 °C, while the
hydrogen peroxide concentration falls from 10.3 to 9.2 mM,
measured by the rate of decrease of A**® ™ (extinction
coefficient: 40 M 'em™ ).

Total GSH levels (t-GSH)

Tissues were homogenized (1:5, w/v) in 125 mM phosphate
buffer, pH 7.5 containing 6.3 mM EDTA. To 900 uL of the
homogenate, 100 L of trichloroacetic acid (30%) were
added and incubated in ice for 15min. Following cen-
trifugation at 11,000 g for 5 min, the clear supernatant was
assayed for t-GSH by using the Tietze recycling assay
which involves the sequential oxidation of GSH by 5,5’-
dithio-bis(2-nitrobenzoic acid) (DTNB) and reduction by
NADPH in the presence of glutathione reductase (Tietze
1969).

Lipid peroxidation assay

Lipid peroxidation was determined by measuring the
amount of thiobarbituric acid reactive substances (TBARS).
Tissue homogenates were prepared in KCl 150 mM
(1:10 w/v) and then centrifuged at 1000 g for 5 min prior
to the reaction in order to eliminate the interference of
any insoluble pigments. To 1 mL of homogenate it was
added 0.5 mL of 20% trichloroacetic acid and 1 mL of
0.67% (w/v) thiobarbituric acid. After heating for 10 min
at 100 °C, the precipitated proteins were centrifuged and the
absorbance of the solution was measured at A = 530 nm. A

molar extinction coefficient of 1.56x10°M 'cm™!
was used. Tissue blanks were performed in all
determinations.

ACHKE activity determination

Tissues were homogenized in 20 mM Tris/HCI buffer, pH
7.5, plus 0.5 mM EDTA. Homogenates were centrifuged at
11,000 g for 20 min at 4 °C. AChE activity was measured,
in duplicate, in 100 mM phosphate buffer, pH 8, 0.2 mM
DTNB, acetylthiocholine iodide 0.75 mM according to the
method of Ellman et al. (1961). Activity was recorded
continuously at 412 nm. Rates were corrected for sponta-
neous hydrolysis of the substrate and non-specific reduction
of the chromogen by tissue extracts. The enzymatic activity

.1 .1
was expressed as pumol min~° mg protein” .

Protein content

Proteins were determined according to the method of Lowry
et al. (1951), using bovine serum albumin as standard.

Statistical analysis

Results were expressed as mean + S.D. Data were analyzed
by one-way ANOVA followed by Tukey HSD post-test by
using VassarStats (http://faculty.vassar.edu/lowry/
VassarStats.html). The level of significance used was
0.05. Prior to ANOVA, data were tested for normality and
homogeneity of variance using the Shapiro-Wilk and
Levene’s tests, respectively by using OriginPro 7.5.

Results

OT concentrations in freshwater and gastropod samples
from different sampling stations

Levels of OTs in freshwater and gastropod samples col-
lected from different sampling stations located at the lower
Rio de la Plata basin are presented in Table 2. The three
OTs were found in all freshwater samples excepting in
Olivos Port, where MBT was below the detection limit.
Mean values of TBT varied between 0.77 and 1.35ug L™".
In general, the breakdown products DBT and MBT were
present at lower concentrations than TBT.

Gastropods collected at Tigre sampling station presented
the highest TBT accumulation, followed by animals col-
lected at Escobar. In two sampling stations (San Fernando
and Olivos) no gastropods could be found, while the TBT
concentration in P. canaliculata from San Isidro was below
the detection limit. However, in these animals both DBT
and MBT were found. These results were in contrast with
the pattern observed in animals collected from Escobar and
Tigre since levels of DBT were lower than those of TBT,
and MBT was not detected.

OTs in female P. canaliculata chronically exposed to
TBT under laboratory conditions

Table 3 shows the levels of TBT and its breakdown pro-
ducts, DBT and MBT, found in female gastropods exposed
to 1 ug TBT L™ for 6 months. After the chronic exposure,
there was no mortality in any treatment. Gonads presented
the highest levels of TBT, followed by the cephalopedal
region, albumin gland and finally hepatopancreas (p <
0.05). Both metabolites, DBT and MBT, were found in all
tissues of gastropods but at comparatively lower con-
centrations than TBT (p < 0.05). Values of OTs in tissues
from control organisms were below the detection limits. In
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Table 2 Levels of TBT and its breakdown products, DBT and MBT, in freshwater and gastropod samples collected from coastal areas of the

lower Rio de la Plata basin (mean values and SD)

Escobar Tigre San Fernando San Isidro Olivos
Freshwater samples (ug Lh
n* 6 4 6 4 5
TBT 1.35 £ 0.08 1.15+0.05 1.07 £0.22 0.98 +0.17 0.77+0.15
DBT 0.51 +£0.09 0.42+0.11 0.75+0.15 0.44 +0.15 0.62 +0.07
MBT 0.78 +£0.12 0.39+£0.15 0.29+0.12 0.47+0.19 <0.24
Gastropod samplesb (ug gfl dw)
n? 6 6 0 7 0
TBT 0.59 +0.16 1.20+0.20 - <0.16 -
DBT 0.31 +0.08 0.36 +0.06 - 0.41+0.12 -
MBT <0.36 <0.36 - 0.31+0.14 -

n®: Number of samples

® Whole body soft tissues

Table 3 Levels of TBT and its breakdown products (DBT and MBT)
in different anatomical regions of female P. canaliculata exposed to 1
pg TBT L' for six months (mean values + SD) under laboratory
conditions

TBT (ugg~'  DBT (ugg '  MBT (ugg '

dw) dw) dw)
Cephalo-pedal  0.91 +0.22 0.13+0.03 0.12+£0.05
Gonads 2.44+0.77 0.39 +£0.07 0.55+0.11
Hepatopancreas  0.30 = 0.09 0.24 +0.11 0.18 +0.04
Albumin gland  0.58 +0.06 0.22 +0.02 0.11 +0.04

Mean values of 4 replicates of 6 gastropods each (n =24).

addition, all females P. canaliculata exposed to TBT
showed imposex (Fig. 2).

Biomarkers related to the generation of ROS

The biomarkers related to the generation of ROS selected
for this work are shown in Fig. 3. In comparison with
control organisms, SOD activity did not show any sig-
nificant difference in any tissue of TBT exposed gastropods
(p > 0.05). On the contrary, the CAT activity was increased
in all tissues analyzed (p < 0.05). The highest CAT activity
was observed in gonads, followed by hepatopancreas, and
finally cephalopedal and albumin gland (p < 0.05). Between
these last two tissues, no significant differences were
observed (p > 0.05).

Significant increases in t-GSH levels were observed in
the cephalo-pedal, hepatopancreas and albumin gland of
exposed female P. canaliculata in comparison with control
organisms (p < 0.05) (Fig. 3c). On the contrary, levels of t-
GSH were diminished in gonads of TBT exposed female
organisms (p < 0.05).

@ Springer

Figure 3d shows the levels of lipid peroxidation, mea-
sured as thiobarbituric acid reactive species (TBARS) in
different tissues of female P. canaliculata chronically
exposed to TBT. In all anatomical regions, values were
similar in both control and exposed organisms (p > 0.05).

Activity of AChE

Female P. canaliculata chronically exposed to TBT pre-
sented significant decreases in the AChE activity in the
cephalo-pedal and gonadal regions respect to control
organisms (p < 0.05) (Fig. 4). However, the activity in the
albumin gland remained unchanged (p > 0.05). The hepa-
topancreas tissue was not analyzed since many esterase
enzymes other than AChE may be present interfering with
the results.

Discussion

TBT and its principal breakdown products were detected in
all freshwater samples collected at the different sampling
stations located at the lower Rio de la Plata basin, excepting
Olivos. In this area, only the parent compound and DBT
were found. The concentrations of the breakdown products
were always lower than the values of the parent compound.
These results could reflect that those areas have not only
been subjected to a historical release of TBT but also to
present sources of contamination. In samples from Olivos,
where MBT was not detected, it could reflect a compara-
tively more recent contamination. In Escobar sampling
station there is a relatively small recreational port for fishing
and sporting activities. Among all stations, Tigre is
undoubtedly the main city in the delta area, attracting both
local and foreign visitors. It is located at about 32 km at the
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Fig. 2 External view of the
reproductive system of: (a)
control female P. canaliculata,
(b) female organisms exposed to
1 ug TBT L™ for 6 months,
where the area in red color
shows the presence of imposex

north of Buenos Aires, capital city of Argentina. The Tigre
Port has three inner docks. One is dedicated for tourist
excursions. Another concentrates the grocer’s boats that
supply the demands of the inhabitants. The last one is the
place to unload the timbered boats transporting wood from
the forested islands of the Parand delta. In San Fernando
recreational port there is also a pier for ships transporting
sand. The port located in San Isidro has been abandoned
during the last years and it has been subjected to multiple
sources of anthropogenic contamination. Olivos is princi-
pally a recreational port located along the big estuary of the
Rio de la Plata River.

This short survey establishes a baseline of OT con-
centrations in freshwater courses affected by commercial
and recreational ports in Argentina. The values found in this
survey were considerable higher than the concentration of
TBT recommended to protect the freshwater aquatic life
from chronic toxic effects (0.072 pg L™") (USEPA 2003).

Measurable concentrations of TBT were detected in the
whole body soft tissue of P. canaliculata gastropods col-
lected from Escobar and Tigre. Assuming that in the
environment a steady state could be reached, bioaccumu-
lation factors can be calculated as the ratio between TBT
concentrations in gastropods and the concentration in
waters. By this method, bioaccumulation factors of 437 and
1043 were observed in samples from Escobar and Tigre,
respectively. These values were expected because Tigre is
subjected to a higher traffic of ships and boats than Escobar.
In gastropods collected from San Isidro only DBT and MBT
were detected, possibly due to the abandoned conditions of
the port. No animals could be found in San Fernando and
Olivos sampling stations.

Since 2008 the use of TBT as antifouling in ship paints
has been banned by the International Marine Organization
(IMO). Several reports have documented a general trend of
decreasing TBT concentrations in marine waters, sediments

and biota from several ecosystems (Kim et al. 2011; Arp
et al. 2014). Some systems have shown a relatively rapid
recovery but others are still struggling (Matthiessen 2013).
In Argentina, the product was banned in 1998 (PNA 1998).
However, regular monitoring programs were not performed
to assess temporal variations. In addition, the available data
are mostly based on analyses of surface sediment samples
collected before 2008. In marine coastal areas of Argentina,
values of TBT from 1.9 up to 1370ng Sn g~ ' (dw) have
been found (Bigatti et al. 2014). For other South America
regions, the following ranges of TBT have been reported:
<2.0-2796 ng Sn g~ ' (dw) in ports located at the South of
Brazil (Bigatti et al. 2014); 84.1-1929 ng Sn g_1 (dw) in
coastal areas of the Venezuelan Caribbean Sea (Paz-Vil-
larraga et al. 2015); 14-1560ng Sn g~' (dw) in coastal
areas of Chile (Pinochet et al. 2009), and 12.7-99.5 ng Sn
gf1 (dw) in coastal areas of Ecuador (Castro et al. 2012).
According to surveys performed after 2008, decline trends
have been observed in sediments from the same coastal
areas of Chile (range = 0.8-122.3ng Sn g~ ') (Batista et al.
2016) and along the coast of Bahia Blanca Bay (Argentina)
(Quintas et al. 2016). In coastal areas of Ecuador, the
incidence of imposex has reduced from 2009 to 2012,
however, the phenomenon is still present (Rodriguez Gri-
moén et al. 2016). The banning of TBT covers its use in
commercial paint formulations but the compound is still
manufactured and available for other purposes. Therefore, it
can be present in handcrafted formulated paints. Besides,
the lack of strict controls and analyses to certify the banning
of TBT in paint formulations may contribute to the OTs
contamination.

For this short survey, analyses were performed on
freshwater samples to establish an environmental relevant
exposure level (1 pg L™") to conduct the laboratory chronic
study. Several authors have found that OTs bioaccumula-
tion in whole body soft tissues of gastropods collected at
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HP Alb Gland

gonads
= 16). Different letters indicate significant dif-

CP
Although it was not the main purpose of this work to

investigate the reproductive success in P. canaliculata,
TBT may also elicit several toxic responses other than
endocrine disruption. In vitro studies have revealed that this

reactive species (TBARS). CP cephalopedal region, HP hepatopan-
creas, Alb gland albumin gland. Mean values (+SD) of 4 replicates of

4 gastropods each (n

ferences at p < 0.05
imposex was observed in all female gastropods after the

chronic exposure. This result is in agreement with a pre-
same freshwater gastropod species exposed to 6 ug TBT
L' for 28 days. The mechanism involved in TBT induced
imposex still remains elusive. Several hypotheses have been
proposed: (a) TBT increases free testosterone levels in
rohormones that contribute to male sexual differentiation;
(c) TBT acts as an agonist of the retinoid X receptor, an
important regulator of male sex characteristics (Sternberg

female organisms; (b) TBT induces the secretion of neu-
et al. 2009).

vious report of Giraud-Billoud et al. (2013) who used the

Alb Gland

HP
DBT and MBT were

gonads

CP
The breakdowns products

Assuming that during the chronic exposure a steady state
pringer

could be reached, bioaccumulation factors were 2444 for

tomical regions of control female P. canaliculata (white box) and those
exposed to 1 ug TBT L™! for 6 months (gray box) (a) SOD activity;
(b) CAT activity; (c) total glutathione (t-GSH); (d) thiobarbituric acid
min gland and 300 for the hepatopancreas. Wang et al.
(2010) have also found the highest level of TBT in the
reproductive organs of marine whelks exposed to the same
concentration of TBT for 45 days under laboratory condi-

tions.
detected in all tissues from female organisms, indicating

Fig. 3 Biomarkers related to the generation of ROS in different ana-
their natural habitats did not differ between males and
females (Couceiro et al. 2009; Batista et al. 2016). This
consideration facilitates field monitoring programs but it
cannot be applied to investigate subcellular responses.
gonads, 910 for the cephalopedal region, 380 for the albu-
their ability to metabolize the parent compound. However,
both metabolites were present at comparatively lower pro-
portions than TBT.
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Fig. 4 AChE activity in different anatomical regions of female P.
canaliculata exposed to 1 ug TBT L~ for 6 months. CP cephalopedal
region, HP hepatopancreas, Alb gland albumin gland. Mean values
(+SD) of 4 replicates of 4 gastropods each (n = 16). Different letters
indicate significant differences at p < 0.05

compound is able to induce perturbations on lipid home-
ostasis, favoring the accumulation of fat; it causes immu-
notoxicity, and it negatively affects both cell and
mitochondria membrane functions (Pagliarani et al. 2013).
In vivo and in vitro studies have shown an increased gen-
eration of ROS that perturbs the cell antioxidant status,
leading to lipid peroxidation and protein carbonylation in
cerebral rat cortex (Mitra et al. 2013).

In all tissues of exposed female P. canaliculata only the
CAT activity showed higher values than controls, suggest-
ing an increase in the generation of ROS. Since lipid per-
oxidation did not occur in any tissue, it could be
hypothesized that the excess of ROS could be efficiently
neutralized by the enhanced levels of glutathione. Glu-
tathione plays a central role in maintaining the cellular
redox status and protecting cells from oxidative injury
(Dickinson and Forman 2002). This hypothesis cannot be
applied to gonads since a decrease in t-GSH was observed
in comparison to control gastropods. However, cells have
many other antioxidant defenses to neutralize ROS. It is
generally accepted that after a chronic exposure to sublethal
concentrations of contaminants it may result in an up-
regulation of the antioxidant defenses (Abele et al. 2012).

Depletion of antioxidant defenses may lead to oxidative
stress damage. On the contrary, their increases reflect the
ability of the organism to cope with the stressor. In agree-
ment with our results, Kim et al. (2011) did not found a
significant change in SOD activity in a marine copepod
species (Tigriopus japonicus) after an acute exposure (96 h)
to 1 ug TBT L™". On the contrary, a significant decrease in
SOD activity was reported in the haemolymph of the aba-
lone (Haliotis diversicolor supertexta) exposed to 10 and
30 ug TBT L™ after a 30 days exposure (Zhou et al. 2010).
On the other hand, Wang et al. (2005) have reported sig-
nificant increases in SOD and CAT activities in the hepatic

tissue of the marine fish Sebastiscus marmoratus after short
term exposures to TBT via i.p. injections. These authors
have also found increased levels of hepatic GSH (Wang
et al. 2005). No change in CAT activity was observed in the
bivalve mollusk Mytilus edulis exposed to TBT (10 and
1000 ng Sn Lfl) for 96 h (Devier et al. 2003). However,
direct comparisons with data reported in the literature are
difficult due to differences in the tissues analyzed, the
selected animal species, the route of administration, the
exposure time and the dose or concentration used.

The decrease in AChE activity found in gonads and in
the cephalopedal region could indicate that TBT and/or its
breakdown products (DBT and MBT) could induce neuro-
toxic effects in female P. canaliculata. Since long, the
activity of AChE has been recognized as a sensitive bio-
marker of both exposure and effect to organophosphate and
carbamate pesticides. However, many other metal and
organic pollutants are also able to inhibit this enzyme
activity (Labrot et al. 1996; Lang et al. 1997; Alves Costa
et al. 2007). Usually, the inhibition caused by these agents
is restored by transferring the organisms to clean water for
about 24 h. Depuration periods much longer than 24 h are
required when the enzyme is inhibited by organophosphate
pesticides. The inhibition caused by TBT in tissues of
female P. canaliculata was observed in animals that had
been depurated during a week. However, all tissues still
showed measurable levels of OT compounds as a con-
sequence of the bioaccumulation process that had taken
place during the chronic exposure. Therefore, it could be
expected an enzyme inhibition. Opposite to our results,
AChE activity was not modified in mussels (Mytilus edulis)
after an acute exposure to TBT (Devier et al. 2003) or in
tissues (muscle and brain) of the freshwater fish Hoplias
malabaricus after a subchronic dietary exposure (Rabitto
et al. 2005).

Conclusions

The field study confirmed the hypothesis that TBT and its
breakdown products were present in freshwater samples
collected from 5 sampling stations located along coastal
areas at the lower Rio de la Plata basin. Concentration levels
were considerably higher than the value recommended by
the US EPA to protect freshwater ecosystems. P. canali-
culata gastropods were only found in 3 of the 5 sampling
stations. They also showed a high bioaccumulation of OT
compounds.

The laboratory study demonstrated that female gastro-
pods chronically exposed to a concentration of TBT similar
to the values found in natural freshwaters accumulated OT
compounds and all of them presented imposex. According
to this study, gonads were the most affected tissue since
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they exhibited the highest TBT accumulation, an increase in
CAT activity, a decrease in t-GSH content, and an inhibi-
tion of the AChE enzyme. All these parameters could be
used as useful biomarkers of TBT exposure and effects. In
decreasing order, the cephalopedal region presented also a
great ability to accumulate OT compounds, followed by the
albumin gland and finally the hepatopancreas. In all these
tissues the CAT activity and levels of t-GSH were increased
in exposed gastropods. In addition, the activity of the AChE
enzyme was inhibited in the cephalopedal region. Accord-
ing to the TBARS values, lipid peroxidation did not occur
in any tissue. Therefore, TBT and/or its breakdown pro-
ducts were able to affect the cellular redox status and also to
induce neurotoxic effects in tissues of female P. canalicu-
lata. In this way, organisms may become susceptible in the
presence of an extra environmental challenger.
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