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Abstract
Tributyltin-based (TBT) antifouling paints, widely used for the treatment of flooded surfaces, have been banned in 2008 for their
high environmental persistence and bioaccumulation in aquatic organisms. Although it is still present in aquatic ecosystems,
oxidative stress driven by TBT has been still poorly investigated in fish. The aim of the study was to examine the time-course
stress responses in liver of rainbow trout that received a single intraperitoneal injection of tributyltin chloride (TBTC) or
tributyltin ethoxide (TBTE), both at a dose of 0.05 and 0.5 mg/kg. Levels of metallothioneins, total glutathione,
malondialdehyde, superoxide dismutase, catalase, glutathione peroxidase and glutathione S-transferase were evaluated at 3
and 6 days post-injection. Tin load was measured in the muscle of the same fish. Differences were observed in the time-
course accumulation of tin with a clear dose-response relationship. Although individual oxidative stress biomarkers varied, the
biomarker profile indicated different stress mechanisms caused by both TBTC and TBTE. The weak induction of metal-trapping
metallothioneins and the changes of oxidative stress biomarkers suggested a stress-pressure in both TBT-treated trout, advising
for an ecotoxicological risk for freshwater ecosystems.
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Introduction

Organotin compounds and mainly tributyltin (TBT) are
organometals widely employed during the last decades in an-
tifouling paints, due to their broad-spectrum biocide activity
(Antizar-Ladislao 2008). Despite being appreciated for their
high effectiveness and performance on the hull of boats, their
excessive use along with high persistence caused an alarming
increase of the concentration of TBTs in harbours and marine
waters around the world, from 0 to 2929 ng Sn L–1 in Europe
(Ritsema et al. 1991), 500 ng Sn L–1 in South America (Santos
et al. 2009) and 378 ng Sn L–1 in North America (Valkirs et al.

1986). Furthermore, TBT has been declared one of the most
toxic chemicals ever introduced into the aquatic environment
(Goldberg 1986; Zuo et al. 2012; Revathi et al. 2013), leading
to devastating biological effects (e.g. immunotoxicity,
embryotoxicity, genotoxicity and endocrine disrupting prop-
erties) on mussels, fish, marine mammals and birds (Tolosa
et al. 1996; Lagadic et al. 2007; Antizar-Ladislao 2008;
Lopes-dos-Santos et al. 2014; Filipkowska and Lubecki
2016). Consequently, the use of TBT in antifouling coats
was limited by the European Community since 2003, and it
was banned by the International Maritime Organization
(IMO) since 2008 (https://www.imo.org/). Nevertheless,
after having banned, high environmental concentrations of
TBT are still found in marine and freshwater ecosystems
(Gao et al. 2017; Okoro et al. 2016; Quintas et al. 2019). In
Argentina and South Africa, TBT concentrations in seawater
ranged from 21.4 to 387 ng/L (Quintas et al. 2019) or 67 to
111, 290 ng/L, respectively (Okoro et al. 2016). Furthermore,
a recent study reporting for the first time the spatiotemporal
variability of TBT in surface freshwater under dynamic water
level conditions in the Three Gorges Reservoir Region in
China showed an extensive spatial distribution of TBT
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compounds across the investigated areas, and a maximum of
393.35 ng Sn/L in Zigui, the downstream region (Gao et al.
2017). These studies indicate an enduring release of TBT into
marine and freshwater ecosystems and can be yet persisting in
aquatic environments and in the food chain especially in those
areas in which their usage has not been totally restricted (Gao
et al. 2020). Therefore, the ecological risk driven by TBT can
still represent a current issue for aquatic populations and eco-
systems, particularly in freshwater, and the related scientific
field of research.

The impact of TBTs compounds has been widely and
strongly investigated in marine environments; however, less
consideration was expressed for the environmental risk of
these chemicals in freshwater ecosystems (Martínez et al.
2017). Although several toxicity mechanisms following
TBT exposure have been widely elucidated in fish species,
such as disruption of steroidogenesis in zebrafish Danio rerio
(McGinnis and Crivello 2011) and brown trout Salmo trutta (a
Marca Pereira et al. 2014) or reproductive effects such as
infertility in Japanese whiting Sillago japonica (Shimasaki
et al. 2006) and inhibition of gonad development in rockfish
Sebastiscus marmoratus (Zhang et al. 2009), others are still
debated. In this context, oxidative stress driven by TBT is still
poorly investigated in fish (Zhang et al. 2017a, b). As previ-
ously reported, TBT can lead to apoptosis activating the
caspase-dependent pathway via inositol 1,4,5-triphosphate
and ryanodine, following an overproduction of reactive oxy-
gen species (ROS) (Nakatsu et al. 2007). The latter can also
lead to severe oxidative damage (Nakatsu et al. 2007), such as
lipid peroxidation, protein oxidation and DNA damage
(Bernat and Długoński 2012; Ishihara et al. 2012). Increased
doses of tributyltin chloride (TBTC) were correlated with a
higher malondialdehyde (MDA) concentration, a toxic by-
product of lipid peroxidation and a decreased activity of the
main antioxidant enzymes, lysozyme and the content of im-
munoglobulin M in the liver of D. rerio (Zhang et al. 2017a).
Changes of lipid accumulation, oxidative stress and immune-
toxic effects were also confirmed by Zhang et al. (2017b) in
the muscle of rareminnowGobiocypris rarus, concluding that
TBTmay affect growth and health status of fish. Despite these
studies, to our best knowledge, there are no studies on the
effects of different tributyl compounds on the levels of oxida-
tive stress biomarkers in rainbow trout Oncorhynchus mykiss.

In aquatic species, the levels of those biomolecules in-
volved in antioxidant and detoxifying defence can be used
as informative biomarkers to investigate the oxidative stress
exerted by xenobiotics (Al Kaddissi et al. 2012, 2014; Cozzari
et al. 2015; Elia et al. 2007, 2017, 2018, 2019, 2020; Magara
et al. 2018, 2019). Metallothioneins (MTs) are proteins able to
bind heavy metals, acting as homeostatic buffers. Superoxide
dismutase (SOD), catalase (CAT), glutathione peroxidase
(GPx) and reduced glutathione (GSH) are involved in the
defence against the oxidative damages to biological

macromolecules transforming ROS in non-reactive com-
pounds. However, when antioxidant shield fails, free radicals
can lead to oxidation of biological membranes, following loss
of cell stability and overproduction of MDA. Glutathione S-
transferase (GST) is a phase II enzyme that catalyses the con-
jugation of GSH to the electrophilic centres of a wide range of
substrates by sulfhydryl groups, preventing their interaction
with biomolecules.

In this study, the rainbow trout O. mykiss was used as
experimental model recognised as standard, highly sensitive
species used in both regulatory testing and risk assessment
(Teather and Parrott 2006). The aim was to elucidate the
time-course pro-oxidant effects of two tributyltin compounds
(tributyltin chloride, TBTC, and tributyltin ethoxide, TBTE)
in the liver of this fish species. TBTC and TBTE were chosen
to investigate the possible different antioxidant mechanisms
related to the different compounds. A biomarker approachwas
carried out, measuring the levels of MTs, total glutathione,
MDA, SOD, CAT, GPx and GST. Tin accumulation was
recorded in trout muscle.

Materials and methods

Chemical preparation and rational

Tributyltin chloride (code T50202, purity 96%) and ethoxide
(code 251518, purity 97%) were purchased from Sigma-
Aldrich (Italy). Chemicals were administered by intraperito-
neal injection, in order to minimise the intra-species uptake
variability. Experimental concentrations of tributyltin were set
considering two theoretical concentrations of 100 and 1000
ng/l, which have been reported as sufficient to cause adverse
effects on the reproductive cycle of aquatic organisms
(Horiguchi et al. 2002; Revathi et al. 2014a, b). Then, we
based on the bioconcentration factor (BCF) in rainbow trout
of 406 for TBT (64 days, Martin et al. 1989) to derive the
expected dose of compounds inside fish after a prolonged
exposure. This experimental approach allows reproducing
the biochemical-molecular stress responses of a long-term ex-
posure in a shorter experimental period.

Tributyltin treatment

A single lot of rainbow trout was purchased from a local fish
farm. Ninety-six females (mean ± SD body weight 350.2 ±
10.9 g; total length 31.9 ± 2.8 cm) were acclimated for 10 days
in eight flow-through 1500-L indoor fiberglass tanks (12 spec-
imens each) filled with artesian well water (mean water tem-
perature 13.5°C, dissolved oxygen 8.7 mg/l) at the
Experimental Station of the Department of Agricultural,
Forest, and Food Sciences (DISAFA), University of Turin
(Italy).
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Prior the experiment, a preliminary 1-week treatment was
carried out to set the experimental dosages of TBT. A stock
solution of 5 mg/ml was prepared for each TBTC and TBTE
compounds dissolved in DMSO. Twenty-four fish were
anaesthetised with ethyl 3-aminobenzoate methane
sulphonate (MS 222; 100 mg/L, Sigma-Aldrich, St. Louis,
MO) and then given an i.p. injection of an appropriate volume
of stock solution to obtain an internal dose of 0.5 mg/kg TBT.
As tributyltin compounds were dissolved in DMSO, each con-
trol fish received an i.p. injection of the carrier. All rainbow
trout survived during the 1-week trial.

Therefore, we selected two TBT dosages for the treatment
conditions: 0.05 and 0.5 mg/kg TBTC or TBTE. At the start of
the experiment (T0), sixty rainbow trout were anaesthetised
withMS-222 (100mg/L), and then given a single i.p. injection
of TBT at the chosen doses. The five experimental groups
(12 fish, respectively) were tributyltin chloride (TBTC,
0.05 and 0.5 mg/kg), tributyltin ethoxide (TBTE, 0.05
and 0.5 mg/kg) and one control group. The control group
received only the DMSO. The treatment was conducted
under the same acclimatisation conditions. Specimens
were fed twice a day with commercial diet (Skretting) at
1% of body weight (bw)/day. No lethal effects were re-
corded. At 3 and 6 days post injection, six fish from each
treated and control group were collected and euthanised
with an overdose of MS-222 (250 mg/L). Each fish was
weighed and total length measured. Liver and muscle
were removed, washed in saline solution, dried and stored
immediately at −80°C for biochemical and chemical
analysis.

Chemical analyses

Dorsal fillet samples were collected from each specimen. For
digestion, 1.5 g of each tissue was placed into a Teflon pres-
sure vessel, and concentrated nitric acid and hydrogen perox-
ide 30% v/v were added. The samples underwent microwave
digestion for mineralisation. After cooling, the digested sam-
ples were transferred into 50-ml measuring tubes. The inner
walls of the Teflon pressure vessels were rinsed with ultrapure
distilled water, and the rinse water was transferred into the
tubes. Ultrapure distilled water was then added to the tubes
to a final volume of 50 ml. Quantification of copper and tin
was performed by a Thermo Xseries II ICP-MS instrument
(Thermo Scientific, Germany) equipped with a CETAC ASX
500 Model 520 (CETAC Technologies, USA) auto sampler
and a peristaltic pump nebuliser. Accuracy of analysis was
tested using certified reference material (NRCC-DORM-2
Dogfish muscle, National Research Council of Canada,
Ottawa, Canada). Concentrations measured in reference ma-
terial fulfil the range of the certified values. LOQ of method
was 0.020 mg/kg for both copper and tin.

Biochemical analyses

All assay conditions for oxidative stress biomarkers were per-
formed according to the original methods as previously report-
ed in Elia et al. (2017).

Metallothionein (MT) levels were measured in 3 pooled
samples of two livers each for a total of 6 individuals per
treatment group. Samples were homogenised (1:4) in a buffer
containing 0.02 M 2-amino-2-hydroxymethylpropane-1,3-di-
ol (TRIS/HCl), 0.5 M sucrose, 0.1 mg/ml bacitracin, 0.008
TIU/ml aprotinin, 87 μg/ml phenylmethylsulfonyl fluoride
(PMSF) and 0.1 μl/ml α-mercaptoethanol. The homogenates
were centrifuged at 14500×g, and the cytosolic fraction was
added with chloroform/ethanol and HCl/ethanol to obtain the
partially purified MTs fraction. Pellets were washed with eth-
anol/chloroform/Tris–HCl solution (87:1:12) and suspended
in 0.25M NaCl. A destabilizing solution (HCl 1N + ethylene-
diaminetetraacetic acid [EDTA] 4 mM) and Ellman’s reagent
(DTNB, 5,5′-dithiobis-(2-nitrobenzoic acid)) were added to
each sample. The absorbance was measured at 412 nm and
compared with that obtained from a standard curve with re-
duced glutathione (1 mg/ml GSH). MTs are reported as μg/g
of tissue.

Malondialdehyde (MDA) levels were analysed in liver ac-
cording to the method previously reported in Pacini et al.
(2013). Each liver sample (0.2 g) was homogenised (1:10) in
20 mM 2-amino-2-hydroxymethylpropane-1,3-diol
(Tris/HCl), pH 7.4 and 0.5 M hydroxytoluenebutylate
(BTH), and then centrifuged at 3000×g for 20 min at 4°C.
The supernatant was derivatized in 1-methyl-2-phenylindole
(10.32 mM in acetonitrile/methanol 3:1), HCl and buffer so-
lution (Tris/HCl, pH 7.4) with standard sample or MDA (0–
4 μM of 1,1,3,3-tetramethoxypropane). All samples were in-
cubated at 45°C for 60 min, then centrifuged at 15,000×g for
10 min and read spectrophotometrically at 586 nm. MDA is
reported as nmol/g of tissue.

Total glutathione (GSH+2GSSG) was measured in each
sample according to the method reported in Dörr et al.
(2020). Liver was homogenised (1:5) in 5% sulfosalicylic acid
with 4 mM EDTA, then centrifuged at 30,000×g for 15 min.
The assay was performed in potassium phosphate (KP) buffer
100 mM pH 7, EDTA 1 mM, NADPH 4 mg/ml and DTNB
1.5 mg/ml both dissolved in 0.5% NaHCO3 and GR 1U. The
oxidised glutathione was used as the standard, and the absor-
bance was read at 412 nm. GSH+2GSSG is reported as nmol/
g of tissue.

For enzyme analyses, liver (0.2–0.3 g) of each trout was
homogenised (1:10 w/v) in 100 mM Tris buffer, pH 7.8,
100 μM phenylmethylsulfonyl fluoride (PMSF), 0.1 mg/ml
bacitracin and aprotinin 0.008 TIU/ml. Then, the samples
were centrifuged at 18,000×g for 20 min and at 50,000×g
for 1 h at 4°C to obtain the cytosolic fraction. The analysis
of SOD was performed in 50 mM Na2CO3 + EDTA 0.1 mM
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pH 10, 500 mM cytochrome C, 1 mM hypoxanthine and
xanthine oxidase. The reduction of cytochrome C by the
xanthine/hypoxanthine system was measured at 550 nm with
a standard curve of SOD units. SOD is reported as U/mg of
protein. CAT activity was measured at 240 nm using 100 mM
sodium phosphate buffer (NaH2PO4 + Na2HPO4) pH 7,
12mMhydrogen peroxide (H2O2) and sample. CAT is report-
ed as μmol/min/mg of protein. GPx activity was determined at
340 nm using 100 mMNaH2PO4 + Na2HPO4 buffer + EDTA
1 mM pH 7.5, 1 mM sodium azide (NaN3), 0.12 mM
NADPH, 2 mM GSH, 1U GR, 0.6 mM H2O2 and sample.
GPx is reported as nmol/min/mg of protein. GST activity
was measured at 340 nm using 100 mM NaH2PO4 +
Na2HPO4 buffer pH 6.5, 1 mM GSH, 1 mM 1-chloro-2,4
dinitrobenzene (CDNB) and sample. GST is reported as
nmol/min/mg of protein. Protein concentration was deter-
mined according to the method of Lowry et al. (1951) and
used to normalise the cytosolic enzyme levels. All biochemi-
cal analyses were performed in triplicate for each liver sample
with a Varian spectrophotometer (Cary 50 Thermostat Cell
Holder) at a constant temperature of 25°C.

Statistical analysis

Data are reported as mean and standard deviation (SD).
Normality of all data was determined using the Shapiro-
Wilk’s test. Statistical analysis of significance was evaluated
following two-way ANOVA (p <0.05) with Tukey’s multiple
comparisons test. Statistical evaluations were performed using
GraphPad Prism software. Principal component analysis
(PCA) was performed to check for trends in biomarkers levels
and Sn concentration considering both control and treated
groups (TBTC and TBTE) at 3 and 6 days post injection.
The PCA results were plotted using open-source data analysis
software RStudio® version 1.1.463 (RStudio, Inc.)

Results

Chemical analysis

During the trial, no lethal effects were recorded. Tin concen-
tration in control muscle did not markedly vary (3 and 6 days
<0.020 mg/kg, n = 6) at both endpoints. A dose-dependent
increase of tin levels (sevenfold) was recorded in muscle of
both TBTs with an early metal load measured in TBTC fish
(Fig. 1).

Biochemical analysis

Metallothionein levels increased significantly at 6 days in
trout treated with the lower dose of both TBT compounds
(twofold) (Fig. 2); two-way ANOVA analysis (Table 1)

showed significant effect on time (p = 0.0017), treatment (p
= 0.0016) and interaction (p = 0.0334). At 3days, MDA levels
were higher in trout exposed to the highest concentration (0.5
mg/kg) of TBTC and TBTE (threefold) and at 6days remained
still high (onefold) only in TBTE specimens (Table 2). For
this biomarker, effect of treatment (p < 0.0001) was found
significant (Table 1). No changes in total glutathione levels
were recorded among treatments and control groups in both
experimental endpoint (Table 2), although effect of time (p =
0.0015) and interaction (p = 0.0253) between time and treat-
ment emerged (Table 1). At 6days, a lower SOD enzyme
activity (50%) was measured in fish exposed to 0.5 mg/kg
of both tributyltin compounds (Table 2). The results of two-
way ANOVA showed significant effect on time (p = 0.0004),
treatment (p = 0.0137) and interaction between time and treat-
ment (p = 0.0114) in liver (Table 1). At 3days, CAT levels
increased (50–90%) following both TBTC concentrations
(0.05 mg/kg and 0.5 mg/kg), and a 60% reduction was ob-
served in TBTE-exposed fish (0.05 mg/kg) (Table 2). Highly
significant effect (p < 0.0001) of treatment and interaction on
enzyme activity was recorded (Table 1). GPx activity in-
creased at 3days (80%) following both TBTC concentrations
and at 6days (onefold) only in trout treated with 0.5 mg/kg
TBTC (Table 2); a significant effect (p = 0.0003) was found
only for treatment (Table 1). At 0.5 mg/kg, GST levels in-
creased following TBTC (30%) and was lowered following
TBTE treatment (50%) (Table 2). The results of two-way
ANOVA showed significant effect on time (p = 0.0106), treat-
ment (p = 0.0036) and interaction between time and treatment
(p < 0.0001) in the analysed tissue (Table 1).

PCA analysis

The PCA analysis (Fig. 3) showed that the first (Dim1) and the
second (Dim2) components accounted for meaningful
amounts of the total variance (52.6%): PC1 explained 28.4
% of the total variance and was positively correlated to GPx
and Sn, and negatively correlated to GSH+2GSSG and SOD.
This outcome suggests that these variables contrast with each
other. If we have an increase (or a decrease) of one, then the
other one tends to increase (or decrease). PC1 can be defined
as a measure of time of exposure, since all 6-day post injection
groups are located in the right part of the plot in relation to
increasing concentration of Sn and GPx activity. On the other
hand, SOD activity is located in the left part, since it decreased
at 6 days post injection. PC2 explained 24.2% of the total
variance and was positively correlated with GST and CAT.
PC2 can be defined as a measure of the treatment. The control
(CRT) and treatment (TBTE and TBTC) groups are arranged
according to biomarkers levels. Control groups (3 and 6 days
post injection) and liver samples at 3 days post injection of
0.05 mg/kg TBTC are located in the left part of the plot, in
correspondence to higher levels of SOD and GSH+2GSSG.
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Instead, liver samples from fish at 6 days post injection of both
TBTE and TBTC concentrations (0.05 mg/kg and 0.5 mg/kg)
are in the right part of the plot, in relation to higher values of
MTs, GPx and Sn. Liver samples at 3 days post injection of
both TBTE concentrations (0.05 mg/kg and 0.5 mg/kg) are
clearly separated from the other, since they are located on the
lower left part of the plot, indicating lower correlation with all
biomarker levels. On this path, also samples at 3 days post
injection of 0.5 mg/kg TBTC are located in the central higher
part of the plot, in relation to higher levels of CAT and GST.

Discussion

In the present study, the effects induced by both tributyl-
tin compounds (TBTC and TBTE) in rainbow trout were
assessed after administration of a single i.p. injection. The
contamination route used in our study did not simulate the
realistic metal exposure in wild fish; however, it may be
considered a useful approach to reduce confounding

factors such as inter-individual variability of metal uptake
and related biological responses. We measured the chem-
ical and biochemical changes for 6 days, assuming that
after one antifouling compound injection, fish would
show an early response.

Time/dose-dependent accumulation of tin in muscle was
recorded in TBT-treated trout. This outcome is in line with
previous studies on marine and freshwater fish (Harino et al.
2000; Martin et al. 1989; Oshima et al. 1998) and was expect-
ed, since it is well known that tributyltin bioconcentration
factor (BCFs) in fish is high, ranging from hundreds to several
ten thousand (Harino et al. 2000). In particular, Martin et al.
(1989) showed that in rainbow trout, Salmo gairdneri TBT
can accumulate in tissues with a BCF of 406. Whether it is
assimilated through gills, food or by injection, TBT accumu-
lation in fish may vary (Martin et al. 1989; Oshima et al.
1998). As reported byMartin et al. (1989), TBT accumulation
in rainbow trout was in the order of liver > gill > blood >
muscle after 15 days of exposure. On the contrary, Oshima
et al. (1998) showed a significantly higher concentration of

Fig. 1 Tin concentration in muscle of rainbow trout treated with
tributyltin chloride and tributyltin ethoxide (0.05 and 0.5 mg/kg of each
compound). CRT control, TBTC tributyltin chloride, TBTE tributyltin

ethoxide. Muscle of each group was analysed individually. Different
letters (a, b, c) indicate statistical significant differences (p<0.05) between
experimental groups (CRT, TBTC and TBTE) at the same time point

Table 1 The results of two-way
ANOVA of time, treatment and
interaction (time × treatment) of
tributyltin chloride (TBTC) and
tributyltin ethoxide (TBTE) on
oxidative stress biomarkers in
liver of rainbow trout

F time Time F treatment Treatment F interaction Interaction

MTs 1, 2 585.10** 4, 8 12.62** 4, 8 4.52*

MDA 1, 3 0.32 4, 12 43.83*** 4, 12 2.16

GSH+
2GSSG

1, 5 39.87** 4, 20 2.09 4, 20 3.50*

SOD 1, 5 68.10*** 4, 20 4.11* 4, 20 4.30*

CAT 1, 5 0.29 4, 20 33.54*** 4, 20 12.78***

GPx 1, 5 4.14 4, 20 8.71*** 4, 20 2.75

GST 1, 5 15.77* 4, 20 5.55** 4, 20 15.60***

F indicates the F values following two-way ANOVA test

MTsmetallothioneins,MDAmalondialdehyde, GSH+2GSSG total glutathione, SOD superoxide dismutase, CAT
catalase, GPx glutathione peroxidase, GST glutathione S-transferase

Significant code ***p <0.001; ** <0.01; * <0.05
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TBT in serum than for liver and muscle in Japanese flounder
Paralichthys olivaceus and dab Limanda yokohamae, when
administered intraperitoneally with TBT. However, in both
studies, accumulation in muscle resulted lower than for liver
or blood. This evidence, along with the high dose-dependent
accumulation we measured in muscle of rainbow trout, sug-
gests a very high concentration of TBT in fish tissues and
related biological adverse effects in trout chronically exposed
to environmental concentrations between 100 and 1000 ng/L
(corresponding to 0.05 and 0.5 mg/kg), which are compatible
with most of the concentrations of TBT found in the Three
Gorges Reservoir region in China, with a maximum of
393.35 ng Sn/L in Zigui (Gao et al. 2017). Moreover, the
bioaccumulated TBT may be transferred via reproduction to

offspring (Nakayama et al. 2005). In our case, high tin muscle
level in TBTs may also suggest an alarming scenario of rising
of TBTs along the food-web and even spread in terrestrial
ecosystems. In fact, rainbow trout is predated by several car-
nivorous species, including birds such as white pelican
Pelecanus erythorhynchos and double-crested cormorant
Phalacrocorax auritus (Meyer et al. 2016). Therefore, it is
feasible that the spread of TBT load to terrestrial ecosystems
may lead to several harmful effects related to these com-
pounds even in non-aquatic species, such as oxidative dam-
ages, endocrine disruption and adipogenesis effect
(Lyssimachou et al. 2017).

Oxidative stress is the final outcome of a multistep process
occurring when pro-oxidant and antioxidant mechanisms are

Table 2 Oxidative stress biomarkers in liver of rainbow trout treated with tributyltin chloride (TBTC) and tributyltin ethoxide (TBTE)

Days CRT TBTC 0.05 mg/kg TBTC 0.5 mg/kg TBTE 0.05 mg/kg TBTE 0.5 mg/kg

MDA 3 16.41 ± 6.88c 22.69 ± 5.01bc 28.68 ± 6.33b 27.39 ± 8.40b 47.03 ± 8.56a

6 20.90 ± 8.76b 27.89 ± 8.04b 24.78 ± 2.13b 26.57 ± 3.29b 41.07 ± 7.94a

GSH+2GSSG 3 1339.78 ± 376.54a 1652.02 ± 397.69a 1663.85 ± 227.50a 1429.44 ± 227.24a 1223.65 ± 268.53a

6 1303.85 ± 235.29a 1236.43 ± 204.65a 878.74 ± 97.94a 1248.91 ± 101.26a 1160.61 ± 162.17a

SOD 3 15.05 ± 1.99a 16.50 ± 3.13a 15.24 ± 3.13a 12.91 ± 1.47a 15.61 ± 1.74a

6 12.70 ± 2.94a 11.58 ± 3.13ac 7.05 ± 1.70b 10.28 ± 1.49ab 7.59 ± 1.55bc

CAT 3 156.03 ± 26.78c 219.29 ± 18.31a 259.16 ± 50.04a 83.01 ± 10.83b 112.56 ± 28.15bc

6 170.13 ± 13.66a 175.10 ± 26.14a 167.22 ± 33.44a 143.67 ± 28.86a 160.31 ± 10.31a

GPx 3 25.28 ± 4.33b 39.75 ± 2.80a 40.04 ± 9.82a 26.13 ± 3.50b 33.54 ± 8.44ab

6 29.47 ± 8.23b 35.30 ± 9.10b 51.67 ± 6.52a 34.78 ± 8.65b 32.12 ± 8.69b

GST 3 136.41 ± 11.98c 123.32 ± 8.36bc 188.62 ± 18.00a 107.59 ± 20.34bc 87.07 ± 5.95b

6 153.50 ± 23.04a 139.06 ± 17.30a 124.17 ± 27.06a 146.95 ± 27.08a 155.59 ± 24.91a

Liver of each group was analysed individually. Data are reported asmean and standard deviation. Different letters (a, b, c) indicate statistically significant
differences (p<0.05) between control and treated groups (TBTC or TBTE) at the same time point

MDA malondialdehyde, GSH+2GSSG total glutathione, SOD superoxide dismutase, CAT catalase, GPx glutathione peroxidase, GST glutathione S-
transferase, CRT control

Fig. 2 Metallothionein concentration in liver of rainbow trout treated
with tributyltin chloride and tributyltin ethoxide (0.05, 0.5 mg/kg of each
compound). CRT control, TBTC tributyltin chloride, TBTE tributyltin

ethoxide. Liver of each group was analysed individually. Different letters
(a, b, c) indicate statistical significant differences (p<0.05) between ex-
perimental groups (CRT, TBTC and TBTE) at the same time point
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imbalanced. In this study, we elucidated for the first time the
different effects of TBTC and TBTE on levels of oxidative
stress biomarkers in rainbow trout O. mykiss. PCA analysis
provided a combination of the score (liver samples) and load-
ing plots (biomarkers), contributing to comprehend differ-
ences between treatment groups. In particular, it was
highlighted the separation between the treatment groups in
relation to the time of exposure which in turn affected the
biomarkers levels investigated. The levels of hepatic bio-
markers were also altered following TBT concentrations.
Furthermore, each tributyltin compound differently modulat-
ed the biochemical responses, suggesting a compound-
dependent regulation of antioxidant mechanisms.

MTs are documented as metal-chelating molecules
preventing the imbalance of antioxidant systems and conse-
quently lipid peroxidation (Cirillo et al. 2012). Therefore, the
delayed increase of MTs levels in the present study and the
subsequent weak activation of this key defence line against
metal toxicity resulted rather unexpected. At our best knowl-
edge, information on the mechanisms inducing MTs follow-
ing TBT exposure in rainbow trout is lacking. Already
assessed is that genes coding MTs are differently expressed
in response to the type of metal (Jahroudi et al. 1990).
Therefore, the diverse MTs response to each metal is not an
unusual outcome. In this study, although we did not measure

tin load in liver, high metal level at 6 days in muscle leads to
assume that the metal has not been adequately entrapped by
MTs, following oxidative stress.

MDA is universally considered a biomarker of oxidative
damage in fish, and previous studies showed a positive corre-
lation between biomarker levels and TBT exposure in fish and
rats (Wang et al. 2006; Mitra et al. 2014; Zhang et al. 2017a,
b). Similarly, in our study, TBTC and TBTE affected lipid
peroxidation showing early increased MDA levels in trout
treated with the higher concentrations. Although the exact
mechanism of TBT-induced dysfunction remains to be eluci-
dated, lipid peroxidation could be related to the ability of
tributyltin compounds to stimulate ROS production through
the activation of the mechanism of apoptosis caspase-depen-
dent, mediated by Ca2+ (Nakatsu et al. 2007). Moreover, the
increased MDA content in rainbow trout may also be related
to dibutyltin (DBT), as a degradation product of TBT. Indeed,
a mechanistic study reported the ability of DBT to induce
oxidative stress increasing intracellular ROS, mitochondrial
mass and mitochondrial ROS (Abouelregal 2014).

It is well known that lipid peroxidation products in fish
may be linked to upregulations of several antioxidant enzymes
such as SOD, CAT and GPx (Bagnyukova et al. 2006).
Mechanistic study on rat reported that TBT can directly inhibit
the expression of the prime molecular target against oxidative
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stress Nrf2-antioxidant system (Mitra et al. 2013). However,
previous studies on fish showed different effects of TBT on
antioxidant enzyme functionality, related to different doses or
animal species (Zhang et al. 2017a, b). Indeed, reduction of
SOD, CAT and GPx levels has been described in zebrafish
liver exposed to 10–100 ng/L TBTC (Zhang et al. 2017a)
whereas in the muscle of rare minnow exposed to 1–10 ng/L
TBT, enzyme activity was found higher than in control group
(Zhang et al. 2017b). Our results on rainbow trout may sug-
gest that both organotin molecules prompted an overload of
the two harmful species such as superoxide anion and hydro-
gen peroxide. Early enhancement of CAT and GPx activity in
TBTC-trout may account for a boosted antioxidant defence,
although both enzymes offset oxidative pressure only at lower
TBTC concentration, as also suggested byMDA contents. On
the other hand, an antioxidant compensation mechanism was
observed in fish treated with TBTE. Indeed, previous studies
on aquatic organisms have shown that, when CAT is
inhibited, GPx can also fulfil its role (Al Kaddissi et al.
2014; Cozzari et al. 2015). However, the higher MDA levels
measured in TBTE-treated trout at 6days, as well as the higher
muscle tin concentration, suggested a severe biological disor-
der caused by this organotin compound.

Effects of TBT on GST activity were studied during the last
decades on fish, showing contrasting results (Al-Ghais and Ali
1999; Padrós et al. 2003; Wang et al. 2005, 2006; Wu et al.
2007). In liver of Secastiscus marmoratus, GST activity was
induced after exposure to 19.3 μg/kg TBT for 4 days (Wang
et al. 2005), whereas the opposite outcomewas observed in arctic
charr (Salvelinus alpinus) exposed to 0.3 mg/kg TBT (Padrós
et al. 2003). On the other hand, Wang et al. (2006) found differ-
ent enzyme trend following different TBTC doses, with an in-
duced GST activity in liver of S. marmoratus exposed to 0.5 and
1 mg/kg TBTC and decreased one in fish treated with 5 and 10
mg/kgTBTC. These previous results suggest a different response
ofGST to TBT exposure, whichmay be related to different doses
or fish species. In the present study, GST levels were oppositely
altered at 3days in specimens treated with the highest concentra-
tions of both tributyltin compounds, increasing in TBTC-treated
fish and decreasing in TBTE group. Unlike TBTC, TBTE pro-
vided an early, transient but severe effect on GST in rainbow
trout, and then a return to the control enzyme level at 6 days
indicating a restoration of the detoxifying defence. Both TBT
compounds exert a time-related effect on GST activity.
Moreover, our results not only confirm the presence of a thresh-
old concentration of TBT to inhibit GST activity in fish, but also
suggest a compound-dependent relationship.

Conclusions

The present findings provide the evidence that both tributyltin
compounds may alter the levels of oxidative stress biomarkers

in a different manner, indicating that biological responses can
be related to dose, time and TBT compounds. Moreover, he-
paticMTs levels, as well as the concentration of tin detected in
muscle, suggested a failure of this pivotal biological defence
against metal toxicity. Further laboratory and field studies are
needed to have a deep knowledge about tributyltin dynamics
in different aquatic populations and ecosystems.
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