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ABSTRACT: The toxic effects of the organotin compounds (OTCs) monobutyltin (MBT), dibutyltin (DBT), and tributyltin
(TBT) were evaluated in vitro in a neuroblastoma human cell line. Mechanisms of cell death, apoptosis versus necrosis, were
studied by using several markers: inhibition of cell viability and proliferation, F-actin, and mitochondrial membrane potential
changes as well as reactive oxygen species (ROS) production and DNA fragmentation. The most toxic effects were detected with
DBT and TBT even at very low concentrations (0.1−1 μM). In contrast, MBT induced lighter cytotoxic changes at the higher
doses tested. None of the studied compounds stimulated propidium iodide uptake, although the most toxic chemical, TBT,
caused lactate dehydrogenase release at the higher concentrations tested. These findings suggest that in neuroblastoma, OTC-
induced cytotoxicity involves different pathways depending on the compound, concentration, and incubation time. A screening
method for DBT and TBT quantification based on cell viability loss was developed, allowing a fast detection alternative to
complex methodology.
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■ INTRODUCTION

Organotin compounds (OTCs) are manufactured and used by
industry in many applications: trisubstituted OTC tributyltin
(TBT) and triphenyltin (TPT) have been used extensively as
biocides in wood preservatives, in antifouling paints for boats
and cooling towers, as preservatives for cotton, textiles, paper,
and stain for buildings, as slimicides in industrial processes, as
molluscicides to prevent schistosomiasis, and as fungicides in
agriculture. Mono- and disubstituted OTCs are generally used
in mixtures as polyvinyl chloride (PVC) stabilizers and catalysts
and in glass coating.1 In particular, TBT entered marine and
freshwater ecosystems in considerable amounts, with registered
values >500 ng L−1 in North American and European marinas
prior to restrictions,2 causing extensive damage to nontarget
organisms3 and ecoxicological effects even at very low
concentrations, in the range of 1−10 ng L−1,4,5 and
accumulating in sediments and biota.6−8 For these reasons,
restrictions on TBT use were introduced in the mid-1980s;
nevertheless, butyltins persist in many areas at levels considered
to be chronically toxic to the most susceptible organisms.5

As a result, the European Union has included TBT
(tributyltin cation) in the list of priority pollutants, subjected
to cessation of emissions, discharges, and losses into water,
since the year 20019 and recently updated,10−12 to control its
fate in natural systems. Present and future restrictions will not
immediately remove TBT and its degradation products from
the marine environment,2 because they persist in the sediments.
Although the use of antifouling paints containing TBT has been
banned in many countries subjected to the Convention on the
Control of Harmful Antifouling systems on ships by the
International Maritime Organization (IMO),13 it is likely that
these compounds will continue to be produced and used as
biocides in other countries. In addition, they continue to be
used in material and wood preservatives. Furthermore,

monobutyltin (MBT) and dibutyltin (DBT), among other
OTCs, have been detected in drinking water served by PVC
pipes.14

OTCs are generally lipophilic contaminants sparingly soluble
in water, easily adsorbed to particulate matter in the aquatic
environment, and absorbed by bacteria and algae.2,15 Hence,
they accumulate in sediments, where they are relatively
persistent and can be taken up by benthic organisms and
incorporated into filter-feeding zooplankton, grazing inverte-
brates, and higher organisms such as fish, water birds, and
mammals.6−8,16

The major sources of organotin compound intake for
humans are dietary sources, such as seafood and shellfish,
food crops, and drinking water.17 It has been recognized that
organotins used in various consumer products (textiles, wood,
etc.) can migrate during normal use and contribute their
widespread presence in dusts from the indoor environment.17

The information on human exposure to butyltin compounds is
limited; some studies found TBT, DBT, and MBT levels in
human tissues and in wildlife in the range of 3−100 nM,18−20

and, in general, DBT was the main butyltin species deposited in
human liver.21 OTCs are rapidly distributed into the body upon
ingestion. In rats, daily administration leads to a continuous
increase of tributyltin oxide (TBTO) levels in different organs,
and it has been estimated that steady state conditions would be
reached in 3−4 weeks, thus indicating the bioaccumulative
nature of OTC contamination. Tissues that exhibited highest
accumulation of TBTO are liver, kidney, spleen, fat, and
testicles, both in rats and in mice.22,23 Although the
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bioaccumulation of OTCs in the brain has been probably less
studied because these substances have been mainly considered
as immunotoxic compounds, Omura et al. observed that
chronic exposure to tributyltin chloride (TBTCl) led to the
accumulation of this compound mainly in the brain of rats.24

Several animal experiments have suggested that the spectrum
of potential adverse chronic systemic effects of organotins in
humans is quite broad and includes primary immunosuppres-
sive, endocrinopathic, neurotoxic, metabolic, and enzymatic
activities, as well as potential activity affecting many organs and
physiological functions, as reproductive/teratogenic/develop-
mental disorders, and possibly carcinogenic activity.2 Acute
toxicity studies in rats revealed that the oral administration of
37 or 75 mg TBT per kg of body weight caused a dramatic
decrease in the levels of some neurotransmitters and a
inhibition or even suppression of ATPase activity.25 Alterations
in the levels of neurotransmitters have also been observed in
mice upon subacute oral exposure at concentrations from 1 to
125 ppm TBTCl for 1 month.26

Although the potential toxicity of organotins has been widely
reported, the critical target molecules for the mechanisms of
toxicity in humans remain unclear.2 To elucidate the target
molecules, conducted in vitro experiments have demonstrated
that butyltins exhibit endocrine-disrupting mechanisms.2

Triorganotins are potent inducers of apoptosis in various cell
types including neurons;27 at low doses, the TBT moiety
interacts selectively with critical thiol residues in the adenine
nucleotide translocator and opens the permeability transition
pore, thereby decreasing mitochondrial membrane potential
and releasing cytochrome c, a series of events consistent with
established mechanistic models of apoptosis.17

TBT has been shown to decrease the viability of human
promyelocytic leukemia cells HL-60 in culture in a time- and
concentration-dependent manner,28 inducing cell death in
different mammal cell types at submicromolar to micromolar
concentrations29 and even nanomolar concentrations.30 With
respect to the mechanisms of action, several biochemical
processes have been identified as targets for TBT, and some of
these are involved in fundamental processes such as
mitochondrial respiration, ion channels, steroidogenesis,
receptor activation, and gene transcription.2 One of the main
TBT and DBT toxicity mechanisms results in perturbation of
calcium homeostasis, mainly an elevation of intracellular
calcium concentration.28 Sustained increases in intracellular
Ca2+ can activate cytotoxic mechanisms, which results in
perturbations of cellular structure and function: the stimulation
of Ca2+-dependent proteases can result in a disruption of
cytoskeletal organization, and Ca2+-mediated phospholipase
activation can result in an impairment of mitochondrial
function with collapse of membrane potential and cessation
of ATP synthesis.31,32

Brain alterations caused by exposure to TBT have been
observed in vivo in several animal models,1,25,26,33 but in
contrast neurotoxicity is scarcely characterized in in vitro
studies.27,34 One TBT effect at cellular level is the inhibition of
mitochondrial ATP-ase,35 affecting any cell type, neurons, and
other nervous cells.36−38 Recently, some studies have shown
that DBT is a potent neurotoxicant in vitro at concentrations
that can be found in human tissues,14 and in vivo in rodents.39

In vitro cytotoxic studies show variable results, probably
related to the differences in toxicity and action mechanisms
from the different compounds and the variety of cell lines used
as well as the toxicant concentration range assayed. However,

the mechanism of its cytotoxicity has not been completely
established.27

Neuroblastoma has been successfully used to study
cytotoxicity, cell death, or apoptosis triggered by toxic
compounds.40−44 The aim of this study was to characterize
TBT, DBT, and MBT toxicity in neuroblastoma cell line
BE(2)-M17, in particular, at the cellular and molecular levels,
including features related with cell death and apoptosis. In
addition, the suitability of this cell line to develop a new in vitro
method for organotin quantification was also evaluated. The
rapid response and lower equipment requirements make
cellular bioassays an attractive alternative to conventional
analytical techniques for environmental monitoring.45 Partic-
ularly, the combination of chromatographic fractioning and in
vitro cell-based assay (CBA) offers a valuable tool for initial
screening;46 in addition, it allows an approach to the toxicity of
products destined for human consumption.47

■ MATERIALS AND METHODS
Reagents. Cell Culture Reagents. Ham’s F-12 nutrient mixture,

minimum essential medium Eagle, fetal bovine serum, nonessential
amino acid solution, glutamine, amphotericin B, PBS, and trypsin−
EDTA were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Gentamycin was purchased from Biochrom Ltd. (Cambridge, UK).

Organotin Compounds. Monobutyltin trichloride (MBT), di-n-
butyltin dichloride (DBT), and tributyltin chloride (TBT) were
purchased from LGC Standards (Teddington, Middlesex, UK). The
structures of the butyltins are shown in Figure 1.

Fluorescent Probes for Cell Assays, DNA Extraction, and Other
Reagents. The fluorescent probes AlamarBlue, CyQUANT Cell
Proliferation Assay Kit, MitoTracker Red CMXRos, Oregon Green
514 phalloidin, propidium iodide, and 6-carboxy-2′,7′-dichlorodihy-
drofluorescein diacetate were from Molecular Probes (Life Tech-
nologies Co., Carlsbad, CA, USA). The ApoTarget Apoptotic DNA
Ladder Detection Kit was from Invitrogen (Life Technologies). Midori
Green DNA stain was from Nippon Genetics Europe GmbH (Dueren,
Germany). The in vitro Toxicology Assay Kit TOX-7 (lactic
dehydrogenase-based) was from Sigma-Aldrich. All other reagents
were of analytical grade.

Cell Culture. The human neuroblastoma cell line BE(2)-M17 was
purchased from the European Collection of Cell Cultures (Health
Protection Agency, Salisbury, UK) and seeded on 25 cm2

flasks.
Culture medium consisted of Ham’s F-12 nutrient mixture and
minimum essential medium Eagle (1:1) supplemented with 1.2%
nonessential amino acid solution, 12% fetal bovine serum (FBS), 50
mg L−1 gentamycin, and 50 μg L−1 amphotericin B.41 Cell cultures
were incubated in a humidified atmosphere of 95% air and 5% CO2 at
37 °C. For microplate assays, cells were detached from the flasks by
incubation for 5 min with 1 mL of 0.25% trypsin−EDTA and seeded
in 96-well microtiter plates containing 200 μL of culture medium.
Microtiter plates were incubated for an additional 48 h to achieve 80%
of cell confluence and subsequently used for cytotoxicity assays.

Figure 1. Structures of TBT chloride, DBT dichloride, and MBT
trichloride (top to bottom).
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Cytotoxicity Assays. MBT, DBT, and TBT stock solutions were
prepared by dissolving in sterile DMSO to concentrations ranging
from 25 μM to 100 mM. These stock solutions were subsequently
diluted (1:1000) in cell culture medium to prepare working solutions
of concentrations ranging from 25 nM to 100 μM. For cytotoxicity
assays, culture medium was removed from microplate cell cultures and
replaced by 200 μL of OTC working solutions. Plates were incubated
for an additional period, between 1 and 48 h depending on the assay.
Cell Viability. Cell viability was assessed by the fluorescent reagent

AlamarBlue. After 4 h of incubation at 37 °C with OTC dissolved in
culture medium, 10% of AlamarBlue was added to cell cultures.
Fluorescence was measured in a Spectramax M5 microplate reader
(Molecular Devices Inc., Sunnyvale, CA, USA) at 560 nm excitation
and 585 nm emission.
Light Microscopy. Neuroblastoma cells were seeded on plates and

treated with different concentrations of OTC. After incubation, cells
were visualized with an Olympus optic microscope to observe cell
morphology and detachment. Images were recorded with a Leica color
digital camera (DFC 480).
Cell Proliferation. A CyQUANT Cell Proliferation Assay Kit was

used to quantify cell proliferation. After incubation with OTC, culture
plates were centrifuged (3000 rpm, 5 min). Supernatant was discarded,
and plates were stored at −20 °C until analysis, to allow efficient cell
lysis. On the day of the assay, a 1:20 CyQUANT cell lysis buffer
solution was prepared in Milli-Q water, and CyQUANT GR dye was
diluted (1:400) in the buffer solution. Then, 200 μL of this preparation
was added at each well, and microplates were incubated for 2−5 min at
room temperature protected from light. Fluorescence was measured at
485 nm excitation and 520 nm emission.43

Integrity of Plasma Membrane. Plasma membrane permeabiliza-
tion was evaluated by the measurement of two indicators: propidium
iodide (PI) uptake and release of lactate dehydrogenase (LDH), as
previously described.43,48 For the determination of PI uptake, cell
culture plates were centrifuged, washed once with 200 μL of
phosphate buffer saline (PBS) per well, and incubated for 1 min
with 100 μL of 15 μM PI per well. After centrifugation and a second
wash with 200 μL of PBS per well, fluorescence was measured at 535
nm excitation and 617 nm emission.
Release of LDH from treated cells was assessed by the LDH-based

toxicology assay kit (TOX-7). After incubation, 100 μL of cell culture
medium was transferred to clean microplate wells. Then, 200 μL of
reagent mixture was added to each well, and after incubation in the
dark at room temperature for 30 min, absorbance was measured at 490
nm in a Spectramax M5 microplate reader. Background absorbance at
690 nm was subtracted from the absorbance value at 490 nm.48 In
both assays, integrity of plasma membrane was compared to positive
controls (100% of plasma membrane damage) consisting of
neuroblastoma cells permeabilized with 0.1% Triton X-100 in PBS.
Depolymerization of F-Actin. After treatment with OTCs for 24 h,

cells were fixed with 18% formaldehyde and permeabilized with 0.1%
Triton-X in PBS to allow the uptake of Oregon Green. After rinsing
with PBS, 100 nM Oregon Green in PBS was added to the cell
cultures. Cells were then incubated at room temperature for 30 min
and rinsed again, and fluorescence was measured at 511 nm excitation
and 528 nm emission.41

Formation of Reactive Oxygen Species (ROS). A positive control,
consisting of cell cultures treated with 2% H2O2 in culture medium,
was incubated at the same time as cells treated with organotins. After
incubation for 24 h, plate cell cultures were centrifuged and washed
with PBS. Then, 200 μL of 10 μM 6-carboxy-2′,7′-dichlorodihydro-
fluorescein diacetate, di(acetoxymethyl ester), in PBS was added to
cultures and incubated at 37 °C for 30 min. Following this period, the
reagent was replaced by fresh culture medium, and cells were
incubated at 37 °C for 5 min. Fluorescence was subsequently
measured at 492 nm excitation and 522 nm emission.
Mitochondrial Membrane Potential. Changes in mitochondrial

membrane potential were determined using the fluorescent probe
MitoTracker Red CMXRos as described in the literature.48,49 An
aliquot of 50 μL of medium was removed from fresh cell cultures, and
50 μL of 4 μMMitotracker Red CMXRos diluted in PBS was added to

give a final concentration of 1 μM. Culture plates were incubated at 37
°C for 45 min and subsequently centrifuged and washed with PBS.
Fluorescence was measured at 579 nm excitation and 599 nm
emission.

Determination of DNA Fragmentation. DNA from neuroblastoma
cells was extracted using the ApoTarget Quick Apoptotic DNA Ladder
Detection Kit. DNA samples (100 ng) were loaded onto a 1.2%
agarose gel, and 5 μL of Midori Green as DNA stain was added. Gel
was run at 5 V cm−2 for 2 h and 20 min using Bio-Rad electrophoresis
equipment.

Statistical Treatment of Data. Results are expressed as the mean
± SEM of two or four experiments performed in triplicate. Statistically
significant differences among means were assessed by analysis of
variance (ANOVA) followed by a Tukey b test for post hoc multiple
comparisons at a level of significance of p < 0.05.

■ RESULTS
Cell Viability. To evaluate the effect of OTC on

neuroblastoma, we first studied the loss of cell viability after
exposure to these toxic compounds. Viability of neuroblastoma
cells was assessed after 24 h of incubation at five different
concentrations between 0.1 and 100 μM. In this assay, MBT
did not have any significant effect on the viability loss of
neuroblastoma cells. However, a concentration of 100 μM of
MBT seems to increase cell viability. At present we have no
explanation for this unexpected result. On the contrary, DBT
and TBT induced significant losses (p < 0.05) of cell viability
from the lowest concentration tested. In these conditions,
minimum values of cell viability, ranging between 32 and 45%,
were observed in cultures treated with ≥10 μM, TBT being
slightly more toxic than DBT (Figure 2).

A second trial was undertaken to establish a dose−response
relationship between DBT or TBT concentrations, from 25 nM
to 10 μM, and loss of cell viability (Figure 2, inset). For DBT,
loss of cell viability was significant from 100 nM, and almost
linear in the range from 100 nM to 2 μM. For TBT, significant
loss of viability was observed from 250 nM onward, linearity
being found between 250 nM and 2 μM (see also Figure 10).

Figure 2. Effect of MBT, DBT, and TBT on viability of neuroblastoma
cells incubated for 24 h with different concentrations of organotin
compounds. (Inset) Effect of DBT and TBT at very low
concentrations (0−10 μM) on viability of neuroblastoma cells treated
for 24 h. Means and SEMs represent data obtained from two different
experiments with four replicates each. Results are expressed as a
percentage of AlamarBlue relative fluorescence with respect to control
(untreated cells). ∗, p < 0.05.
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Cell viability reached minimum values at 2 μM for both
compounds.
Cell Morphology and Detachment. Morphological

changes and detachment from the substrate are events that
normally occur during cell death. Loss of viability was also
reflected in changes in cell morphology (Figure 3). Cells
incubated with low doses of MBT maintained the typical
neuron-like cell morphology, similar to control cells (Figure
3A), and only a slight rounding was observed at treatment with
100 μM MBT (Figure 3B). In contrast, treatments with DBT
and TBT caused loss of cell morphology at much lower
concentrations. Cells maintained their morphology at low doses
of DBT, 0.1 μM (Figure 3C), but appeared as a round mass
when incubated with 1 μM DBT (Figure 3D) or 0.1 μM TBT
(Figure 3E). At higher concentrations of these compounds,
cells completely lost their shape and detached from substrate,
forming clumps; moreover, a considerable amount of cell debris
was noticeable (Figure 3F).
Cell Proliferation. The influence of OTCs on cell

proliferation was studied next. All organotin compounds tested
had an adverse effect on neuroblastoma cell proliferation,
causing significant decreases after 48 h of incubation at all
concentrations tested. Minimum values of proliferation,
equivalent to 20% of control cultures, were obtained with
concentrations of 1 μM TBT and 10 μM DBT and higher,
whereas MBT showed lower toxicity (Figure 4). Exposure of
neuroblastoma cells to these pollutants for 24 h triggered
almost similar effects (data not shown).
Depolymerization of F-Actin. To study the role of the

cytoskeleton in mediating cell detachment and survival, the
effect of OTCs on F-actin was evaluated. Exposure to MBT for
24 h induced a slight, although not significant, F-actin
depolymerization. On the contrary, the depolymerization
caused by DBT and TBT was much stronger, and minimum
values of F-actin depolymerization (35−40%, p < 0.05) were
observed in treatments with concentrations of ≥10 μM (Figure
5).
Plasma Membrane Integrity. Two parameters were

evaluated to study plasma membrane damage: PI uptake and
LDH release.

Figure 3. Changes in neuroblastoma cell morphology upon incubation for 24 h with organotin compounds: (A) control cultures; (B) incubation
with 100 μM MBT; (C) incubation with 0.1 μM DBT; (D) incubation with 1 μM DBT; (E) incubation with 0.1 μM TBT; (F) incubation with 1
μM TBT.

Figure 4. Effect of MBT, DBT, and TBT on neuroblastoma cell
proliferation after 48 h of incubation with increasing concentrations of
organotin compounds. Results are expressed as percentage of
CyQUANT relative fluorescence with respect to controls (untreated
cells). Results are means and SEMs from two different experiments
with four replicates each. ∗, p < 0.05.

Figure 5. Depolymerization of F-actin in neuroblastoma cells induced
by 24 h of incubation with increasing concentrations of MBT, DBT, or
TBT. Results are means and SEMs from two different experiments
with four replicates each and expressed as percentage of F-actin with
respect to controls (untreated cells). ∗, p < 0.05.

Journal of Agricultural and Food Chemistry Article

dx.doi.org/10.1021/jf3050186 | J. Agric. Food Chem. 2013, 61, 4195−42034198



PI uptake was minimum in cells exposed to organotins for 24
h in comparison with positive controls permeabilized with the
surfactant Triton X-100. No differences among treated and
control cultures were observed (data not shown). With regard
to release of LDH, MBT and DBT did not cause any significant
effect, whereas treatment with the most toxic compound, TBT,
at 10 μM and higher doses led to a significantly higher (p <
0.05) release of LDH compared with control cultures (Figure
6).

ROS Production. The effect of organotins in the formation
of ROS inside neuroblastoma cells was studied next, because it
is known that ROS can contribute to cellular death. MBT
caused a significant increase of the formation of ROS at all
concentrations tested after 24 h of incubation (Figure 7). On
the contrary, DBT (data not shown) and TBT did not have
significant effects on ROS production.
Mitochondrial Membrane Potential. Mitochondria

assays allow the detection of changes in the early phase of

apoptosis. Alterations in the potential of mitochondrial
membrane were monitored at 1, 2, 4, and 24 h of incubation
with organotin compounds. No significant changes in
mitochondrial membrane potential in cultures incubated with
MBT were recorded (Figure 8A). DBT caused slight but

significant (p < 0.05) decreases in mitochondrial membrane
potential at high concentrations, 10, 50, and 100 μM (Figure
8B). In those cases, depolarization of mitochondrial membrane
was observed after 2 or 4 h of incubation. At 100 μM,
mitochondrial membrane potential recovered at 24 h. In cells
incubated with TBT, significant depolarization (p < 0.05) was
observed only after 4 h of incubation with ≥10 μM
concentrations (Figure 8C).

DNA Fragmentation. DNA laddering is used to visualize
the endonuclease cleavage products of apoptosis. Incubation for
24 h with TBT at 50 and 100 μM and DBT at 100 μM caused
the fragmentation of DNA of neuroblastoma cells, which could
be observed as a “smear” in the electrophoresis gel (Figure 9).
On the contrary, lower concentrations of those contaminants or

Figure 6. Release of LDH by neuroblastoma cells after 24 h of
incubation with increasing concentrations of MBT, DBT, or TBT.
Results are means and SEMs from two different experiments with four
replicates each. ∗, p < 0.05.

Figure 7. Formation of ROS in neuroblastoma cells after 24 h of
incubation with increasing concentrations of MBT and TBT. Results
are means and SEMs from two different experiments with four
replicates each. ∗, p < 0.05.

Figure 8. Changes in mitochondrial membrane potential of neuro-
blastoma cells after incubation for 24 h with organotin compounds:
(A) MBT; (B) DBT; (C) TBT. Signs (∗) of statistical significance are
omitted for clarity.
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MBT at any of the concentrations tested did not cause DNA
fragmentation.

In Vitro Screening Method Development. Linearity
plots obtained for DBT and TBT at different concentrations
and loss of viability in neuroblastoma cells after 24 h of
incubation were represented, as shown in Figure 10.
Correlation coefficients >0.9 indicated a promising linear
regression adjustment of the obtained data, in the concen-
tration range from 0.1 to 2 μM. These preliminary results
indicate that the cell viability assay applied in the present study
could provide the bases for a suitable screening method.

■ DISCUSSION
In vitro model systems have been incorporated into neuro-
toxicity screens and mechanistic studies, because they focus on
changes at the cellular and molecular level rather than on
whole-animal morbidity. This allows the isolation and culturing
of cells specifically targeted by neurotoxicants and the
determination of cell viability following treatment with a toxic
compound.50 The butyltins are thought to target the immune
system, but in recent years more evidence supports the
hypothesis that butyltins are also potent neurotoxicants for the

adult and the developing nervous systems of vertebrates, not
only in experimental setups25,26,39 but also at environmental
levels through natural exposure in fish.33

In the present work we studied different cell markers of cell
death, including necrosis and apoptosis, to evaluate the
cytotoxicity triggered by MBT, DBT, and TBT.

Cell Viability. A reliable in vitro cell viability assay is a
critical component of any drug or neurotoxicant study.50 Our
results on cell viability agree with those previously obtained in
immortalized cell lines neuroblastomas, T- and B-cell lines,34

with a TBT 50% toxic concentration (TC50) ranging from 1 to
11 μM and in rat microglial cells and astroglial-microglial
cocultures,51 ranging from 0.7 to 1.1 μM. Minimum viability
was reached at 2 μM for TBT and DBT in the present study
(Figure 2), agreeing with other authors observing that neurons
from rat hippocampal slice cultures died with 5 μM after 24 h
of incubation with TBT, with severe damage to the
cytomembrane.52 Nevertheless, differences in sensitivity
among the diverse cell cultures and exposure times have been
already published in the literature.27,34 In our hands, similar
TC50 values, around 0.5 μM, were obtained with DBT and
TBT. DBT effect on cell viability was previously described in an
in vitro model of neuronal development in PC 12 cells, with
significant cell death at 0.3 μM,39 and in rat primary cultures of
cerebellar granule cells, with 50% cell viability at 0.3 μM.14 Our
data are concordant with the literature, showing that DBT is
clearly neurotoxic in vitro, with a reported potency equal to or
greater than that of the well-known neurotoxic organotin
trimethyltin (TMT).14 By contrast, MBT was not toxic at any
of the concentrations tested in this study, up to 100 μM.
Furthermore, the increased cell viability observed at the highest
MBT tested concentration might be correlated to the
observation that MBT induced a significant increase of ROS,
taking part in stimulating cell growth, as suggested by
others.53,54

Cell Proliferation. With regard to cell proliferation, a
correlation was noted between the suppression of the cellular
energy state and the inhibition of macromolecular synthesis and
cell proliferation caused by trialkyltin compounds.38 Anti-
proliferative effects of trialkyltin compounds were observed in
many cellular types and organisms and are consistent with our
results (Figure 4). Concentrations of ≥0.1 μM decreased cell
proliferation in a significant way. It was previously reported that

Figure 9. Effect of organotin compounds in DNA fragmentation on
neuroblastoma cells after 24 h of incubation. From left to right: DNA
ladder marker; treatment with 50 μM MBT, 100 μM MBT, 50 μM
DBT, 100 μM DBT, 50 μM TBT, and 100 μMMBT, respectively; and
positive control (cells incubated at 100 °C for 15 min to induce DNA
fragmentation).

Figure 10. Linearity plots obtained for different concentrations of DBT (left) and TBT (right) and loss of viability in neuroblastoma cells after 24 h
of incubation, represented as percentage of negative control (100%).
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micromolar concentrations of DBT effectively decreased DNA
and protein precursors, whereas the incorporation of uridine
into RNA was increased.38 DBT also affected the proliferation
of cultured rabbit chondrocytes. At the micromolar level, these
compounds inhibited the incorporation of DNA precursor,
whereas at lower concentrations, a stimulation of DNA
synthesis was noted.38

F-Actin Depolymerization. Changes in cell shape and
anchorage are associated with reorganization of actin filaments,
mostly depending on their intrinsic ability to rapidly assemble
and disassemble, indicating a key role of the actin cytoskeleton
in the complex network that engages membrane-related events
and signal transduction cascades.41 In this context, we observed
that DBT and TBT caused a significant degree of F-actin
depolymerization at concentrations from 1 to 10 μM,
consistent with changes in cell morphology (Figures 2 and
3), agreeing with complete loss of shape and detachment from
substrate. Moreover, these results correlate with a decrease of
cell viability and cell proliferation. There is an emerging view in
the literature indicating that cytoskeletal components are
involved in downstream signal transduction pathways closely
related to cell survival/cell death and one form of apoptosis,
termed anoikis, mediated by different signal transduction
pathways.41

Plasma Membrane Integrity. In relation to plasma
membrane integrity, we did not obtain significant effects of
toxicants MBT, DBT, and TBT on PI uptake in the range of
0.1−100 μM. In contrast, other authors obtained significant PI
uptake after exposure to 5 μM TBT for 24 h, which indicated
that chronic TBT treatment resulted in severe cell damage in
hippocampal slice cultures.52 The same authors observed that
TBT exerted a regionally different neurotoxicity in different
hippocampal subregions, with varying vulnerability.52 Also,
these differences might be related to the cell type, as previously
described.38 This result is consistent with an apoptotic cell
death as was reported for some OTCs, proving that apoptosis
occurs without loss of membrane integrity and, hence, with no
uptake of PI.14 More studies suggest that the dead or damaged
cells after TBT exposure occur by an apoptosis-like process.52

With regard to release of LDH, other authors observed that
extracellular LDH activity increased 24 h after exposure to
concentrations of TBT as low as 2.5 μM55 in primary
astrocytes, whereas in our cell model a significant effect of
TBT was triggered at ≥10 μM. TBT was also reported to
produce dose−response curves with discernible cytotoxicity
occurring at a concentration of 2.5 μM and maximal cell death
at 10 μM,55 agreeing with our results on cell viability. A longer
exposure to contaminant TBT produced significant increases in
LDH release and complete cell death at a lower TBT
concentration, 5 μM.55 In the present study, only TBT caused
a significant release of LDH from concentrations of ≥10 μM
showing that, although cells are still viable, because there is lack
of PI uptake, plasma membrane is injured, as shown by the
experiments of LDH release.
ROS Production. The process of cell injury or cell death

often involves free radical generation, and TBT toxicity was
suggested to be mediated by ROS, which might contain H2O2
more predominantly than O2

−.52 In our results formation of
ROS is detected only with MBT; however, it was reported that
TBT neurotoxicity may require endogenous H2O2 and O2

−

rather than TBT itself producing harmful ROS.52 In this
context, the involvement of other types of radicals, including
nitric oxide, in TBT toxicity is possible.52 Also, some studies

reported that ROS generation in OTC-induced toxicity is
dependent on the toxicant, the concentration, and the exposure
time.56 On the other hand, the effect of MBT on the increase in
both ROS and cell viability, is remarkable with a possible
connection related to the beneficial effects at low−moderate
concentrations of ROS, as suggested above in the present
discussion. It has been described that cells generate ROS to be
used in the induction and maintenance of signal transduction
pathways involving cell growth and differentiation.53

Mitochondrial Membrane Potential and DNA Frag-
mentation. Several concentrations were tested to determine
the involvement of mitochondria in OTC-induced cytotoxicity.
Only DBT and TBT at the higher concentrations used
triggered a slight decrease in mitochondrial membrane
potential, statistically significant at 4 h of incubation. Similar
results were found in relation to DNA laddering because only
DBT and TBT at high doses are able to produce a ladder-like
pattern of DNA after a 24 h exposure. These findings indicate
that the mitochondrial pathway is activated as well as DNA
fragmentation, but they are not the main mechanisms
responsible for the cell death induced by these compounds.

In Vitro Screening Method Development. In vitro
cytotoxicity assays are an alternative to analytical methods,
time-consuming and expensive, for a rapid screening of the
compounds of interest based on their mechanism of action.
Human neuroblastoma cells have been successfully applied for
the sensitive detection of toxic substances, based on functional
activity.42,57,58 Our preliminary results point out at a linear
relationship between the fluorescence obtained in the assay
AlamarBlue, indicative of cell viability and TBT and DBT
concentration in the range of 0.1−2 μM. This could provide the
bases for a suitable screening method, alternative to long and
expensive analytical techniques, such as gas chromatography
coupled to mass detection (GC-MS). An analytical method
employed for producing extracts suitable for both biological
testing with cell cultures and quantitation of OTC compounds
by GC-MS is being developed at present in our laboratory.
In summary, in our cell model DBT and TBT can induce cell

death by necrosis and apoptosis because these mechanisms are
not mutually exclusive and this depends on the compound,
concentration, and exposure time. Other authors have reported
similar findings.14,29 In fact, this result could be due to the
correlation between cytotoxicity and lipophilicity,14,39,59 which
may involve interaction between the butyltins and the surface
of the cell membrane.60 A higher lipophilicity of TBT (octanol/
water partition ratio, log Kow = 3.89)61 compared to DBT (log
Kow = 1.49)61 and MBT (log Kow = 0.41)62 was previously
described. On the basis of log Kow, TBT is more lipophilic and
may penetrate the cell membrane and adhere to and denature
membrane proteins.60 The toxic effects of OTC are connected
to high bioavailability (given by lipophilicity) and a slow
biodegradation; the toxicity varies depending on the length of
the alkyl and aryl groups and increases in the order MBT <
DBT < TBT for certain end points, for example, endocrine
disruption.62

At present TBT is included as a priority substance within the
European Union, but taking into account that DBT is one of
the most common OTCs found in some geographical
locations,62 this compound should be also considered in future
risk assessment. More experiments are being done in our
laboratory to further explore cytotoxicity induced by OTCs in
neuroblastoma cells.
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