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ABSTRACT
According to the developmental origins of health and disease hypothesis, perinatal exposure to an environmental toxicant dur-
ing the development of the nervous system could cause a permanent cellular modification that may promote the appearance 
of neurodegenerative diseases at an older age. Tributyltin chloride is an environmental pollutant that, among other effects, 
provokes a dysfunction of the oxidative phosphorylation system and has adverse effects on the nervous system. We studied neu-
ronal differentiation of human neuroblastoma cells and neural stem cells in the presence of tributyltin chloride concentrations 
found in human blood (≤ 100 nM), and brain development in two-year-old mice after perinatal exposure to tributyltin chloride 
(≤ 1000 nM). Pregnant mice (8–9 weeks old) were exposed to TBTC (0, 100, 500, or 1000 nM) via drinking water throughout ges-
tation and lactation and ended upon weaning of the pups. Genetic-molecular, biochemical and cellular studies were performed 
on human SH-SY5Y neuroblastoma cells and on neural stem cells differentiating into neurons. In addition to these studies, 
histological studies of the brain and functional tests were performed in two-year-old mice. A decrease in the oxidative phospho-
rylation activity, essential for the proper function of the nervous system, affected neuronal differentiation of human neural stem 
cells and neuroblastoma cells in vitro. Exposure to this compound during pregnancy and lactation resulted in a modification of 
global deoxyribonucleic acid methylation levels in 2-year-old mice. Additionally, various histological changes were detected in 
the brains of these mice. Therefore, the alteration of brain development with long-term consequences may be one of the manifes-
tations of early exposure to tributyltin.

1   |   Introduction

Tributyltin (TBT) was extensively utilized as a biocide in anti-
fouling paints, among other applications. Its widespread use and 
slow breakdown in the environment have led to significant con-
tamination of human food and water sources [1]. In fact, various 
studies have detected TBT concentrations in human blood rang-
ing from 8.3 to 293 nM [2]. Due to the off-target effects caused by 
TBT, its use in paints was globally banned [3]. However, despite 

efforts to halt the trade of TBT, the production of TBT-based 
paints continues [4].

The proton channel of adenosine triphosphate (ATP) synthase 
[complex V (CV) of the oxidative phosphorylation (OXPHOS) 
system] is a key target for TBT chloride (TBTC) [5]. Animal stud-
ies have shown that mitochondrial respiration is significantly 
reduced in mitochondria from the digestive gland of mussels, 
ox heart, and mouse or rat liver when treated with TBTC [6–10]. 
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Similarly, in human cell lines such as osteosarcoma 143B, adeno-
carcinoma A549, and adipose tissue-derived stem cells, oxygen 
consumption was reduced when exposed to 50–100 nM TBTC 
[11, 12]. Indeed, significant negative correlations between TBTC 
concentrations and oxygen consumption were observed in these 
tumor cells [12]. Previous research demonstrated that TBT at 
concentrations between 25 and 250 nM reduced ATP levels in 
human cells like natural killer cells, adrenocortical H295R cells, 
osteosarcoma 143B, adenocarcinoma A549, embryonic carci-
noma NT2/D1, and rat thymocyte [12–16]. Moreover, negative 
correlations between TBTC levels and ATP concentrations were 
also significant [12]. In other research, a reduction in mitochon-
drial inner membrane potential (MIMP) was observed when 
mouse thymocytes, human adenocarcinoma A549 cells, rat 
myocytes, and bovine sperm were exposed to 10–100 nM TBT 
[12, 17–19]. These findings indicate that TBT exerts harmful 
effects on OXPHOS function at levels found within the human 
population.

The proper function of the OXPHOS system is essential for neu-
ronal differentiation [20]. Indeed, mutations in genes related 
to OXPHOS have been shown to impair neuronal differentia-
tion [20]. Additionally, various xenobiotics negatively impact 
OXPHOS function and neurogenesis by interacting with mito-
chondrial DNA (mtDNA)-encoded proteins or RNAs [20–22]. 
Notably, some of these substances affect dopaminergic neuro-
genesis and heighten the risk of developing Parkinson's disease 
(PD) [21].

According to the “developmental origins of health and disease” 
hypothesis, exposure to environmental toxicants during the 
perinatal period, when the nervous system is developing, could 
cause permanent cellular changes that promote neurodegener-
ative diseases in old age [23]. As previously mentioned, TBTC 
causes OXPHOS system dysfunction, a crucial metabolic path-
way in the development of the nervous system. In this study, we 
expand the investigation of TBTC's impact on the OXPHOS sys-
tem to other cell types, specifically human SH-SY5Y neuroblas-
toma cells and neuronal precursor cells, and evaluate its effect on 
neuronal differentiation. Dopaminergic neurogenesis primarily 
occurs in humans between weeks 5 and 7 post-fertilization, and 
in mice between embryonic days 7 and 15 [24]. Therefore, we 
also examined the effects of early TBTC exposure on aged mice, 
during which the incidence of PD tends to increase.

2   |   Material and Methods

2.1   |   Cells, Proliferation Conditions, Neural 
Differentiation, and Toxicological Treatments

The human neuroblastoma SH-SY5Y cell line was obtained 
from Sigma (St. Louis, MO, USA, catalog number 94030304, 
lot 13C014, P 17). Cells were cultured in DMEM low glucose 
(5 mM), 4 mM L-glutamine, 1 mM sodium pyruvate and supple-
mented with 10% fetal bovine serum (FBS). To induce neural 
differentiation, SH-SY5Y cells were seeded in culture dishes; 
24 h later, medium was replaced with neurobasal-A medium, 
no D-glucose, no sodium pyruvate (catalog number A2477501, 
Thermo Fisher Scientific) and supplemented with 5 mM glucose, 
1 mM sodium pyruvate, 2% B27, 1% N2, 1% Culture One, 1% 

GlutaMAX Supplement (Thermo Fisher Scientific), and 10 μM 
retinoic acid for 7 days.

The human induced pluripotent stem cells (hiPSCs) were ob-
tained from a healthy donor [25]. To induce human neural stem 
cells (hNSCs), hiPSCs were cultured for 7 days using Gibco PSC 
Neural Induction Medium (Thermo Fisher Scientific, Waltham, 
MA), according to the manufacturer's instructions. The culture 
medium was replaced on day 6 to Neural Expansion Medium 
that was kept up to day 11. Accutase (Millipore, Billerica, MA) 
cell detachment solution was applied to hNSCs for passaging. 
hNSCs (< 10 passages) were grown in KnockOut DMEM/F-12 
medium containing StemPro Neural Supplement (2%), fibro-
blast growth factor-basic (FGFb, 20 ng/mL), epidermal growth 
factor (EGF, 20 ng/mL), and L-glutamine (2 mM), on cell culture 
plates previously coated with CellStart. Neural differentiation of 
hNSCs was induced in polyornithine and laminin-coated cul-
ture dishes. hNSCs were cultured for 24 h at 37°C. The neuronal 
differentiation was then induced by substituting the medium 
with neurobasal-A medium, no D-glucose, no sodium pyruvate 
(catalog number A2477501, Thermo Fisher Scientific) supple-
mented with 5 mM glucose, 1 mM sodium pyruvate, 2% B27, 
1% Culture One, 1% GlutaMAX Supplement (Thermo Fisher 
Scientific), and 200 μM ascorbic acid for 7 days.

For neuronal differentiation in the presence of xenobiotics, SH-
SY5Y cells and hNSCs were exposed to TBTC (10, 20, 50, 75, 
100 nM) dissolved in ethanol 100% during the 7 days of neural 
differentiation. Final ethanol concentration in the media did not 
exceed 0.05%. For other studies of undifferentiated and differen-
tiated cells, exposure to TBTC was carried out for 2–7 days.

2.2   |   Animals and Xenobiotic Administration

Male and female C57BL/6J mice (6–7 weeks old) were purchased 
from Charles River Laboratories (France). Animals were housed 
in soft filter top cages in a 12 h:12 h light/dark cycle, 55% ± 10% 
humidity, and 22°C ± 2°C temperature-controlled room, with 
free access to autoclaved water and irradiated food (2914 Teklad 
Global 14% protein rodent maintenance diet). All procedures 
were carried out under Project License PI58/15 approved by the 
Ethic Committee for Animal Experiments from Universidad 
de Zaragoza. The care and use of animals were performed in 
accordance with the Spanish Policy for Animal Protection 
RD53/2013, which meets the European Union Directive 2010/63 
on the protection of animals used for experimental and other 
scientific purposes.

TBTC was dissolved in ethanol and diluted in 0.5% carboxymeth-
ylcellulose in water to maximize solubility. For vehicle solution, 
a volume of ethanol equal to the largest amount added to the 
TBTC-containing water solution was added.

The mice were allowed to acclimatize for at least 4 days be-
fore use. For mating, 1 male was housed with 2 females for 
10 days. Female mice were randomly divided into three treat-
ment groups and one control group (8 females per treatment 
group) and from 5 days before mating were exposed to TBTC 
via drinking water. The TBTC concentrations were 0, 100, 
500, or 1000 nM, which are realistic environmental exposure 
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doses [26]. Treatment was continued throughout gestation 
and lactation and ended upon weaning of the pups. The du-
ration of exposure was 5 days before mating, plus 20 days of 
gestation and 21 days of lactation—that is, 46 days. Females 
were housed two per cage and drank the TBTC- or vehicle-
containing water solutions ad  libitum; fresh solutions were 
prepared and replaced every week after water intake was mea-
sured. Consumption was measured per bucket, determining 
the milliliters remaining when the bottle was changed. The 
average milliliters consumed per animal per day was calcu-
lated. There were no differences in water consumption be-
tween the groups (Figure 1A). The amount of TBTC ingested 
was 154, 708, and 1724 ng per mouse/day for the groups that 
drank water containing 100, 500, and 1000 nM, respectively. 
Some females were either not pregnant or did not deliver 
(whereas incidence was not dose-related), and a total of 21 lit-
ters were used for the remainder of the study. At birth, litter 
size (Figure 1B) and sex ratio (Figure 1C) were recorded.

Pups were weaned at day 21, males were housed in groups of 
3–5 mice per cage. In male offsprings, locomotor activity and 

olfactory function were assessed at 15, 19, and 24 months of age. 
Each group consisted of at least 10 mice from at least five dif-
ferent litters. The sample size ranges 10–20. Although PD also 
affects females, we only studied male mice, because PD is an 
age-associated disease and females spend one third of their lives 
in menopause, a condition that does not occur in mice and com-
plicates disease modeling [23]. At the end of the study, males 
were sacrificed by cervical dislocation without anesthesia and, 
after rapid decapitation, brains were removed. Each brain was 
bisected along the midline. One hemisphere was immediately 
frozen in liquid nitrogen and stored at −80°C until use. The 
other hemisphere was fixed in 4% paraformaldehyde.

2.3   |   Genetic Analysis

Total DNA was extracted from the biological samples by con-
ventional methods. As described previously, mtDNA dele-
tions were detected and analyzed by long-range PCR [25]. 
mtDNA copy number was quantified by qPCR using a StepOne 
Real-Time PCR System as previously described [27]. Six 

FIGURE 1    |    Mouse parameters. (A) Water consumption (ml/day per mouse). (B) Litter size (pups per litter). (C) Sex ratio (males per litter). (D) 
Mouse weight (g).
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independently isolated samples were measured in duplicate. 
The mtDNA Control Region was amplified and sequenced ac-
cording to protocols previously described [28]. PCR primers 
were hmtL15591: 5′-TTCGCCTACACAATTCTCCG-3′ and 
hmtH626: 5′-TTTATGGGGTGATGTGAGCC-3′ and sequenc-
ing primers were hmtL15591, hmtH626, and hmtL16365: 
5′-GTCAAATCCCTTCTCGTCCC-3′. The revised Cambridge 
reference sequence (GenBank, NC_012920) was used to locate 
mutations.

Mice mtDNA deletions were detected and analyzed by long-
range PCR with MsmtL293: 5′-TAAACGAAAGTTTGACTA
AGTTATACCTCTTAGGG-3′ and MsmtH171: 5′-TTAAGC
TATTTTAATGTGCTTGATACCCTCTCC-3′ primers. Mice 
mtDNA copy number was quantified by qPCR using a StepOne 
Real-Time PCR System. A mtDNA 12S ribosomal Custom Plus 
TaqMan RNA Assay (Applied Biosystems, Assay ID: AR7DT9P) 
was used. The TaqMan probe was labeled at the 5′ end with a 
fluorescent reporter, 6FAM. mtDNA quantity was corrected by 
simultaneous measurement of a single copy nuclear RNaseP 
gene. A commercial kit was used to quantify nDNA (Applied 
Biosystems, Assay ID: Mm99999915_g1), and the nDNA-specific 
fluorescent probe was labeled internally using VIC fluorescent 
dye. The 20 μL PCR reaction contains 1 × TaqMan Universal 
PCR Master Mix (Applied Biosystems, 4304437), 1 μL of Gapdh 
TaqMan Gene Expression Assay and 1 μL of 12S Custom Plus 
TaqMan RNA Assay, and 10 ng of total DNA extract. PCR con-
ditions were 2 min at 50°C and 10 min at 95°C, followed by 40 
cycles of 15 s of denaturation at 95°C and 60 s of annealing/ex-
tension at 60°C. The mice mtDNA Control Region was amplified 
with MsmtL15198: 5′-AACACCCATTTATTATCATTGGCC-3′ 
and MsmtH177: 5′-TAAGCTATTTTAATGTGCTTGATAC
C-3′ primers and sequenced with MsmtL15198, MsmtH177, 
and MsmtL15422: 5′-TGGTATTCTAATTAAACTACTTCTT
G-3′ primers. GenBank DQ106412.1 was the mouse reference 
sequence.

2.4   |   DNA Methylation Analysis

For quantitative determination of the percentage of whole ge-
nome 5-methylcytosine (5-mC) in mouse brain and cell cul-
ture derived samples, the MethylFlash Methylated DNA 
Quantification Kit (EpigenTek, P-1034-96) was used following 
the manufacturer's instructions.

2.5   |   Gene Expression Analysis

For cultured cells, analysis of the expression of genes was 
performed by RT-qPCR using Cells-to Ct 1-Step TaqMan 
Kit (A25602) following the manufacturer's instructions. 
Cells were seeded and differentiated in 96-well format, cul-
ture media were removed, and cells were washed once with 
phosphate-buffered saline (PBS). Lysis solution contain-
ing DNase I was added, and the samples were incubated for 
5 min at room temperature. Stop solution was added, and 
the samples were incubated for an additional 2 min at room 
temperature. The RT-qPCR reaction was carried out by add-
ing 15 μL of the RT-qPCR master mix (containing TaqMan 
1-Step qRT-PCR Mix, 20×-TaqMan Gene Expression Assay, 

and 20×-TaqMan Housekeeping Gene Expression) to a final 
1× concentration and 5 μL of lysates. 20× TaqMan Assays 
were purchased from Thermo Fisher (GAPDH: Hs02786624_
g1; TUBB3: Hs00801390_s1; MAP2: Hs00258900_m1; TH: 
Hs01002188_g1; NRF1: Hs00602161_m1). For mice experi-
ments, total RNA was isolated from each mouse brain using a 
NucleoSpin RNA extraction Kit (Macherey-Nagel). Total RNA 
(1 μg) was reverse transcribed using the Transcriptor First 
Strand cDNA Synthesis Kit (Roche). Relative quantification of 
mRNA expression was performed by TaqMan real-time PCR 
using the commercial probes, according to the manufacturer's 
protocol [20]. Probes were as follows: Gapdh: Mm99999915_
g1; Ppargc1a: Mm01208835_m1; Tubb3: Mm00727586_s1; 
Map2: Mm00485231_m1.

2.6   |   Immunofluorescence

For fluorescent microscopy, cultured cells were fixed with 4% 
paraformaldehyde for 15 min at room temperature and per-
meabilized with 0.1% Triton X-100 for 10 min. After blocking 
for 30 min with 5% bovine serum albumin, cells were incu-
bated for 1 h at room temperature or overnight at 4°C with 
primary antibodies against Tubulin β-3 (TUBB3) (1:500, 
ab18207, Abcam) or Kinesin-1 (KNS1) (1:250, MAB1614, 
Merck). Subsequently, cells were incubated with fluorescence-
labeled secondary Alexa Fluor 594 or 488 (1:1000, A11008 and 
A11005, Invitrogen, respectively) at room temperature for 
1 h, protected from light. Cells were briefly incubated with 
1 μM DAPI for nuclear staining. Between incubations, sam-
ples were washed with PBS containing 0.1% Triton X-100. 
Pictures were acquired using a Floyd Cell imaging station 
(Life Technologies) [25].

2.7   |   Biochemical Analysis

Analyses of oxygen consumption, ATP, and H2O2 levels were 
performed according to previously described protocols [28]. 
Determination of the MIMP was performed using the Mito-ID 
Membrane Potential Detection Kit (Enzo Life Sciences). TBTC 
was added during the oxygen consumption analysis, or 2 days 
before the ATP, MIMP, and H2O2 levels determination.

2.8   |   Electron Microscopy

Ultrastructural analysis was performed following a previ-
ously described procedure [11]. Briefly, cells were seeded in 
Permanox chamber slides (Nunc), fixed with 2.5% glutaralde-
hyde for 2 h at 4°C, and maintained in phosphate buffer sup-
plemented with 0.05% sodium azide. Post-fixation was carried 
out using 1% OsO4 for 2 h. Cells were dehydrated in a graded 
series of ethanol dilutions up to absolute. The specimens were 
then passed through different mixtures of ethanol and araldite 
(3:1, 1:1, and 1:3), and embedded in pure araldite. After 3 days 
of polymerization at 70°C, ultrathin sections were cut and 
stained following a protocol previously published [29]. The 
sections were examined with a JEOL 1010 transmission elec-
tron microscope using a Gatan Bioscan camera and Digital 
Micrograph software.
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2.9   |   Histologic Studies

Brains were harvested for histological analysis. The tissues were 
fixed in 4% paraformaldehyde fix solution and embedded in par-
affin. The paraffin-embedded tissues were sectioned into 4 mm-
slices and stained with hematoxylin and eosin (H&E, Sigma). 
Immunohistochemical staining of TH (Cat. #: T8700, Sigma-
Aldrich. Antibody dilution 1:100), NeuN (Cat. #: ab104224, 
Abcam. Antibody dilution 1:100), and GFAP (Cat. #: 3893, 
Sigma-Aldrich. Antibody dilution 1:100) were executed follow-
ing the manufacturer's protocols for the PolyStain TS Kit—for 2 
Mouse and 1 Rabbit antibody on Rodent tissue (DAB/Permanent 
Red/Ni-DAB) (Neo Biotech).

The Periodic Acid-Schiff and Luxol Fast Blue stainings 
were carried out with commercial kits (PAS Staining System: 
Cat. #: 395B, Sigma-Aldrich; LFB staining: Cat. #: ab150675, 
Abcam).

2.10   |   Time-Lapse Imaging of Neuronal 
Differentiation

SH-SY5Y cells and hNSCs were plated in a six-well plate and set 
for neuronal differentiation with/without TBTC as previously de-
scribed. The plate was imaged using an Incucyte SX5 Live-Cell 
Analysis System (Essen Bioscience, Ann Arbor, MI) every 12 h 
for 7 days. The growth rate in each well was obtained by mea-
suring the surface area covered and expressed as Phase Area 
Confluence (%). Neurite length and branch points were quanti-
fied to evaluate neural network stability over time, expressed as 
mm/mm2 and neurite branch points/mm2, respectively. Analysis 
was performed using Incucyte's NeuroTrack software.

2.11   |   Behavioral Analyses

Several tests, previously used for behavioral phenotyping of PD 
mouse models, were performed [30].

Open field test. Locomotor activity was evaluated using an 
open field test. Each mouse was placed in the center of the 
square arena (45 × 45 × 40 cm) and allowed to explore it for 
15 min. Total distance (locomotor activity), movement time 
(in seconds), movement speed (cm/s), and center distance (the 
distance traveled in the center of the arena) were recorded 
using the computer-operated Smart Junior video tracking sys-
tem (Panlab).

Hyposmia evaluation. To test the olfactory function, the cookie-
finding test was performed. The mice were familiarized with the 
chocolate cookie for 3 days before the test. Food restriction was 
applied for over 18 h before the test. For testing, each mouse was 
placed individually into a clean cage containing 3 cm of fresh 
bedding and allowed to acclimate for 5 min. After acclimation, 
a chocolate cookie (3 g) was buried 0.5 cm under the bedding in 
one corner of the cage and the mouse was placed at the oppo-
site edge. The latency for the mouse to uncover the cookie was 
measured up to a maximum parameter of 15 min, as previously 
described [31].

2.12   |   Statistical Analysis

All statistical analyses were performed using GraphPad Prism 
version 8.0.1. Data are presented as mean ± standard devia-
tion. Statistical significance between experimental groups was 
assessed using either parametric tests (ANOVA and Student's 
t-test) or nonparametric tests (Kruskal–Wallis and Mann–
Whitney U tests), depending on whether the data followed a 
normal distribution. A p-value of < 0.05 was considered statis-
tically significant. All samples were analyzed in at least three 
independent biological replicates.

3   |   Results

3.1   |   Effect of Tributyltin Chloride on 
Oxidative Phosphorylation Systems of Neurons 
or Neuron-Precursor Cells

3.1.1   |   SH-SY5Y Cells

To define the range of non-lethal TBTC concentrations in this cell 
type that would allow us to analyze its effect on OXPHOS function, 
we measured cell proliferation with different TBTC concentra-
tions and observed a defect in the proliferation with TBTC con-
centrations ≥ 200 nM (Figure 2A). Next, we addressed the effect 
of TBTC on OXPHOS capacity from undifferentiated cells by mea-
suring oxygen consumption and ATP levels. Acute exposure to 
≥ 10 nM TBTC concentrations caused a statistically significant re-
duction in basal oxygen consumption (Figure 2B). The statistically 
significant increase in uncoupled oxygen consumption observed 
after the addition of FCCP to cells inhibited by 100 nM TBTC con-
firmed that this inhibitor acts by blocking the CV proton channel, 
not the electron transport chain complexes (ETC) (Figure 2C). In 
addition, cellular ATP levels generated in the mitochondria were 
also reduced at TBTC concentrations ≥ 50 nM (Figure 2D).

To analyze how TBTC may affect OXPHOS function of cells 
more dependent on this energetic source, we measured oxygen 
consumption of neuron-like cells incubated with different TBTC 
concentrations. Similar to undifferentiated cells, we observed 
a statistically significant reduction in basal oxygen consump-
tion with ≥ 20 nM TBTC concentrations (Figure  2E). Finally, 
to address other potential effects of TBTC beyond OXPHOS 
inhibition in these cells, we analyzed mitochondrial morphol-
ogy using electron microscopy and mtDNA levels by RT-qPCR. 
Neuronal differentiation of these cells in the presence of 50 nM 
TBTC resulted in the appearance of morphologically abnormal 
mitochondria, swollen and with a reduced number of mitochon-
drial cristae (Figure  2F). TBTC at 100 nM did not modify the 
mtDNA copy number in undifferentiated cells but reduced it in 
differentiated cells (Figure 2G).

3.1.2   |   hNSCs

Similar to our analysis using SH-SY5Y cells, we defined a range 
of non-lethal concentrations of TBTC in hNSCs by measuring 
cell proliferation at different TBTC concentrations. A consistent 
defect in the proliferation of these cells was found with TBTC 
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concentrations ≥ 75 nM (Figure  3A). To address the effect of 
TBTC on OXPHOS capacity from these undifferentiated cells, 
we analyzed oxygen consumption and ATP levels. Acute ex-
posure to ≥ 50 nM TBTC concentrations caused a statistically 

significant reduction in basal oxygen consumption (Figure 3B). 
In addition, cellular ATP levels generated in the mitochondria of 
these cells were also reduced at TBTC concentrations of 100 nM 
(Figure 3C).

FIGURE 2    |    Effect of tributyltin chloride (TBTC) on the oxidative phosphorylation system of human neuroblastoma cells SH-SY5Y. (A) Cell 
proliferation, determined as the average of the area of the objects in the image. N = 4. Kruskal–Wallis test. (B) Endogenous oxygen consumption 
in undifferentiated cells. N = 3. ANOVA. (C) Uncoupled oxygen consumption. TBTC (100 nM)- and TBTC (100 nM) + FCCP (100 nM)-treated cells. 
Dashed line shows the oxygen consumption in untreated undifferentiated cells. N = 4. Mann–Whitney test. (D) ATP levels in undifferentiated cells. 
Olig, codes for oligomycin, a complex V inhibitor, which was included as a positive control. N = 6. ANOVA. (E) Endogenous oxygen consumption in 
neuron-like cells. N = 3. ANOVA. (F) Electron microscopy images of neuron-like cells. Yellow and red arrows show abnormal mitochondria and lack 
of mitochondrial cristae, respectively. (G) Amount of mtDNA in undifferentiated (UD) and differentiated to neuron (D) cells. N = 4. Mann–Whitney 
test. Mean ± Standard Deviations are shown. * and # indicate statistically significant differences (p < 0.05) versus no-TBTC and TBTC no-FCCP, 
respectively.
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7Environmental Toxicology, 2026

Next, we analyzed the OXPHOS inhibitory capacity in hNSCs 
derived neurons. There is a significant decrease in basal oxygen 
consumption when cells are exposed to ≥ 50 nM TBTC concen-
trations (Figure 3D).

Finally, to study the influence of TBTC on mitochondrial ge-
nome maintenance, we measured the mtDNA levels by RT-
qPCR. Interestingly, 100 nM TBTC significantly increased the 
mtDNA copy number in undifferentiated cells (Figure  3E). 
Since neurons are highly dependent on OXPHOS function, neu-
ronal differentiation is typically accompanied by an increase in 
mitochondrial biogenesis and mtDNA levels (Figure  2G). We 
have observed that TBTC impairs neuronal differentiation, 
which could account for the reduced mtDNA levels in differ-
entiated cells exposed to TBTC (Figure 2G). Conversely, in un-
differentiated, proliferative cells, TBTC exposure may trigger 
a compensatory response that leads to an increase in mtDNA 
levels. This effect is evident not only in hNSCs (Figure 3E) but 
also in undifferentiated SH-SY5Y cells (Figure  2G). Notably, 
such a compensatory response is absent in differentiated cells.

3.2   |   Effect of Tributyltin Chloride on Neuronal 
Differentiation

3.2.1   |   SH-SY5Y Cells

After confirming the effect of TBTC on the function of the 
OXPHOS system of different cell types with neuronal differ-
entiation capacity, we aimed to address how exposure to this 
toxicant influences the neural differentiation process. For 
that purpose, we analyzed cellular morphology of SH-SY5Y 
cells derived neurons using optic microscopy. We observed 
that concentrations ≥ 20 nM TBTC caused alterations in the 
neuronal differentiation of these cells (Figure  4A). Indeed, 
these TBTC concentrations reduced the length of neurites 
(Figure 4B) and the branching points (Figure 4C). Finally, im-
munofluorescent staining with tubulin beta-3 chain (TUBB3) 
confirmed that ≥ 20 nM TBTC diminished neuronal differ-
entiation (Figure  4D). Moreover, ≥ 75 nM TBTC decreased 
TUBB3 and microtubule-associated protein 2 (MAP2) mRNA 
levels (Figure 4E,F).

FIGURE 3    |    Effect of tributyltin chloride (TBTC) on the oxidative phosphorylation system of human neural stem cells. (A) Cell proliferation, 
determined as the average of the area of the objects in the image. N = 8. Kruskal–Wallis test. (B) Endogenous oxygen consumption in undifferenti-
ated cells. N = 3. ANOVA. (C) ATP levels in undifferentiated cells. N = 8. ANOVA. (D) Endogenous oxygen consumption in neuron-like cells. N = 3. 
ANOVA. (E) Amount of mtDNA in untreated and TBTC-treated undifferentiated (UD) cells. N = 6. Student's t-test. Mean ± Standard Deviations are 
shown. *, indicates statistically significant differences (p < 0.05) versus no-TBTC.
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8 Environmental Toxicology, 2026

3.2.2   |   hNSCs

Similar to the TBTC effects observed on SH-SY5Y cells, concentra-
tions ≥ 20 nM TBTC cause alterations in neuronal differentiation 

of hNSCs, as can be observed by optic microscopy (Figure  5A). 
Remarkably, 100 nM TBTC reduces the length of neurites 
(Figure  5B) and the branching points (Figure  5C). TUBB3 im-
munofluorescence further demonstrated that ≥ 75 nM TBTC 

FIGURE 4    |    Effect of tributyltin chloride (TBTC) on neuronal differentiation of human neuroblastoma cells SH-SY5Y. (A) Optic microscopy im-
ages showing undifferentiated (UD) and differentiated to neuron (D) SH-SY5Y cells. A reduction in the number and length of the neurites can be 
observed at different TBTC concentrations. (B) Neurite length. N = 4. Kruskal–Wallis test. (C) Neurite branching points. N = 4. Kruskal–Wallis test. 
(D) Immunofluorescence images of Tubulin beta-3 chain (green color). Nucleus are marked in blue color. (E) TUBB3 mRNA levels. Glyceraldehide 
3-phosphate dehydrogenase (GAPDH) mRNA was used to normalize. N = 5. Kruskal–Wallis test. (F) Microtubule associated protein 2 (MAP2) 
mRNA levels. GAPDH mRNA was used to normalize. N = 6. Kruskal–Wallis test. Mean ± Standard Deviations are shown. *, indicates statistically 
significant differences (p < 0.05) versus no-TBTC.
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9Environmental Toxicology, 2026

diminished neuronal differentiation (Figure 5D). Thus, neurons 
derived from cells exposed to TBTC showed thinner neurites than 
control neurons, and neuritic beading, bead-like structures along 

the neurites which occur upon intracellular ATP decrease, were 
more commonly found in treated cells. In addition, “undecided,” 
curved neurites were also more frequently found upon TBTC 

FIGURE 5    |    Effect of tributyltin chloride (TBTC) on neuronal differentiation of human neural stem cells (hNSCs). (A) Optic microscopy images 
showing hNSCs-derived neurons. A reduction in the number and length of the neurites can be observed at different TBTC concentrations. (B) Neurite 
length. N = 4. Kruskal–Wallis test. (C) Neurite branching points. N = 4. Kruskal–Wallis test. (D) Immunofluorescence images of Tubulin beta-3 chain 
(TUBB3), green color, in hNSCs differentiated to neurons and treated with TBTC. (E) Immunofluorescence images of TUBB3 in differentiated hN-
SCs in the presence of TBTC. Pink and white arrows indicate neuritic beads and curved neurites, respectively. (F) Immunofluorescence images of 
TUBB3 and kinesin (red color) in differentiated hNSCs in the presence of TBTC. (G) TUBB3, Microtubule associated protein 2 (MAP2), and Tyrosine 
hydroxylase (TH) mRNA levels. Glyceraldehide 3-phosphate dehydrogenase (GAPDH) mRNA was used to normalize. ANOVA. Mean ± Standard 
Deviations are shown. *, indicates statistically significant differences (p < 0.05) versus no-TBTC.
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10 Environmental Toxicology, 2026

exposure (Figure  5E). Interestingly, neuritic beads colocalized 
with kinesin, a motor protein involved in antegrade fast axonal 
transport (Figure  5F). Moreover, 100 nM TBTC affected expres-
sion of critical genes required for neuronal function, observed by 
decreased TUBB3, MAP2, and TH mRNA levels (Figure 5G).

3.3   |   Genome Effect of Tributyltin Chloride

Several studies have shown that some organotins can be muta-
genic [32]. Sequence analysis of the mtDNA non-coding control 
region of hNSCs and SH-SY5Y cells revealed six (m.200A > G, 
m.263A > G, m.309-310insC, m.315-316insC, m.16129G > A, 
m.16519 T > C) and four (m.263A > G, m.309-310insCCC, 
m.315-316insC, m.16519 T > C) genetic variants, respectively, 
when compared to the revised Cambridge Reference Sequence 
(rCRS). However, these variants, and no more, were also found 
in 100 nM TBTC-treated cells. Moreover, large deletions in the 
mtDNA were neither observed in these TBTC-treated cells 
(Figure 6A).

To address if this toxicant was able to modulate epigenetic re-
programming in these cell types, we analyzed whole genome 
epigenetic markers. TBTC-exposed SH-SY5Y cells showed a 

reduction in global DNA methylation levels, while this modifi-
cation was increased in treated hNSCs (Figure 6B).

3.4   |   Effect of Early Exposure to Tributyltin 
Chloride on Old Mice

To study the toxic effects of TBTC during early development 
in the context of a complete organism, we moved to a murine 
model. We treated mice with different TBTC regimes through-
out gestation and lactation and measured the levels of mtDNA, 
its integrity and whole epigenetic markers. We did not find any 
reduction in mtDNA copy number, any accumulation of point 
mutations in the non-coding region of mtDNA, nor large mtDNA 
deletions in the brain of 24-month-old mice (Figure  7A,B). 
However, we observed a decrease of global DNA methylation 
following treatment with 1000 nM TBTC (Figure 7C).

In addition, we analyzed gene expression of some genes involved 
in OXPHOS function (Pgc1a, Mt-rnr1, Mt-nd2, Mt-nd5, Mt-co1, 
Mt-atp6) or neuronal differentiation (Map2, TUBB3) and found 
that in the brain of 24-month-old mice exposed to TBTC the 
mRNA levels of these genes were not reduced from control mice 
(Figure 7D).

FIGURE 6    |    Genomic effects of tributyltin chloride (TBTC) in undifferentiated cells. (A) Large deletions in the mtDNA. MWM, molecular weight 
marker; C-, negative control; C+, positive control; SH-C, untreated SH-SY5Y cells; SH-TBTC, TBTC-treated SH-SY5Y cells; NSC-C, untreated neural 
stem cells; NSC-TBTC, TBTC-treated NSC. The second image is a composite of two gels run with samples amplified simultaneously. (B) Global DNA 
methylation. N = 6. Mean ± Standard Deviations are shown. *, indicates statistically significant differences (p < 0.05) versus no-TBTC.
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11Environmental Toxicology, 2026

To address if TBTC has any impact in the physiological function 
of these mice, we performed behavioral analyses. Total distance 
and mean speed of 19- and 24-month-old mice were significantly 
lower than those of 15-month-old mice (Figure 8A,B), a result 
that was previously shown [33]. Moreover, the time elapsed to 
find the cookie was significantly lower in 15-month-old mice 

than older mice (Figure 8C). However, there were no differences 
among these parameters upon TBTC treatment at different con-
centrations (Figure 8A–C).

There were no differences in weights at the time of slaugh-
ter (Figure  1D), but interestingly, although they could not be 

FIGURE 7    |    Effect of early exposure to tributyltin chloride (TBTC) in old mice brains. (A) mtDNA copy number. RNaseP gene was used to nor-
malize. N = 5. (B) Large mtDNA deletions. This test was only performed on mice exposed to 1000 nM of TBTC. MWM, molecular weight marker. 
Student's t-test. The image is a composite of two gels run with samples amplified simultaneously. (C) Global DNA methylation. N = 5. (D) mRNA levels 
of mitochondria-related and neuronal differentiation-related transcripts. Gapdh mRNA was used to normalize. N = 5. Mean ± Standard Deviations 
are shown. *, indicates statistically significant differences (p < 0.05) versus no-TBTC.
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quantified, some histological alterations were observed in the 
brains of these mice. Thus, the hippocampus of aged mice treated 
in utero and during lactation with 1000 nM TBTC showed an 

abundance of periodic acid-Schiff (PAS) granules (Figure 8D), 
substantia nigra showed astrocytosis (Figure 8E), and there was 
general demyelination (Figure 8F).

FIGURE 8    |    Effect of early exposure to tributyltin chloride (TBTC) on functional tests and brain anatomopathology of old mice. (A–C) Total dis-
tance, mean speed, and cookie finding test in untreated and TBTC-treated mice of different ages. Mean ± Standard Deviations are shown. #, indicates 
statistically significant differences (p < 0.05) versus older mice. Kruskal–Wallis test. (D) Periodic acid-Schiff (PAS) granules in hippocampus from 
aged mice. (E) Astrocytosis in hippocampus from aged mice. (F) Demyelination from hippocampus from aged mice.
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4   |   Discussion

It has been demonstrated that TBTC is neurotoxic in vitro at levels 
detected in human blood samples. This result suggests the pos-
sibility that chronic exposure to low levels of TBTC in humans 
during the development of the nervous system may be neurotoxic 
and promote the onset of neurodegenerative diseases in late life.

Previous results from our group showed that TBTC affects 
OXPHOS function of several cell types [11, 12]. We now extend 
these observations to neurons and neuron precursor cells. To 
compromise the viability and proliferation of hNSCs, SH-SY5Y, 
or other cells, depending on the duration of treatment, TBT con-
centrations equal to or higher than 75 nM are required [34]. Our 
results show that 50 nM TBTC causes the appearance of morpho-
logically abnormal mitochondria in neuron-differentiated SH-
SY5Y cells. Swollen mitochondria with fewer cristae have already 
been described in other TBTC-exposed cells [35]. Moreover, we 
showed that ≥ 20 nM TBTC is harmful to the OXPHOS function of 
neuronal precursor cells. This is consistent with previous results 
showing that MIMP was diminished in SH-SY5Y cells treated with 
300 nM TBTC [36], and that ATP levels and MIMP were decreased 
in hiPSCs treated with 50 nM TBT [37]. It was also reported that 
TBTC caused a significant decrease in MIMP in dissociated mixed 
cells from different parts of the rat brain, being striatum cells the 
ones showing the higher susceptibility [38]. Fetal rat primary cor-
tical neurons exposed to 20 nM TBTC showed decreased expres-
sion of some OXPHOS subunits mRNAs and reduced ATP content 
[39]. In addition, TBT 200 nM decreased ATP levels and MIMP in 
mouse sensory dorsal root ganglion neurons and, similar to our 
results, provoked neuritic beading [40]. Interestingly, like TBTC, 
which binds to the ATP6 subunit and inhibits CV, the m.8993 T > G 
mutation affecting the ATP6 subunit of CV encoded by mtDNA 
and a depletion of the alpha subunit of CV encoded by nDNA all 
cause neuritic beading [41]. The neuritic beading is also associated 
with other conditions that reduce ATP levels [42], and it has been 
frequently associated with mitochondrial abnormalities [43].

Our results show that TBTC is harmful to neuronal differentia-
tion. This is consistent with a significantly reduced gene expres-
sion of ectodermal marker OTX2 that regulates neurogenesis in 
hiPSCs treated with 50 nM TBT [44]. TBT exposure also signifi-
cantly decreased the percentage of PAX6 positive cells, a marker 
of neuroectoderm, and downregulated the expression of Nestin, a 
marker of neuronal progenitor cells [44]. These data suggest that 
TBT can induce developmental neurotoxicity via mitochondrial 
dysfunction. Interestingly, low-dose TBT also significantly inhib-
ited myogenic differentiation [45], but promoted adipocyte differ-
entiation [11]. Although TBTC has the greatest effect on cells that 
are differentiating into neurons, it also negatively affects fully dif-
ferentiated neurons. TBTC exposure reduced the number of neu-
rons in primary cultures from the cerebral cortex of fetal rats [46]. 
TBT caused extensive axon degeneration in mouse sensory dorsal 
root ganglion neurons [40]. In addition, neurons were shown to be 
more vulnerable to TBT than other brain cells [47].

If early exposure to TBTC during nervous system development 
affects neuronal proliferation and differentiation and increases 
the risk of age-associated diseases, such as PD, it is plausible that 
permanent cellular modifications may occur. The TBTC expo-
sure does not increase the frequency of mtDNA mutations, but it 

does cause a different effect on the global DNA methylation lev-
els of hNSCs and SH-SY5Y cells. Both no effect and hypomethyl-
ation have been observed in cells exposed to TBT [48]. However, 
more detailed analyses have shown that some genes may be hy-
pomethylated and others hypermethylated [36]. Modification of 
gene methylation patterns could be a signal that is perpetuated 
over time and links early TBTC exposure to very late-life effects.

Treatment with TBTC in utero and during lactation reduces global 
DNA methylation levels in the brains of 24-month-old male mice. 
However, we found no other quantitative differences in either 
OXPHOS function, neuronal differentiation, or motor and olfac-
tory behavior between TBTC-exposed and non-exposed mice. 
On postnatal day (PND) 20, MAP2 immunostaining of cerebral 
cortex and hippocampal CA3 of mice prenatally exposed to TBT 
was not different from that of unexposed mice [39]. Furthermore, 
no significant differences in movement speed or distance in the 
open field test were found in PND25 male rats perinatally exposed 
to TBTC compared to non-exposed ones [49]. On the other hand, 
administration of TBT to postnatal mice caused a decrease in loco-
motion activity [50]. In addition, TBT decreased tyrosine hydrox-
ylase (TH) mRNA levels, its activity, and dopamine content in rat 
pheochromocytoma PC12 cells [51]. TH is the rate-limiting en-
zyme in dopamine synthesis, and this is the main neurotransmit-
ter affected in PD. TBT decreased TH mRNA levels in zebrafish 
brain [52] and dopamine levels in the brain of male medaka [53]. 
It also reduced dopamine levels in rat brain, eliciting neurodegen-
erative changes [54]. The exposure to TBTC resulted in a decrease 
in cell viability in various parts of the rat brain, with the striatum 
showing the greatest vulnerability at a concentration of 30 nM [55]. 
Moreover, a single acute exposure to TBTC decreased rat sponta-
neous motor activity [56]. Therefore, it can be concluded that expo-
sure to TBT is toxic to the nervous system [57].

Despite the variables that we have quantified in mice exhibiting 
no significant differences compared to the control group, other 
parameters could be modified in the brains of these mice. In this 
regard, we have noted some histopathologic changes, such as de-
myelination and astrocytosis. Differentiation of oligodendrocyte 
precursor cells (OPCs), and therefore axonal myelination, is very 
sensitive to sublethal mitochondrial dysfunction [58]. Cuprizone, 
as TBTC, alters OXPHOS function in the central nervous system 
of mice. In the cuprizone-based model of demyelination, astro-
cytes become hypertrophic and hyperplastic before myelin loss 
[59]. Acute administration of TBT to the neonatal rat caused dec-
rements in myelin basic protein, an indicator for myelinogenesis 
[57]. TBT produces astrocyte stellation and activation [38].

Exposure to certain pesticides has been associated with an 
increased risk of developing PD. For instance, developmental 
exposure to dieldrin induces epigenetic alterations in genes 
involved in the development and maintenance of dopaminer-
gic neurons. These epigenetic modifications persist beyond 
the exposure period and disrupt critical neurodevelopmental 
pathways, potentially increasing the risk of neurodegenera-
tive diseases later in life, such as PD [60]. Developmental ef-
fects of xenobiotics are a matter of concern, because they are 
often induced by doses considerably lower than the one con-
sidered safe for adults and persist throughout life [61]. Highly 
lipophilic organotin compounds readily cross the blood–brain 
barrier with striatal cells showing greater susceptibility than 
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14 Environmental Toxicology, 2026

those from other brain regions [62, 63]. In a previous work, 
we indicated that high TBTC concentrations might provoke 
severe diseases in childhood, such as striatal necrosis syn-
dromes [12]. Now, we suggest that exposure to low TBT con-
centrations during perinatal life may have effects on neuronal 
differentiation and brain development that could be critical 
for the onset of disease in adulthood, such as Parkinson dis-
ease, another disease affecting striatum.
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