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ARTICLE INFO ABSTRACT

Keywords: Over the last 20 years, tributyltin (TBT) has been reported to cause metabolic disruption in both invertebrates
Tributyltin ) and vertebrates, highlighting the need for further detailed analysis of its physiological effects. This study aimed
Lymnaea stagnalis to investigate the metabolic-disrupting effects of TBT from the behavioral to the molecular level. Adult specimens
Behavior . . . . R
- . of the great pond snail (Lymnaea stagnalis) were exposed to an environmentally relevant concentration (100 ng L
Histochemistry 1 . . . . .
Lipid metabolism ) of TBT for 21 days. After the chronic exposure, behavioral alterations as well as histological, cellular, and
HSD17B12 molecular changes were investigated in the central nervous system, kidney, and hepatopancreas. TBT exposure

significantly decreased feeding activity, while locomotor activity remained unchanged. At the histological level,
the cellular localization of tin was demonstrated in all tissues investigated and, in addition, characteristic
morphological changes were observed in the kidney and hepatopancreas. Tissue-specific changes in lipid profiles
confirmed TBT-induced disruption of lipid homeostasis in mollusks, characterized by a consistent reduction in
the proportion of polyunsaturated fatty acids and a shift toward more saturated lipids. The expression of 17p-
hydroxysteroid dehydrogenase type 12 (HSD17B12) enzyme, involved in lipid metabolism in vertebrates, was
reduced in all three tissues after TBT exposure. Our results show that TBT induces significant multi-level
metabolic changes in Lymnaea, including direct alterations in feeding activity and lipid composition. Our find-
ings also suggest that HSD17B12 enzyme plays a key role in lipid metabolism in mollusks, as in mammals, and is
likely involved in TBT-induced metabolic disruption. Overall, our study extends the findings of previous studies
on mollusks by providing novel behavioral as well as tissue-specific histological and metabolic data and high-
lights the complexity and evolutionary conserved way of TBT-induced metabolic disruption.

1. Introduction (Graceli et al., 2013; Scott, 2013), revealing the interaction with the

Retinoid X Receptor (Castro et al., 2007; Horiguchi et al., 2008; Lima

Pollution by tributyltin (TBT), the biocide component of antifouling
paints, has been one of the major threats to aquatic ecosystems for de-
cades due to its rapid accumulation and high toxicity to a wide range of
non-target animals including mollusks (reviewed by Beyer et al., 2022;
Graceli et al., 2013; Lagadic et al., 2018; Scott, 2013). TBT-evoked
endocrine disruption has a long history among the studies related to
molluscan ecotoxicology (reviewed by Horiguchi and Ohta, 2020; Scott,
2013). Previous studies on mollusks mainly investigated the
imposex-inducing effect of TBT with the underlying mechanisms
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et al., 2011; Nishikawa et al., 2004; Sternberg et al., 2008).

Later, studies reported that TBT can cause not only endocrine but
also metabolic disruption (i.e. altered lipid homeostasis) in gastropods
(Capitao et al., 2021; Janer et al., 2007). The same “obesogenic” effect of
TBT has also been described in crustaceans (Jordao et al., 2015), echi-
noderms (Capitao et al., 2020), tunicates (Puccia et al., 2005), fish
(Barbos et al., 2019; Kopp et al., 2017; Lyssimachou et al., 2015;
Ortiz-Villanueva et al., 2018), and mice (Grun et al., 2006; Zuo et al.,
2011). Some molecular aspects of the altered lipid metabolism of
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gastropods were also investigated (Capitao et al., 2021; Lima et al.,
2013). The findings of these studies suggested that 17p-hydroxysteroid
dehydrogenase type 12 (HSD17B12), known to be essential for fatty acid
synthesis and lipid metabolism in mammals (Heikela et al., 2020),
played a key role in TBT-evoked metabolic disruption (Lima et al.,
2013). Moreover, TBT has been shown to interact with the peroxisome
proliferator-activated receptor/RXR heterodimer of gastropods, which
modulates the expression of genes involved in lipid homeostasis of
echinoderms and vertebrates (Capitao et al., 2021). Recently, TBT was
also demonstrated to alter embryonic and adult behaviors, such as
feeding and locomotion, of molluscan (Jiang et al., 2023; Svigruha et al.,
2024) and vertebrate species (Liang et al., 2017; Ponti et al., 2023;
Zhang et al., 2016). Based on these findings, further and more detailed
analyses were clearly needed to better understand the multifaceted
physiological changes induced by TBT in aquatic animals.

Therefore, the aim of the present study was to investigate the
metabolic-disrupting effects of TBT in the great pond snail (Lymnaea
stagnalis). Lymnaea has been a widely used model in neuroscience,
neuroendocrinology, and ecotoxicology for decades (reviewed by
Amorim et al., 2019; Fodor et al., 2020; Rivi et al., 2020). Moreover,
Lymnaea has also been a subject of TBT-induced endocrine disruption
research for many years (Bandow and Weltje, 2012; Czech et al., 2001;
Giusti et al., 2013a; Giusti et al., 2013b; Giusti et al., 2013c; Leung et al.,
2007; Reategui-Zirena and Salice, 2018; Svigruha et al., 2024). Given
that TBT-based antifouling products are still available on the market
contributing to the fresh supply of TBT pollution reported worldwide
(Uc-Peraza et al., 2022), studies on TBT remain highly relevant and may
have broad and important implications even today. To accomplish our
aim, adult specimens of Lymnaea were exposed to 100 ng L'! TBT for 21
days. After the chronic exposure, behavioral (feeding, locomotion) al-
terations as well as histological (tin accumulation, morphology), cellular
(lipid composition), and molecular (HSD17B12 expression) changes
were investigated in the central nervous system (CNS), kidney, and
hepatopancreas (‘digestive gland’).

2. Materials and methods
2.1. Chemicals for chronic exposure

TBT chloride (TBT Cl) standard (#T50202-5G, Merck, Germany) was
used for the treatments. First, a 1 mg mL! stock solution was prepared in
dimethyl sulfoxide (DMSO, #D8418-100ML, Merck). The choice of
DMSO as a carrier solvent was based on previous ecotoxicological
studies performed on mollusks (Capitao et al., 2021; Lima et al., 2011;
Lima et al., 2013; Svigruha et al., 2024). From this stock solution, 244 g
mL? working solutions were prepared weekly for the chronic exposure.

2.2. Experimental animals

5-month-old adult specimens of Lymnaea (with a shell length of
2.5-3.0 cm) were obtained from our laboratory-bred stocks. Snails were
maintained in large plastic tanks containing 10L oxygenated artificial
snail water (composition in mM: 0.1309 NaHCO3, 0.0378 K2S0O4, 0.4013
CaCl2H20, 0.0390 Mg(NO3)2'6H20; pH=7.6) at 20°C (+1°C) on a
12:12 h light:dark regime with natural wavelength light. Specimens
were fed on lettuce ad libitum two times a week.

2.3. Chronic exposure

The exposure settings followed the description of previous studies
(Capitao et al., 2021; Lima et al., 2011; Lima et al., 2013). Lymnaea
specimens were randomly selected from our laboratory-bred stocks and
divided into two experimental groups as follows: 1) control group and 2)
TBT-treated group (n = 30 animals/group). Each treatment was set up in
three replicates, resulting in n=180 animals in total.

Animals of the control group were placed into tanks (n = 30 animals/
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tank) containing 10 L artificial snail water without DMSO. Animals of
the TBT-treated group were also placed into tanks (n = 30 animals/tank)
containing 10 L artificial snail water with 244 ng L TBT Cl, which was
equivalent to 100 ng L' TBT Sn. This exposure concentration was cho-
sen for two main reasons. First, to ensure high compatibility with
existing literature, as the same concentration has been used in a number
of previous ecotoxicological studies on different mollusks, including
Lymnaea (e.g., Bandow and Weltje, 2012; Capitao et al., 2021; Iyapparaj
et al., 2013; Leung et al., 2007; Lima et al., 2011; Lima et al., 2013;
Svigruha et al., 2024). Second, because this concentration is considered
environmentally relevant (Antizar-Ladislao, 2008). The final DMSO
concentration was < 0.0001 % in the tanks of the TBT-treated group.
The chronic exposure lasted for 21 days. During TBT exposure, the
maintaining conditions (e.g., temperature and light) were the same as in
the case of the laboratory-bred stocks. During the 21-day treatments, the
animals were fed two times a week, with an equal amount of lettuce (3.5
g/individual), as also prescribed in OECD. In our preliminary experi-
ment, DMSO at this < 0.0001 % concentration after a 21-day exposure
had no effect on feeding and locomotion of Lymnaea (Supplementary
Figure 1).

Since a static exposure system was applied, the artificial water was
completely changed every third day in both control and treated tanks,
and TBT Cl was added again to maintain the 100 ng L'! concentration.
Recovery measurements were not performed since TBT is known to be
stable in water (Bandow and Weltje, 2012; Inoue et al., 2006), hence a
possible change of the nominal concentration due to degradation could
be neglected. Consequently, we assumed that the approx. 100 ng L
nominal concentration was continuously maintained. Since TBT is
known to tend to adsorb to plastics and glass, the tanks were equili-
brated to TBT for one week before the start of the exposure.

2.4. Behavior tests

After the 21-day exposure, the feeding and locomotor activities were
investigated according to the description of previous studies (Fodor
et al., 2021; Pirger et al., 2021; Svigruha et al., 2021).

Feeding behavior (i.e. number of rasps) was followed by placing the
snails from the control and TBT-treated groups (n=38 animals/group)
individually into a Petri dish filled with 90 mL artificial snail water.
Specimens were food-deprived for two days before the test. After ac-
commodation for 10 min, 5 mL artificial snail water was added to the
Petri dish and the number of spontaneous rasping activity was counted
for 2 min. After this, 5 mL 20% sucrose solution was added to the Petri
dish, which evokes feeding activity (rthythmic opening/closing of the
mouth), and then the evoked feeding rate was counted for 2 min. The
final feeding scores were obtained by subtracting the number of bites in
response to artificial snail water from the number of bites performed in
response to sucrose.

Locomotion (i.e. sliding) was followed by placing the snails both
from control and TBT-treated groups into experimental tanks (10 x 20 x
3 cm). After accommodation for 10 min, the locomotor activity of the
individual snails was recorded for 4 min with a German C-mount camera
(#VE10320; Loligo Systems). The records were analyzed with the
EthoVision XT 17.5 software (Noldus, the Netherlands) which plotted
the trajectories and calculated the total distance covered by each indi-
vidual snail.

2.5. Histochemical localization of tin and histological changes

After the 21-day TBT exposure, 15 animals were randomly selected
from both control and TBT-treated groups. The CNS, kidney, and
hepatopancreas were dissected from the animals and processed for
histochemistry.

Tin distribution was visualized by a modified Timm’s sulphide silver
reaction (Geyer, 1973). The tissues were fixed in 4% paraformaldehyde
dissolved in 0.1 M phosphate buffer (PB, pH=7.6) for 24 h at room
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temperature, then washed thoroughly (6 x 15 min) in PB (0.1 M,
pH=7.6), and cryoprotected in 20% sucrose solution. After this, the
samples were embedded into Cryomatrix (#6769006, Thermo Fisher
Scientific) and a series of alternating cryostat sections (15 um) were
mounted onto Superfrost ultra plus slides (#J3800AMNZ, Thermo
Fisher Scientific). Next, the samples were incubated in a freshly pre-
pared mixture of NayS (1.17 g) and NaH,PO4eH,0 (1.19 g) dissolved in
distilled water (pH=7.6) at room temperature for 30 mins. After thor-
ough washing in several changes of PB for 48 h, the samples were
incubated in a freshly prepared mixture of 10 mL gum Arabic 20%, 2 mL
of a solution consisting of 2% hydroquinone, 5% citric acid, and 0.2 mL
silver nitrate 10%. The development of the reaction was monitored
under a stereomicroscope.

For histological investigations, the tissues were fixed in a freshly
prepared formaldehyde-acetic acid fixative (6 mL conc. formaldehyde, 1
mL conc. acetic acid, and 18 mL distilled water) for 48 h at room tem-
perature. After washing thoroughly in 0.1 M PB (pH=7.2), the fixed
tissues were immersed in 20% sucrose solution for 1 h and then in 30%
sucrose solution overnight at room temperature. Thereafter, the samples
were embedded into Cryomatrix. Finally, a series of 15 pm thin alter-
nating cryostat sections were mounted onto Superfrost ultra plus slides
and stained with haematoxylin and eosin Y (H&E) following the stan-
dard protocol.

All sections were investigated in a Zeiss Axioplan microscope using
bright-field for Timm’s reaction or fluorescent illumination for H&E
staining, using FITC filter cube according to the suggestion of (Ali et al.,
2017).

2.6. Lipid extraction and LC-MS analysis

After the 21-day exposure, 30 animals (10 animals/replicate) were
randomly selected from both control and TBT-treated groups for
untargeted lipidomics analysis. The CNS, kidney, and hepatopancreas
were dissected from the animals. Tissue samples were pooled in each
replicate and their mass was measured (Supplementary Table 1). Lipid
extraction followed the original method developed by (Bligh and Dyer,
1959). Briefly, samples were homogenized in a chloroform-methanol
mixture 1:2 (v/v). To standardize extraction efficiency, the solvent
was added to the samples proportional to tissue mass at a ratio of 1:20.
After homogenization, ultrasonic extraction was performed. Following
vortexing, chloroform and water were added to achieve a chlor-
oform/methanol/water composition of 2:2:1.8 (v/v/v). After additional
vortexing, samples were centrifuged at 12,000 g for 10 minutes at 18°C.
The lipid-containing lower phase was manually separated and evapo-
rated under nitrogen gas. Lipids were subsequently re-dissolved in
methanol, and samples were normalized based on their initial masses.

Chromatographic separation was performed using a Thermo Ulti-
mate 3000 UHPLC™ system (Thermo Fisher Scientific) with a Kinetex
C18 reversed-phase column (2.6 pm, 2.1 mm x 150 mm i.d.; Phenom-
enex; USA). For the multistep gradient-based separation method, we
utilized two different solvents. Solvent A consisted of water/formic acid
(99.9/0.1, v/v), while solvent B was composed of water/formic acid/
methanol (9.9/0.1/90, v/v/v). Both eluents were supplemented with 10
mM ammonium formate. The gradient program included the following
steps: from O to 1.0 minutes, the composition was 20% B; from 1.0 to
10.0 minutes, it increased from 20.0% to 80.0% B; from 10.0 to 22.0
minutes, it increased from 80.0% to 100.0% B and remained at 100% B
until 40.0 minutes; then, from 40.0 to 41.0 minutes, the composition
decreased from 100.0% to 20.0% B, followed by a 6-minute equilibra-
tion of the column. The flow rate was 300 pL min™'. Data-dependent
mass spectrometric acquisition was performed with a Bruker Maxis 4G
UHR-QTOF instrument (Bruker Daltonics, Germany). The mass spec-
trometer was operated in positive ion mode, and the scanning range was
set to 100-1200 m/z. The flow of nebulizer gas was 10 L min at a
pressure of 2.5 bar, and the temperature was set at 220°C. The capillary
voltage was 3.8 kV.
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The 25 most intensive compounds were selected for CID fragmen-
tation. The collected data were converted to Abf format using the Reifycs
file converter tool and processed with the MS-DIAL (Version
5.1.230222) software. For database identification, the MS-DIAL Lipid-
Blast (version 68) MSP database was used (last edited on April 21st,
2022). The database identification was performed based on the sug-
gestions of a previous study (Tsugawa et al., 2020): molecules were
considered identified if their similarity (match) score exceeded the value
of 1.2. A representative fragment spectrum-based identification is pre-
sented in Supplementary Figure 2.

2.7. Insilico searches and bioinformatic analysis

The neural transcriptome data obtained in our previous work (Pirger
et al., 2024) were used to identify the coding sequence of HSD17B12 in
Lymnaea (Lym-HSD17B12). For homology-searching, relevant verte-
brate and molluscan HSD17B12 sequences were used as search queries
(Supplementary Table 2). We also compared the obtained sequence
with the public Lymnaea CNS transcriptome shotgun assembly
(sequence read archive: #DRR002012; (Sadamoto et al., 2012)). The
identified sequence was submitted to the NCBI Nucleotide database
(GenBank number: #PP400770).

Conserved domain search using NCBI CDD/SPARCLE (Lu et al.,
2020; Marchler-Bauer et al., 2017) was first performed to check if the
key regions were present in the deduced protein sequence. For 3D
structure prediction, the computational modelling was made with
AlphaFold2, a protein structure predicting algorithm (Jumper et al.,
2021). The amino acid sequence was run through the GoogleColab
platform (Bisong, 2019) followed by a further examination with PyMOL
(PyMOL, 2020) and Swiss-PdbViewer 4.1.0 (Guex and Peitsch, 1997).
For detailed sequence conservation analysis, Lym-HSD17B12 was
aligned with chosen sequences from NCBI: Nucella lapillus HSD17B12
(#JX625140), Haliotis diversicolor supertexta HSD17B12 (#ADF80270),
Danio rerio HSD17B12 (#ENSDARP00000014003), Homo sapiens
HSD17B12 (#ENSP00000278353). The alignment was performed with
EMML-EBI Multiple Sequence Alignment (https://www.ebi.ac.uk/
Tools/msa/clustalo/) and highlighted using BOXSHADE (https://gith
ub.com/mdbaron42/pyBoxshade).

For phylogenetic analysis, the multiple sequence alignment used to
generate the maximum likelihood tree consisted of 23 amino acid se-
quences (Supplementary information). The alignment was performed
using the ClustalW function with BLOSUM62 substitution matrix in
Molecular Evolutionary Genetics Analysis v7 software (Kumar et al.,
2016). The alignment was then analysed to get the best fitting model,
which was determined to be LG with gamma-distributed rates. Boot-
strapping support for the tree was conducted with 1000 bootstrap rep-
licates, the bootstrap values (%) are indicated at each branch point. All
positions containing gaps and missing data were eliminated. There was a
total of 261 positions in the final dataset.

2.8. Tissue distribution of Lym-HSD17B12 expression

The CNS, heart, kidney, and hepatopancreas were dissected from 5-
month-old animals (n=5) obtained from our base laboratory-bred
stocks. The respective tissues were pooled and homogenized in TRI re-
agent (#93289, Merck) with a TissueLyser LT device (Qiagen, Ger-
many). RNA was isolated with the Direct-zol™ RNA MiniPrep kit
(#R2050, Zymo Research). To ensure that the samples are free from
genomic DNA contamination, an additional DNase treatment was also
made with the TURBO DNA-free™ Kit (#AM1907, Thermo Fisher Sci-
entific). The RNA was quantified by a NanoDrop One device (#ND-ONE-
W, Thermo Fisher Scientific). The RevertAid H Minus First Strand cDNA
Synthesis Kit (#K1631, Thermo Fisher Scientific) was used for reverse
transcription (RT), applying random hexamer primers and 300 ng from
all RNA samples.

PCR primers were designed for the identified coding region of
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HSD17B12 with the SnapGene Viewer software (GSL Biotech, v4.1.7).
The applied primer set was as follows: the forward primer for
HSD17B12: 5 — CTT GCA GCC AAA GGC CTT AAT GTT G - 3; the
reverse primer for HSD17B12: 5' — ACA TTG TTG ACC AGG ACT CCG
ATG - 3’ (Integrated DNA Technologies, Belgium). As a control to ensure
the quality of reverse transcription, actin was also amplified for all
examined tissues. The applied primer set for actin was as follows: the
forward primer: 5' — TCC CTT GAG AAG AGC TAC GAG C - 3/; and the
reverse primer: 5 — GAG TTG TAG GTG GTT TCG TGG - 3' (Integrated
DNA Technologies). The PCR reaction was performed in 20 pL reaction
volume at 95°C for 4 min followed by 35 cycles of 95°C for 30 s, 56°C for
30 s and 72°C for 10 s by a T1 Thermocycler PCR device (Biometra,
Germany).

2.9. qRT-PCR measurement of Lym-HSD17B12 expression

After the 21-day TBT exposure, 12 animals were randomly selected
from the control and TBT-treated groups (i.e. 4 animals/replicate/
group). The CNS, kidney, and hepatopancreas were prepared from the
animals. From the individual tissue samples, RNA isolation, additional
DNase treatment, and reverse transcription with 200 ng RNA for all
samples were performed as described above.

To quantify the change of mRNA expression level of Lym-HSD17B12,
qRT-PCR was performed. Each 20 pL reaction volume contained 10 pL
2x SYBR Green PCR Master Mix (#208252, Qiagen), 6 pL distilled water,
2 pL cDNA sample (20 ng), and 1 pL for each primer (500 nM final
concentration). Following the method of previous studies performed on
Lymnaea (Batabyal et al., 2024; Rivi et al., 2022; Rivi et al., 2023),
elongation factor 1o (EFla) and p-tubulin (BTUB) were used as house-
keeping genes. The applied primer sets were as follows: forward for
EFla: 5' - GTG TAA GCA GCC CTC GAA CT - 3'; reverse primer for EF1a:
5 — TTC GCT CAT CAA TAC CAC CA - 3); forward for BTUB: 5' — GAA
ATA GCA CCG CCA TCC - 3); reverse for PTUB: 5 — CGC CTC TGT GAA
CTC CAT CT - 3' (Integrated DNA Technologies). Each preparation of
Lym-HSD17B12, EFla, and BTUB was added to 96-well plates in tripli-
cates. The reaction was performed at 95°C for 2 min followed by 40
cycles of 95°C for 5 s, 60°C for 30 s using the QIAquant 96 2plex device
(Qiagen) with the Q-Rex software (v. 2.0).

At the end of the measurement, a melting curve analysis was per-
formed (plate read every 0.3°C from 60 to 95°C) to determine the for-
mation of the specific products. The amplification efficiency of the
primer pairs calculated from the standard curves was within the desired
range of 95%-105% (Lym-HSD17B12: 101%; EFla: 98%, fTUB: 100%).
Changes in Lym-HSD17B12 mRNA expression, normalized to the
arithmetic mean of the two reference genes, were calculated with the 2
AACt method.

2.10. Statistical analysis

Statistical analysis of data obtained during the behavior and qRT-
PCR experiments was made with the OriginPro 2018 software (Origin-
Lab Corp., USA). The normality of the datasets was investigated using
the Shapiro-Wilk test and the homogeneity of variances between groups
was checked with the Levene-test. The feeding and locomotor data were
analyzed using the two-sample t-test. The QRT-PCR data were analyzed
with the two-sample t-test or the Mann-Whitney test. In the case of
lipidomics, the peak areas were used for relative quantification. Statis-
tical analysis of data was made with the F-test built in the MS-DIAL
software to assess differential changes between the samples (trea-
ted_vs_control; 1.5 fold change and 0.05 adjusted P value). Lipid anno-
tations were processed using the lipidr package 2.15.1 (Mohamed and
Jeffrey, 2023) in R 4.5.0 (Team, 2025) to yield numeric data on satu-
ration and average fatty acid chain length. In brief, the fold-change
values of individual phosphatidylcholines (PCs),
ether-phosphatidylcholines (EtherPCs) and other less abundant lipids
were sought for differential change patterns in the dataset. Only lipids
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with annotations at the total chain length level were processed. Side
chain length was defined as Cn < 16, short; 16 < Cn < 20, medium; Cn >
20, long. Average saturation was defined as nbonds = 0, saturated
(SAT); 0 < nbonds < 2, unsaturated (UNSAT); nbonds > 2, poly-
unsaturated (PUFA).

3. Results and discussion
3.1. Feeding and locomotor activity

The effect of chronic TBT exposure on the feeding and locomotor
activities of adult specimens of Lymnaea is shown in Fig. 1. Compared to
the control, a 37.3% reduction in feeding score was observed in the TBT-
treated group, indicating a significant reduction in feeding activity after
exposure to TBT (tyo =5.09, p < 0.001) (Fig. 1A). In contrast, the TBT
exposure did not alter locomotor activity (Fig. 1B), as no significant
differences were detected in the total distance covered between the
control and treated groups (p > 0.05). In accordance with the decreased
feeding activity, the body weight of the snails in the treated group was
significantly lower at the end of the treatment compared to that of the
animals in the control group (tzg = 2.22, p < 0.05) (Supplementary
Figure 3).

The current literature data on the effect of TBT on the feeding ac-
tivity of different animals are contradictory. TBT as an obesogenic
compound is known to increase the food intake (and body weight) of
goldfish (Zhang et al., 2016), zebrafish (Lyssimachou et al., 2015), mice
(Ponti et al., 2023), and rats (Rodrigues-Pereira et al., 2022) even at low
concentrations. In contrast to vertebrates, after the application of 30, 60,
or 120 ng L' TBT to embryos of the squid Sepia pharaonic, a significantly
decreased feeding time and body weight of juveniles were reported in a
recent study (Jiang et al., 2023). In our previous study, 100 ng L' TBT
exposure during the entire embryogenesis was shown to decrease the
feeding activity of Lymnaea embryos (Svigruha et al., 2024). In addition
to studies performed on mollusks, to our best knowledge, there is only
two invertebrate study investigating the effects of TBT on feeding
behavior (Jordao et al., 2016; Ofoegbu et al., 2016). Acute (48 h)
sub-lethal exposures with 16 and 103 ng L TBT were shown to signif-
icantly reduce the feeding of the freshwater planarian Schmidtea medi-
terranea (Ofoegbu et al., 2016). Moreover, a 24 h-exposure to 10 nM TBT
(appr. 3.2 ng L'Y) already decreased the feeding rate of the water flea,
Daphnia magna (Jordao et al., 2016). The decreased feeding activity of
adult Lymnaea specimens shown in the present study are consistent with
the previous findings, suggesting that the effect of TBT on feeding is
opposite to that described in vertebrates.

The current literature data on the effect of TBT on the locomotor
activity of aquatic animals are controversial. In an earlier study on
zebrafish embryos, a significantly reduced locomotor activity was re-
ported following the application of 317 ng L' TBT for 96 h (Liang et al.,
2017). In contrast, three-week-old hatchlings of rainbow trout exposed
to 0.5 ug L' or 2.0 ug L'! TBT for 21 days displayed a significantly
increased swimming activity (Triebskorn et al., 1994). The swimming
activity of juveniles of S. pharaonis significantly increased after the
administration of 30 and 60 ng L™ TBT during embryogenesis (Jiang
et al., 2023). In our previous study, the locomotor (gliding) activity of
Lymnaea embryos was not altered during the exposure to 100 ng L' TBT
(Svigruha et al., 2024). Sub-lethal exposures (8, 16, and 103 ng L'l) to
TBT for 48 h were shown to reduce the locomotor activity of the
planarian S. mediterranea (Ofoegbu et al., 2016). Based on these find-
ings, the effect on locomotor activity seems to be species-specific.
However, the different changes might also be explained by the not
completely identical endpoints investigated and the different exposure
and concentration conditions (acute vs. chronic, ng L vs ug L'1).

In earlier studies performed on vertebrates, TBT applied even at
environmentally-relevant concentrations was demonstrated to cross the
blood-brain barrier, induce neuroinflammation and oxidative stress,
alter the chemical synaptic transmission, and change the level of
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Fig. 1. Feeding (number of rasps/2 min) (A) and locomotor (distances covered/4 min) (B) activities of the experimental groups (control — white column; TBT-treated
— grey column) of adult Lymnaea specimens after 21-day TBT exposure. The feeding activity of TBT-treated snails significantly decreased, while the locomotor activity
did not change. Each bar represents mean + SEM (n = 38 animals/group). Significant difference to the control is indicated by an asterisk (*p < 0.05).

different neurotransmitters (Kishimoto et al., 2001; Li and Li, 2021;
Mitra et al., 2013; Yu et al., 2013). Some elements of the neuronal cir-
cuits which are responsible for the regulation of feeding behavior in
mice have been investigated regarding the increased feeding activity
evoked by TBT. Accordingly, a significant decrease in the immunore-
activity of the orexigenic Neuropeptide Y and the anorexigenic
pro-opiomelanocortin in different parts of the feeding circuits was
demonstrated (Bo et al., 2016; Farinetti et al., 2018; Ponti et al., 2023).
From our side, future studies are aimed at investigating the neuronal
mechanisms of the decreased feeding activity of Lymnaea. Since network
functions, such as pattern generation, modulation, and motivational
state regulation, involved in Lymnaea feeding behavior are well-known

A1 2

>
>

(reviewed by Benjamin and Crossley, 2020), this species provides an
excellent opportunity to investigate the TBT-induced changes both at
the level of neuronal circuits and individually identified neurons.

3.2. Tin accumulation and histological changes in Lymnaea tissues

A number of earlier studies has revealed the accumulation of TBT in
the whole-body tissue of adult molluscan species using the standard gas
chromatography or inductively coupled plasma mass spectrometry ap-
proaches (e.g., Chen et al., 2011; Inoue et al., 2004; Inoue et al., 2006;
Martinez et al., 2017; Metelkova et al., 2022; Wang et al., 2010).
However, these studies did not deal with the localization of tin. In a
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Fig. 2. Representative micrographs of the buccal ganglion (upper row), kidney (middle row), and hepatopancreas (i.e. digestive gland; lower row) taken from control
(A column) and TBT-treated (B column) animals after 21-day TBT exposure. Timm’s sulphid-silver reaction shows finely granulated black precipitations in the buccal
ganglion (B1) and kidney (B2) of tin exposed animals but not in the controls (A1 and A2). In the buccal ganglion, black precipitations (arrows) are located in the
neural perikarya (asterisks), neuropil (np), and ganglion sheath (circles). In the kidney, fine black precipitations are seen both in cells (arrows) of the epithelium
(triangles) and in the connective tissue septa (double arrows). The acinar epithelium (squares) of the hepatopancreas of both control (A3) and exposed (B3) animals
displays several granular structures with variable size and content. Timm’s reaction showssome granules containing only a few black grains (arrows) in the control
sections, while intensely labelled granules (arrows) are seen in the epithelial cells of the TBT-treated samples. Bars = 25 pm.
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pioneer study, the histopathological changes induced by long-term 100
ng L'! TBT exposure were investigated in the albumen gland, dermis,
foot, lung, mantle, and prostate gland of Lymnaea, revealing marked
degenerative effects (tissue necrosis) and inflammatory responses in the
epithelial tissue of the lung and foot (Czech et al., 2001). However, the
possible histological changes in other tissues, including the CNS, kidney,
and hepatopancreas, of Lymnaea have not yet been investigated. Keep-
ing this in mind, in the present study, we investigated tin accumulation
and histopathological effects of TBT in the CNS, kidney, and hepato-
pancreas of Lymnaea.

The accumulation of tin in the examined tissues is shown in Fig. 2.
Compared to the control group (Fig. 2A1-A3), Timm’s reaction pro-
duced finely granulated black precipitation in the neural perikarya,
neuropil, and ganglion sheath of the CNS (Fig. 2B1), as well as in the
epithelial cells and connective tissue septa of the kidney (Fig. 2B2), and
in the epithelial cells of the hepatopancreas (Fig. 2B3) of TBT-exposed
animals. The most intensive tin accumulation was observed in the
epithelial cells of hepatopancreas. Similarly to our previous results ob-
tained on Lymnaea embryos (Svigruha et al., 2024), the CNS also proved
to be a potential target for tin accumulation in adults, although the tin
reaction was significantly less intense than in the kidney and hepato-
pancreas. In the case of other metals (e.g., Al and Cd), after an initial
systemic accumulation in Lymnaea tissues, redistribution into the
digestive gland was detected where the intracellular lysosomal granules
play a key role in metal sequestration (Desouky, 2006). We hypothesize
that this is also the case for TBT, which is reflected by the highly
intensive tin accumulation in the hepatopancreas. Importantly, this is
the first study to demonstrate the cellular localization of tin in
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TBT-exposed adult specimens of a molluscan species. Of note, the
applied histochemical reaction is not selective for tin since some heavy
metals (e.g., cadmium, copper, zinc) also form precipitation with sulfide
silver reaction, but significant occurrence of other heavy metals can be
excluded in our experiments.

Further investigations with H&E staining after TBT exposure
revealed remarkable morphological changes both in the kidney and
hepatopancreas, but not in the CNS (Fig. 3). In the kidney sacs, the renal
epithelium of the exposed animals became remarkably thinner
(Fig. 3B2), while the connective tissue septa were thicker compared to
that of the control (Fig. 3A2). Similarly, the epithelium of the digestive
gland of TBT-treated snails was also thinned (Fig. 3B3) compared to the
control (Fig. 3A3). Hypothetically, the observed changes can be the
results of necrosis, but further investigations are needed to clear un-
equivocally this question. In recent studies, when applying TBT at mg
kg™ concentrations, the histopathological changes in the brain of mice
and rats were shown to present remarkable morphological changes, such
as disturbed cortical layers, were demonstrated (Sakr et al., 2021; Sha-
ban et al., 2023). Moreover, a 4-week exposure of TBT (4.8 ug snail ™)
caused severe histopathological and ultrastructural alterations (e.g.,
hyperchromatic nuclei, atrophy of the perikarya of some neurons,
increased number of autophagosomes) in the cerebral ganglia of the
land snail, Eobania vermiculata (Essawy et al., 2011). We failed to
observe similar alterations, suggesting that the applied 100 ng L! con-
centration was too low for destructive effects on the CNS. However, the
chronic TBT exposure evoked notable degenerative effects in the
epithelial tissue of both the kidney and hepatopancreas, which results
are in line with the previous findings obtained on mollusks (Czech et al.,

Fig. 3. Representative micrographs of the buccal ganglion (upper row), kidney (middle row), and hepatopancreas (i.e. digestive gland; lower row) taken from control
(A column) and TBT-treated (B column) animals after 21-day TBT exposure. Following H&E staining and fluorescent illumination, characteristic histological dif-
ferences between control and treated samples are seen. Compared to the control (A1), the presence of protein rich granules with variable fluorescent emission (bullet
arrows) are seen in the neuropil of the buccal ganglion of treated snails (B1). Asterisks — nerve cell bodies; circle — ganglion sheath.The kidney of control animals
displays regular, cuboidal epithelium (triangles) located on a connective tissue septum (double arrows) (A2). In contrast, TBT-exposure resulted in degeneration of
the kidney epithelium (triangles) and swelling of the connective tissue septa (double arrows) (B2). Acinar epithelium (squares) of the hepatopancreas of both control
(A3) and exposed (B3) animals had several granular structures with variable size and content. Note the similar pattern and size of protein rich granules (bullet
arrows) and metal-accumulating granules (Fig. 2) in the acinar epithelium. Note bright fluorescence in the acinar lumen indicating an intense transportation of the
granular proteins by exocytosis. Similar to the kidney, a thinned epithelium and a thicker connective tissue septa can be observed in the hepatopancreas of the
exposed snails. Bars = 25 um.
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2001; Zhou et al., 2010) and fish (Fent and Meier, 1992; Rabitto et al.,
2005).

Compared to the control (Fig. 3A1l), accumulation of granules
characterized by distinct fluorescent (from green to yellow) emissions
wase seen in the neuropil of treated animals (Fig. 3B1). Since eosin is an
effective stain of cationic proteins binding to their arginine, histidine,
lysine, and tryptophan residues and it is also a pH indicator (Waheed
et al.,, 2000), we suppose that these granules are protein-rich and
represent distinct types of lysosomes. In the kidney of control snails, the
epithelium was rich in secretory granules (Fig. 3A2), while the number
of connective tissue cells and fibers increased significantly in the
TBT-exposed animals (Fig. 3B2). Some of the connective tissue cells
were tightly packed with granules, showing strong fluorescence. The
structure of digestive gland of Lymnaea is well-known to consist of many
tubules of digestive diverticula and the epithelium is composed of three
main cell types: digestive, excretory, and thin cells (Desouky, 2006;
Elangovan et al., 2000). The digestive cells contain three types (small,
green, and yellow) of granules, which corresponds to different devel-
opmental stages of lysosomes with the yellow granules representing the
mature ones (Desouky, 2006). In contrast to the control (Fig. 3A3), the
number of excretion granules increased in the digestive gland cells of the
TBT-treated animals which were also present in the lumen of the tubule
(Fig. 3B3). Intracellular metal detoxification by lysosomal activity is
well-known in animals. Previously, trace metals were demonstrated to
increase the number of excretory/lysosomal granules in the kidney and
hepatopancreas of Lymnaea (Desouky, 2006). Also, removal of TBT via
digestive cell lysosomal compartment was shown in the Asian clam,
Corbicula fluminea (Champeau and Narbonne, 2006). Moreover, in an
earlier study on Anodonta anatine, the frequent localization of tin in the
secondary or tertiary lysosomes of nephrocytes was demonstrated
following the application of dibutyltin for months (Herwig and Hol-
werda, 1986). Based on these findings, we suppose that TBT increased
the lysosomal activity in all Lymnaea tissues investigated, which is
supported by the increased number of excreted granules.

3.3. Effect of TBT on lipid composition

As mentioned in the Introduction, TBT, as well as other organotins
such as triphenyltin, were previously shown to alter the lipid homeo-
stasis in mollusks (Capitao et al., 2021; Janer et al., 2007; Lyssimachou
et al., 2009). However, these studies focused only on the gonads or the
digestive gland/gonad complex. Moreover, these studies investigated
only the changes in the total lipid amount and fatty acid composition
without directly measuring the amount of different lipids. In order to
provide further and possibly new insight into the TBT-evoked meta-
bolic-disruption, we investigated the potential direct changes of the lipid
content of the CNS, kidney, and hepatopancreas.

Using an untargeted lipidomics approach, 132, 178, and 222 lipid
features in the CNS, kidney, and hepatopancreas, respectively, could be
identified (Supplementary Table 3-5). From the identified lipids, the
amount of 16 lipids in the CNS, the amount of 27 lipids in the kidney,
and the amount of 30 lipids in the hepatopancreas changed significantly
due to the chronic TBT exposure (Table 1). Since the different tissues
have their own lipid fingerprint, the identified lipids showing significant
changes were tissue dependent. As expected, more lipid composition
change was detected in the kidney and hepatopancreas, since the
metabolic rate of these organs is higher than that of the CNS. A pre-
liminary functional analysis was also carried out to reveal deeper in-
sights into the potential changes in the lipid homeostasis induced by TBT
(Fig. 4). In the CNS, the treatment increased the proportion of several
features with more saturated side chains, indicating a shift from PUFA to
UNSAT (p < 0.05, n = 22) in the phospholipid class, but not across all
lipid classes. No significant change was observed in chain length. In the
kidney, no significant changes were determined. In the hepatopancreas,
in contrast, the proportion of shorter-chain features increased, while the
proportion of medium and long chains decreased, but this effect was
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Table 1

Fold change values of the significantly changed lipids (treated_vs_control; 1.5
fold change and 0.05 adjusted P value) in the CNS, kidney, and hepatopancreas
after the 21-day TBT exposure. Abbreviations: PC — phosphatidylcholine; LPC —
lysophosphatidylcholine; PE —phosphatidylethanolamine; LPE — lysophosphati-
dylethanolamine; SM - sphingomyelin: SPB - sphingoid base; DG - diac-
ylglycerol; CAR - acylcarnitine; ST — sterol.

CNS Kidney Hepatopancreas
Lipid FCvalue  Lipid FCvalue  Lipid FC value
PC(0-32:1) -2.06 PC(38:3) -61.97 PC(34:3) 4.43
PC(0-36:9) -3.73 DG(34:0) 8.95 PC(0-37:7) -5.8
PC(0-42:11) 2.59 PE(40:8) 9.98 LPC(0-18:0) 3.17
LPC(0-16:0) -1.65 DG(24:3) 10.34 PC(27:0) -2.67
PC(38:6) -1.76 PC(0-39:4) 1.51 PC(32:3) -4.15
PC(0-33:0) -1.65 PC(0-33:2) 1.54 PC(0-39:5) -2.68
PC(32:3) 1.68 PC(36:5) 1.51 PC(41:6) -1.79
PC(36:1) 1.9 PC(0-32:0) 2.57 SPB(19:1;02) -2.54
PC(0-40:6) -1.68 PC(0-33:1) 2.76 PC(0-42:2) -5.58
PE(P-38:4) -3.15 PC(0-38:3) 1.74 PC(42:6) -2.39
LPE(O-16:1) 2.49 LPE(18:1) 1.72 SM(45:1;02) -63.8
PC(0-40:4) -1.53 PC(42:5) 2.02 CAR(24:0) -6.03
PC(0-30:0) 3.1 PC(36:3) 1.98 PC(0-40:4) -1.52
PC(0-42:5) -1.61 PC(38:2) -1.98 PC(0-30:0) 2.77
SM(32:0;02) -1.73 PE(0O-16:1) 2.23 PC(0-32:0) 1.57
PC(35:2) 3.82 DG(37:7) -5.05 PC(36:3) -2.39
PC(0-36:2) -1.57 LPC(0-20:1) -2.01
PC(38:1) -1.57 LPC(20:1) -4.73
LPC(20:4) -1.79 CAR(23:0) -2.08
PC(36:2) -1.87 ST(28:2;0) -2.26
PC(0-31:0) -3.17 PC(33:4) -2.02
PC(0-36:3) -2.77 PC(40:9) -3.77

PC(0-36:4) -2.7 PC(0-31:0) 2.33

PC(35:1) -2.23 LPC(0-15:0) -2.43
PC(0-36:5) -2.2 PC(0-34:4) 1.66
PC(32:3) -2.48 PC(38:7) -1.76
LPC(18:3) -2.36 PC(40:7) -4.03
PC(34:6) -2.4 LPC(18:2) -2.38
CAR(22:0) -7.93
PC(36:5) 4.4

only observed in the ether phospholipid class (p = 0.022), and not across
all lipids (p = 0.42) or specifically within the phospholipid class (p =
0.16). Specifically, the log>FC values for short, medium, and long chains
were 1.46 + 1.15 (n = 8),-1.18 + 2.28 (n = 32), and -1.03 + 4.10 (n =
3), respectively. Additionally, the proportion of saturated chains also
increased within the ether phospholipid class, at the expense of PUFA
and UNSAT (p = 0.0324, n = 43), but this shift was not observed in all
lipids or specifically in the PC class. Altogether, a shift from unsaturated
to saturated lipids was observed in two organs, however with different
outcomes — either an increase in the proportion of SAT or of mono-
UNSAT. Moreover, different lipid classes were affected in each case. In
the hepatopancreas, this shift is accompanied by a reduction in fatty acid
chain length.

Our results confirmed the previous idea that untargeted LC-MS lip-
idomics is a powerful experimental approach to analyze the metabolic
effects of TBT on aquatic invertebrates (Jafari et al., 2023). The first
study investigating the potential effects of organotin compounds on lipid
homeostasis in invertebrates was published by (Janer et al., 2007). In
this pioneer work, when exposing specimens of the ramshorn snail
Marisa cornuarietis to 30, 125, and 500 ng L'l TBT, respectively, for 100
days, a significant increase in the fatty acid levels and percentage of
lipids was detected in the digestive gland/gonad complex of females
exposed to 500 ng L. Moreover, fatty acid profiles were altered in both
males and females exposed to 125 and 500 ng L'! TBT depending on the
saturation degree and carbon chain length. In another study on
M. cornuarietis, alterations in the lipid content and fatty acid profiles
were also reported following the application of triphenyltin at 30, 125,
and 500 ng L1 concentrations for 7 days (Lyssimachou et al., 2009).
Comparing the findings of previous studies with the results of the pre-
sent study, all evidence suggests that organotin compounds disrupt lipid
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Fig. 4. Distribution of log,(fold-change) values of lipid features with MS/MS resolved side chains in various annotated lipid classes and average side-chain saturation
in the CNS, kidney, and hepatopancreas. Different organs are shown in different columns, while the two main classes, ether phosphatidylcholines (Ether PC) and
phosphatidylcholines (PC) are shown in different rows, in individual subplots; see grey strips for organs and lipid classes. The vertical lines in each plot separate
features with decreasing and increasing abundance. Saturation levels denote the average double bond number per side-chain, as follows: PUFA, n > 2; UNSAT, 2 > n

> 0; SAT, n = 0.

homeostasis in mollusks, affecting both chain length and saturation —
although these effects are tissue- and lipid class-specific. Particularly, a
consistent reduction in the proportion of polyunsaturated fatty acids and
a shift toward more saturated fatty acids are revealed by the previous
and present findings. These changes are most pronounced in the diges-
tive gland, most likely due to its high metabolic and detoxification ac-
tivity. Such alterations in lipid homeostasis can reduce membrane
fluidity, disrupt signal transduction, and weaken antioxidant defense
mechanisms, thereby adversely affecting molluscan physiology. Our
study extends our knowledge on mollusks by providing tissue-specific,
lipid class-specific changes via untargeted lipidomics, and so high-
lighting the complexity and organ specificity of lipid responses to TBT
exposure. In addition to studies on mollusks, TBT was also shown to alter
the amount of storage lipids and lipid composition of Daphnia (Jafari
et al., 2023; Jordao et al., 2015; Jordao et al., 2016; Moro et al., 2024).
Future studies should aim to investigate lipid metabolic pathways and
functions more deeply in other invertebrate model animals.

3.4. Changes in the expression of Lym-HSD17B12

In vertebrates, the main function of some HSD17B isozymes is the
synthesis of androgens and estrogens, while other HSD17Bs play key
roles in other metabolic processes (reviewed by Marchais-Oberwinkler
et al.,, 2011; Prehn et al., 2009; Saloniemi et al., 2012). Among these
enzymes, HSD17B12 is known to be essential for fatty acid synthesis and
lipid metabolism in mice (Heikela et al., 2020). In an earlier study, the
inhibitory effect of TBT was reported on the enzymatic activity of
HSD17Bs in pig (Ohno et al., 2005). Moreover, a later study demon-
strated that the expression of HSD17B12 was decreased in the digestive
gland of N. lapillus following chronic exposure of TBT at 100 ng L,
suggesting an evolutionary conserved function for this enzyme and
pointing out its potential role in TBT-evoked metabolic disruption (Lima
et al., 2013).

Using nucleotide sequencing and in silico searches, the sequence of
Lym-HSD17B12 was identified (Supplementary Figure 4) in order to
provide further insights into the evolution of HSD17B enzymes and to be
able to investigate the alterations in its expression after chronic TBT
exposure. The subsequent bioinformatic analyses, including conserved
domain analysis (Supplementary Figure 5), conservation analysis
(Supplementary Figure 6), Ribbon diagram prediction (Supplemen-
tary Figure 7), and phylogenetic analysis (Supplementary Figure 8),
confirmed that the protein product of the obtained sequence is a bona
fide HSD17B12 candidate. Our RT-PCR analysis revealed that Lym-

HSD17B12 transcript was present in all tissues investigated: CNS,
heart, kidney, and hepatopancreas (Supplementary Figure 9). This
ubiquitous expression corresponds to that reported in N. lapillus (Lima
et al., 2013) and different vertebrate species (Blanchard and Luu-The,
2007; Heikela et al., 2020; Moon and Horton, 2003; Sakurai et al.,
2006). Similar to the expression of HSD17B12 in N. lapillus, the highest
expression was detected in the kidney and hepatopancreas (organs with
high metabolic rate). Since the current view is that a sex steroid
biosynthetic pathway similar to that described in vertebrates is not
present in mollusks (Fodor and Pirger, 2022; Markov et al., 2017; Scott,
2012), our results support the idea that in mollusks, like in mammals,
the main function of HSD17B12 is the participation in lipid metabolism.

The changes in the expression of Lym-HSD17B12 after the 21-day
TBT exposure are shown in Fig. 5. Compared to the control, the
chronic TBT exposure caused a 62.6% reduction in Lym-HSD17B12
expression in the CNS (Mann Whitney: Z = 3.72, p < 0.001) (Fig. 5A),
a 69.2% reduction in the kidney (tp2 = 4.72, p < 0.001) (Fig. 5B), and a
74.3% reduction in the hepatopancreas (toy = 7.44, p < 0.001) (Fig. 5C).
The decreased expression of Lym-HSD17B12 in the hepatopancreas was
the same as that previously described in N. lapillus (Lima et al., 2013).
TBT was previously shown to modulate the transcription of key elements
of lipid metabolism in Daphnia (Moro et al., 2024) as well as in different
tissues of zebrafish and mice (Grun et al., 2006; Lyssimachou et al.,
2015). Our results also demonstrated that application of TBT decreased
the expression of HSD17B12 not only in the hepatopancreas but also in
the CNS and kidney. Importantly, our findings obtained at the molecular
level correlate well with the altered lipid composition revealed at the
cellular level, further suggesting that HSD17B12 enzyme is involved in
the lipid metabolism and in the TBT-induced metabolic disruption in
mollusks. To get a deeper understating of TBT-evoked disruption of lipid
homeostasis in Lymnaea (and in mollusks in general) at the molecular
level, further studies should aim at identifying a wide range of lipogenic
genes (e.g. SREBP1) and analyzing their expression after chronic TBT
treatments.

4. Conclusions

In summary, our results show that TBT affects the adult specimens of
the great pond snail, Lymnaea stagnalis from the behavioral to the mo-
lecular level at an average environmentally relevant concentration (100
ng L'Y). Our results are the first to demonstrate that direct application of
TBT alters adult feeding activity of a molluscan species, supporting
previous studies on mollusks and flatworms that indicate TBT exerts an
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Fig. 5. Expression of Lym-HSD17B12 in the CNS (A), kidney (B), and hepatopancreas (C) after the 21-day TBT exposure. The expression of Lym-HSD17B12
significantly decreased in all tissues investigated after TBT treatment. Each bar represents mean + SEM (n = 12 animals/group). White columns represent the
control, while grey columns represent the treated groups. Significance of differences to the control is indicated by asterisks (***p < 0.001).

opposite effect on feeding of invertebrates compared to vertebrates. It is
also ascertainable that feeding activity is an excellent target for inves-
tigating the effects of TBT pollution in aquatic species. At the histo-
chemical level, the presence and distribution of tin was demonstrated for
the first time in an adult molluscan species after chronic TBT exposure,
and evidence was provided that TBT induces an increased lysosomal
activity in different peripheral tissues.

Our findings also demonstrated that TBT can directly alter the lipid
composition in Lymnaea, confirming that this compound is not only an
endocrine but also a metabolic disruptor in invertebrates. Along with the
findings of previous studies on mollusks, our study highlights a consis-
tent reduction in the proportion of PUFA and a shift toward more
saturated lipids, suggesting changes in membrane fluidity and signaling
capacity. Moreover, our study extends the findings of the previous
studies by providing tissue-specific and lipid class-specific changes
highlighting the complexity and organ specificity of lipid responses to
TBT exposure. Our results confirm that HSD17B12 enzyme plays a key
role in lipid metabolism in mollusks (indicating an evolutionarily
conserved function) and suggest that it is likely involved in TBT-induced
metabolic disruption. We propose that the changes in the lipid homeo-
stasis is a result of an interplay between direct molecular disruption of
lipid metabolic pathways (e.g., decreased HSD17B12 expression) and
indirect metabolic consequences stemming from nutritional stress (due
to the reduced feeding activity and body weight loss). The reduction in
PUFA content and chain length suggests an inhibition of elongase or
desaturase activity, which is supported by the decreased expression of
HSD17B12. Additionally, nutritional stress is known to alter lipid
metabolism. Namely, under reduced food intake, many animals mobi-
lize storage lipids (typically long-chain PUFA) and shift toward shorter
or more saturated fatty acids.

Although TBT at the low concentrations is not lethal for mollusks, it
is clear that it has a strong impact on their physiology and metabolism.
Further studies should aim at revealing the exact neuronal background
of the altered feeding behavior evoked by TBT, and identifying further
molecular elements (e.g., lipogenic genes) involved in the disturbed
lipid homeostasis.
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