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ABSTRACT

Tributyltin (TBT) is a widespread marine contaminant that affects the development and reproduction of marine
invertebrates; however, its molecular impacts on early embryonic development remain poorly understood. In this
study, we investigated the effects of environmental concentrations of TBT on the miRNA expression profiles of
the marine gastropod Tritia mutabilis during intracapsular embryogenesis. Embryos were exposed for 10 days to
low (1012 M) and high (107'° M) concentrations of TBT, and the differential expression of miRNAs was assessed
by high-throughput sequencing. Obtained results revealed a significant modulation of several miRNAs across
treatments, with a set of 11 miRNAs responding to both low and high TBT concentrations, while miR-486-5p and
miR-183-5p were specifically modulated under the low TBT concentration, and miR-263b, miR-184, and miR-
100-5p were exclusive to the highest concentration. Pathway analyses identified a range of biological pro-
cesses affected, including nervous system development, cellular functions such as proliferation and cell growth,
signal transduction, cellular component assembly and cell-cell interactions. Notably, several pathways were
highly enriched (i.e., >100 regulated target genes) under both conditions, including focal adhesion, Ras
signaling, regulation of actin cytoskeleton, Rapl signaling, cAMP signaling, calcium signaling, and cGMP-PKG
signaling pathways, highlighting the vulnerability of developmental and cellular communication networks,
and further supported by the expression analysis of the corresponding miRNA-regulated target genes. These
findings demonstrate that TBT contributes to the developmental abnormalities of marine gastropod embryos by
modulating miRNA-mediated control of gene transcription. Our results contribute to advancing the under-
standing of miRNAs' potential utility as biomarkers for environmental monitoring.

1. Introduction

normal physiological functions such as growth and immune system,
cause imposex and lead to reproductive failures, ultimately affecting

Tributyltin (TBT) is a highly toxic chemical compound that has been
widely used in antifouling paints on ships to prevent the growth of
marine organisms such as barnacles, algae, and molluscs (Kroon et al.,
2020; Cocci et al., 2021a). However, despite its effectiveness, TBT has
raised significant environmental concerns due to its persistence, bio-
accumulation, and detrimental effects also on non-target marine or-
ganisms, particularly gastropods. The impact of TBT on marine
gastropods, a class of invertebrates that includes various species of slugs
and sea snails, has been a subject of extensive scientific investigation.
Marine snails play crucial roles in ecosystems as both prey and preda-
tors, and any disturbances in their populations may affect ecological
communities (Hu et al., 2022). TBT exposure in marine gastropods has
been associated with a range of adverse effects across different devel-
opmental or adult stages. Even at low concentrations, TBT can disrupt

population dynamics (Cocci et al., 2021a; Beyer et al., 2022; Hu et al.,
2022; Qystein Hjermann et al., 2022; Chi-Ho Ip et al., 2024). It can also
induce genetic and epigenetic alterations, affecting gene expression
patterns and disrupting developmental pathways critical for the proper
growth and survival of these organisms (Cocci et al., 2021a; Srut et al.,
2023). During critical developmental stages, such as exposure of
encapsulated embryos within protective egg masses, exposure to TBT
has been shown to disrupt normal embryonic development, leading to
various adverse effects (Cocci et al., 2021a). Toxic effects of TBT can
impair organogenesis, hinder proper growth and differentiation, and
induce abnormalities in developing embryos (Choi et al., 2023; Svigruha
et al., 2024). In this regard, it has been recently demonstrated that
exposure to environmental relevant concentrations of TBT induce time-
dependent changes in RXR gene transcription and is associated with
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global DNA demethylation, reduced DNA-methyltransferase I (DNMT1)
expression and activity levels (Cocci et al., 2021a). In molluscs, miRNAs
have emerged as essential regulators of numerous biological processes,
including development, immune response, reproduction, and stress
adaptation (Abo-Al-Ela and Faggio, 2021; Huang et al., 2021). Small
RNA-Seq is considered a powerful tool for unravelling transcriptome
complexity and identifying genes and regulatory non-coding RNAs. In
this contest, it has been demonstrated that the dysregulation of specific
miRNAs involved in the regeneration of the central nervous system, such
as miR-124, could potentially disrupt neural development processes in
Lymnaea stagnalis. This mechanism leads to impaired neurological
function or altered behavior in later life stages (Walker et al., 2018;
Piazza et al., 2024). Furthermore, it has been reported that specific
miRNAs act as biomarkers for biotic and abiotic stress. These latter
burdens include changes in water physical/chemical parameters and
exposure to chemical pollutants. In the marine gastropod Littorina lit-
torea, exposure to temperature stress results in differential expression of
miRNAs involved in stress responsive signaling pathways (Biggar et al.,
2012; Zhang et al., 2020). MiR-1, which target genes were associated
with shell biomineralization (Zhu et al., 2020), show differential
expression patterns in response to changes in seawater pH in Strong-
ylocentrotus intermedius (Yin et al., 2025). Studies on the Tegillarca
granosa have shown that exposure to heavy metals, such as cadmium and
copper, alters the expression profiles of specific miRNAs involved in
detoxification pathways (miR—21 and let-7) (Abo-Al-Ela and Faggio,
2021). Based on our best knowledge, there are no studies on miRNA
expression profiles and their target genes in marine gastropods exposed
to organotin compounds, especially during embryonic development. To
gain an understanding of the impact of TBT on the marine snail Tritia
mutabilis, we conducted high-throughput small RNA sequencing and
profiling of miRNAs during intracapsular development. Moreover, we
carried out functional analyses aimed at identifying the main signaling
pathways influenced by differentially expressed miRNAs.

2. Materials and methods
2.1. Egg capsules and TBT treatments

Egg capsules of the marine snail (Tritia mutabilis) were collected from
artificial substrates placed along the western coasts of the Central
Adriatic Sea, as previously described (Cocci et al., 2021a, 2021b). Only
capsules containing embryos of a single developmental stage were
selected for the experiment (i.e., egg capsules with early developing
embryos, 3 days post-deposition; <300 pm; (Borysko and Ross, 2014).
Embryos were individually placed in 24-well culture plates containing
filtered seawater and exposed to two environmentally relevant con-
centrations of TBT: 102 M (TBT1) and 107'° M (TBT2) for 10 days
according to Cocci et al. (2021a). Embryonic mortality and morpho-
logical changes were monitored daily with a stereomicroscope (Carl
Zeiss Stemi™) and images were examined by a USB Camera (Optika B
Series) using the Optika ProView software.

2.2. Total RNA isolation

Total RNA was isolated from T. mutabilis samples, consisting of a pool
of 12 eggs for each treatment (negative control, TBT1, TBT2), adding 1
ml of Trizol reagent (Invitrogen, Carlsbad, CA, USA). The pooling of
samples is a method already utilized in miRNA studies on gastropods to
enhance sequencing capacity and efficiency, as the isolated material
alone is often insufficient for comprehensive analysis (Walker et al.,
2018; Yang et al., 2023; Dametto et al., 2025). The quantitation of RNA
was achieved with the Qubit RNA HS Assay Kit, and the RNA integrity
and quality were assessed with the Qubit RNA IQ Assay Kit using a
Qubit™ 4 Fluorometer (Thermo Fisher Scientific).
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2.3. Libraries construction

For sequencing, 1 pg of total RNA was used to generate the miRNA
sequencing library. Extracted RNAs were pooled together in each group
to produce homogenous sample material (Assefa et al., 2020) and to
provide sufficient amounts of RNA for both sequencing and qPCR
analysis. In this study, nine cDNA libraries (three groups each including
three replicates) were prepared. Briefly, a pair of adaptors was ligated
sequentially to the 3 and 5 ends of miRNA (RA3: 5
TGGAATTCTCGGGTGCCAAGG; RA5: 5 GUUCAGAGUUCUACA-
GUCCGACGAUG; Illumina), and following ligation with adaptors, a li-
brary was prepared by reverse transcription and PCR pre-amplification
using TruSeq® Small RNA Library Preparation Kits (Illumina). The
quality of the library was measured by the Qubit™ RNA Assay High
Sensitivity Kits using Qubit 4.0 Fluorometer (ThermoFisher).

2.4. Illumina sequencing for miRNOME analysis

The normalized library (concentration of 2 nM) was loaded into the
Illumina iSeq100 system (Illumina), using a cartridge based on iSeq 100
il Reagent v2 chemistry (single read: 80 cycles; read length 1 x 75 bp).
Raw sequence data (.bcl files) generated from Illumina iSeq100 system
were converted into fastq files and demultiplexed by Local Run Manager
(Illumina). Quality control check was verified (Table 1) using FastQC
(Illumina). Sequences were analyzed using a bioinformatics approach to
miRNA-sequencing analysis described by Potla et al. (2021) and Song
et al. (2017). Sequences were trimmed to remove adapters using CLC
Genomics Workbench 24.0.1 (trim settings: automatic removal of read-
through adapter sequences; removal of low-quality sequences. Reads
with poly-N were also filtered to obtain clean reads. Other detected
RNAs (e.g., repeat sequences, rRNA, tRNA, snRNA, and IsomiR) were
deleted after blasting against the GenBank database, according to Song
et al. (2017). Reads shorter than 18 bp and longer than 30 bp were
discarded. Cleaned miRNA sequences were aligned using BaseSpace
Small RNA v1.0.0 (Illumina) and CLC Genomics Workbench 24.0.1
(setting parameters: maximum mismatches 2, additional/missing bases
2). Due to the absence of an annotated genome for Tritia species,
conserved miRNA identification was performed using BLAST analyses
against the human genome (reference Illumina library) and against
molluscan known miRNAs available in miRbase (i.e, Lottia gigantea and
Haliotis rufescens). Differential expression for small RNA-Seq and heat
map was performed using CLC Genomics Workbench 24.0.1 [normali-
zation method: TMM; (Robinson and Oshlack, 2010)]. miRNA was
considered differentially expressed with a fold change (FC) of >1.5 (or
<-1.5), with an FDR-adjusted p-value <0.05.

2.5. Quantitative real-time PCR (qRT-PCR) validation

To confirm the accuracy of miRNA-seq results the polyadenylation of
RNA samples has been carried out using the Poly(A) tailing of RNA kit by
Applied Biological Materials (ABM). Briefly, RNA (1 pg), ATP (10 mM),
Poly (A) polymerase (1 U/pl), 10x Poly (A) polymerase reaction buffer
and RNAse-free ddH,0 have been added to a sterile tube sitting on ice,
centrifugated and incubated at 37 °C for 30 min. cDNA synthesis was
performed using the OneScript® Hot Reverse Transcriptase (ABM).
Briefly, the reaction was developed in a final volume of 20 pl containing
universal poly-T-adapter primer (2 pM; 5-
GCGAGCACAGAATTAATACGACTCACTATAGGT;,VN-3; Eurofins Ge-
nomics), dNTPs, 5x RT Buffer, OneScript® Hot RTase, nuclease-free
H20, and polyadenylated RNA. The tubes were incubated at 60 °C for
40 min and 85 °C for 3 min. In order to measure the expression of
miRNAs, a qRT-PCR has been carried out on the 7300 RealTime PCR
system by Applied Biosystem using the yourSIAL® Green Mix 2x re-
agent (Sial Group) in a final volume of 20 pl containing 2 pl cDNA
together with the 0.8 pl forward (i.e., the mature miRNA sequence) and
0.8 pl reverse primer (i.e., the universal adapter sequence, 5'-
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Table 1
Quality control checks on the total raw sequence data using FastQC (Illumina).
Total cluster %PF % > Q30 Sample Ilumina Index Input reads Reads with adapters Read passed
(>18 and <30 bp)
3,891,718 58.5 85.5 Control RPIO4 1,186,740 999,265 754,546
TBT1 RPIO8 1,148,111 987,021 712,650
TBT2 RPI10 1,081,061 924,784 685,489

Q30: Quality score 99.9%.
%PF: Cluster Passing Filter.

GCGAGCACAGAATTAATACGAC-3"). Expression levels of miRNA in
samples were normalized with respect to the housekeeping miR-16-5p.
The amplification reaction has been reached with the following cycle:
95 °C for 2 min, followed by 5 s at 95 °C and 30 s at 60 °C (repeated 40
times). At the end of the process, a melting curve was performed for each
reaction to discriminate among non-specific amplicons. To confirm
qPCR products a gel electrophoresis method has been used. The relative
mRNA expression levels were analyzed with the method of 2724,

2.6. miRNA target sequence computational analysis

To investigate the pathways that could be regulated by the miRNAs
whose expression changed in our samples, we used DIANA-mirPath v3
(https://dianalab.e-ce.uth.gr/html/mirpathv3/index.php? r = mir-
path). The parameters that have been set were micro-T CDS as database
(micro-T threshold: 0.5), the p-value threshold to 0.05 with the FDR
correction and Kyoto Encyclopaedia of Genes and Genomes (KEGG)
database show pathways in which at least eight miRNAs regulated target
genes. This tool allowed us to determine the functional implications of

miRNA modulation under TBT exposure.
3. Results and discussion
3.1. miRNome analysis of T. mutabilis embryos

The miRNA-sequencing dataset is presented in the Supplementary
data. The results and the quality of sequencing are shown in Table 1.

An average of 1.1 million raw reads was obtained from this analysis.
After filtering, around 80% of the raw reads passed the quality control
inspection, and the reads in the 18-30 nucleotide range represented
72% to 76% of the total. The analysis of length distribution shows that
the majority of miRNAs are 20-25 nt in size, revealing that the mappable
reads are aligned with the characteristic length of mature miRNAs. After
alignment with the known 2127 miRNAs, a total of 922 known miRNAs
were detected in the control group, and 678 and 608 for TBT1 and TBT2,
respectively, at counts >1 (Supplementary data). Approximately 90% of
the miRNA reads were concentrated on 27 most abundant mature
miRNAs. Among them, the most represented miRNAs were miR-3672
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Fig. 1. Two-dimensional heat map of miRNA expression identified in marine snail T. mutabilis embryos exposed for 10 days to TBT (10~'° M and 10~'? M). The
heatmap was obtained using CLC Genomics Workbench 24.0.1 (Scale bar: z-score normalization).
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(70,500 counts), miR-512-5p (25,709 counts) and miR-499a-5p (25,234
counts).

3.2. miRNome regulation after exposing egg capsules to TBT

Differential expression analysis of abundant miRNA (with counts
>1000; (Presslauer et al., 2017; Feng et al., 2020) performed using
computational tools and statistics by CLC Genomics Workbench 24.0.1
generated the heatmap plot describing the significant (P < 0.05) upre-
gulation and downregulation of miRNAs during treatments (Fig. 1).
Eighteen differentially expressed miRNAs were considered for further
analysis based on fold change values. These miRNAs detected by the
iSeq100 system were validated by qPCR analysis and the results indi-
cated consistent expression level (Supplementary data Figs. 2, 3).

Among them, 13 miRNAs in the TBT1 group and 14 miRNAs in the
TBT2 group met the threshold criteria of FC > 1.5. Interestingly, a total
of 11 miRNAs were commonly regulated in embryos during the treat-
ment with both TBT1 and TBT2 while miR-486-5p and miR-183-5p were
specifically modulated under TBT1 treatment, and miR-263b, miR-184,
and miR-100-5p were exclusive to TBT2 (Fig. 2). This differential
pattern suggests that although a core set of miRNAs is involved in a
general response to TBT exposure, specific miRNAs may be selectively
activated depending on the chemical concentration of TBT. This miRNA
specificity might reflect distinct response mechanisms, metabolic ad-
justments, or toxicity pathways generated by each dose.

Exposure of marine gastropod egg capsules to TBT (102 and 1071°
M) resulted in significant, dose-dependent alterations in miRNA
expression. In eggs exposed to a lower concentration of TBT (10712 M),
three miRNAs were upregulated - miR-31, miR-71, and miR-92 - with
low fold-change increases of 1.52, 1.51, and 1.56, respectively (p <
0.01). Conversely, the majority of miRNAs showed significant down-
regulation under TBT1 conditions. Notably, miR-221-3p, miR-151a-5p,

miR-314
miR-714
miR-924
let-7i-5p+
miR-151a-5p+
miR-221-3pH
miR-9814
miR-92a-3p+
miR-263a+
miR-191-5p+
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and let-7i-5p showed approximately 8.0-fold decreases, while miR-191-
5p, miR-263a, miR-92a-3p, and miR-981 demonstrated fold-change
decreases more than 14-fold. Among these, miR-2c was the most
down-regulated miRNA, with a fold-change decrease of approximately
21.6 (p = 0.003). Regarding miRNA selectively regulated by only the
low dose (TBT1), miR-183-5p and miR-486-5p displayed a significant
downregulation of approximately 1.6-fold. These regulatory patterns
suggest that environmental concentrations of TBT may interfere with the
development of embryos by regulating miRNAs essential for normal
embryogenesis. Similarly, our recent data indicated that exposure to low
doses of TBT (107'2 M) alters important functions during the early
stages of T. mutabilis embryo development and induce potential epige-
netic alterations (Cocci et al., 2021a). In this work, we demonstrated
that environmentally relevant concentrations of TBT negatively affected
embryo growth, developmental timing, and induced molecular alter-
ations such as time-dependent changes in RXR transcription, global DNA
hypomethylation, and reduced DNMT1 expression and activity (Cocci
et al., 2021a). In embryos exposed to the highest TBT concentration
(1071% M), an opposite trend was observed for specific miRNAs (Fig. 2).
Several miRNAs that were downregulated at the lowest dose of TBT,
such as miR-221-3p, miR-151a-5p, and let-7i-5p, showed significant
upregulation, with fold-change increases of approximately 1.90. This
trend extends to include miR-191-5p, miR-263a, miR-92a-3p, miR-981,
and miR-2c, which exhibited fold-change increases between 1.93 and
1.99. On the other hand, miR-31, miR-71, and miR-92, which were
upregulated at TBT1, displayed significant downregulation at TBT2.
Specifically, miR-31 decreased by 29.49-fold, while miR-71 and miR-
100-5p were downregulated by 22.44-fold and 15.39-fold, respec-
tively. Currently, there is a lack of studies specifically investigating the
effects of TBT on miRNA expression in marine invertebrates. Our study
is the first that highlights the intricate relationship between specific
miRNA and molecular regulatory mechanisms under TBT exposure
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Fig. 2. Venn diagrams of differentially expressed miRNAs among the embryos of T. mutabilis exposed to environmental concentrations of TBT. Black and white bars
represent the fold-change values expressed in linear scale, with negative values indicating down-regulation, respectively for shared miRNAs. Blu bar represents the

fold-change values for the exclusive miRNAs for each TBT dose.
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during embryogenesis. For instance, it has been demonstrated that miR-
2 is an invertebrate-specific family of miRNAs involved in neural
development and maintenance among invertebrates (Marco et al.,
2012), and its dysregulation could lead to issues in the development of
the nervous system. The let-7 family of miRNAs has been implicated in
the regulation of digestion-related genes, suggesting its role in digestive
system remodeling during veined rapa whelk (Rapana venosa) meta-
morphosis (Song et al., 2017). Several evolutionarily conserved miRNAs
with a small number of isoforms, such as miR-184, miR-100, miR-92 are
important immune regulators in molecular responses serving as bio-
markers for various biotic and abiotic stressors in molluscs (Huang et al.,
2021). These findings support the hypothesis that organotin compounds
may pose a significant threat to the early developmental stages of Tritia
mutabilis embryos.
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3.3. Pathways regulated by differentially expressed miRNAs

The analysis of the KEGG pathway demonstrated significant modu-
lation of key miRNAs associated with important cellular processes.
However, studies on the miRNA profiles of non-target species ques-
tioned difficulties in pathway analysis due to the absence of species-
specific pathway databases. To address these limitations, it has been
validated the use of cross-species comparisons, utilizing pathway in-
formation from model organisms such as humans or mice to infer po-
tential functions of miRNAs in non-model species and to limit the
inaccurate or non-representative pathway associations. The target pre-
diction analysis identified 2508 and 2243 target genes following expo-
sure to TBT1 and TBT2, respectively. A core set of miRNAs, including
miR-92a-3p, let-7i-5p, miR-221-3p, miR-31-5p, miR-151a-5p, and
miR-191-5p, was commonly affected under both TBT1 and TBT2 treat-
ments, suggesting their broad involvement in multiple signaling
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Fig. 3. The prediction of potential pathways regulated by the differentially expressed miRNAs in embryos of T. mutabilis exposed to A) TBT1 (10~'? M) and C) TBT2
(1071° M). The size of the circles indicates the reliability of the prediction results. The names of the differentially expressed miRNAs are on the bottom, while the
potentially regulated pathways are on the left (DIANA-mirPath v3 analysis). B-D) Simplified KEGG enrichment analysis based on the number of target genes
associated with TBT exposure. Circle size represents the number of modulated target genes, and the color scale represents the p-value calculated by the DIANA-

mirPath v3 server.



P. Cocci et al.

pathways (Fig. 3A, C). Among these, miR-92a-3p, let-7i-5p, miR-221-3p,
and miR-31-5p exhibited regulation of more than 1000 target genes,
whereas miR-151a-5p and miR-191-5p influenced a more limited set of
genes (i.e., 112 and 197 counts respectively), indicating a sort of mar-
ginal impact for these last miRNAs on pathway regulation (Fig. 3A, C)
(Supplementary data Table 1). For these four miRNAs, predicted target
genes were identified through consensus analysis and subsequently
mapped onto the three most significantly enriched pathways (i.e., Ras
signaling, Regulation of actin cytoskeleton, and Focal adhesion). The
analysis revealed high-confidence target matches exhibiting strong seed
complementarity (6-mer, 7-mer, 8-mer, or 9-mer) and a microT-CDS
score > 0.60, including RAC1, PIK3CA, $-ACT, IL6R, AKT3, PTEN, and
TLR4, all of which also displayed significantly altered expression pat-
terns (Supplementary data).

3.4. Dose-dependent molecular pathways underlying TBT effects

Furthermore, specific differences were observed between the two
treatments. In the TBT1 group, miR-183-5 and miR-486-5p selectively
modulated 905 and 581 target genes (Fig. 3A), whereas miR-184 and
miR-100-5p exclusively regulated a limited number of target genes
under TBT2 exposure. (i.e., 117 and 82, respectively) (Fig. 3C). The most
highly represented miRNA in terms of regulated genes was miR-92a-3p,
which showed the highest number of interactions across multiple
pathways (i.e, 2006 counts), followed by let-7i-5p and miR-31-5p that
exhibit more than 1500 gene regulations. The pathway analysis sum-
marized in Fig. 3 revealed that the significantly modulated miRNAs were
implicated in a variety of KEGG pathways, covering nervous system
development (e.g., neurotrophin signaling, GABAergic synapse, gluta-
matergic synapse pathways), cellular functions such as proliferation and
cell growth (e.g., PI3K-Akt, FoxO, Wnt, Hippo signaling pathways),
signal transduction (cAMP, calcium, cGMP-PKG, AMPK signaling path-
ways), cellular component assembly (e.g., focal adhesion, regulation of
actin cytoskeleton) and cell-cell interactions (e.g., ECM-receptor inter-
action, adherens junction). All these functions are essential for the
appropriate development of the T. mutabilis embryos, ensuring growth
and cellular differentiation. The disruption of these pathways following
TBT exposure suggests potential adverse effects on embryogenesis,
which could impair normal developmental processes and impact overall
viability. For instance, the Wnt pathway is integral to cell fate deter-
mination and tissue development, and its dysregulation can result, for
example, in congenital malformations (Goldbeter and Pourquié, 2008;
Vincan, 2008). Thus, the modulation of the Wnt signaling pathway by
miRNAs indicates potential impacts on embryonic patterning and
organogenesis.

A comparison of pathways affected by TBT1 and TBT2 showed both
shared and distinct regulatory patterns (Fig. 3B, D). The consistency of
these pathways across both treatments suggests a common response
mechanism to TBT exposure. Several pathways were highly enriched (i.
e., >100 regulated target genes) under both conditions, including focal
adhesion, Ras signaling, regulation of actin cytoskeleton, Rapl
signaling, cAMP signaling, calcium signaling, ¢cGMP-PKG signaling
pathways. These highly regulated pathways play fundamental roles in
the intracapsular development of this marine gastropod by regulating
key cellular processes necessary for embryogenesis. In fact, Focal
adhesion and regulation of the actin cytoskeleton are essential for
cellular adhesion, migration, and morphogenesis, which are critical
during early development when cells must establish structural integrity
(Ciobanasu et al., 2012; Ramos et al., 2022). Ras and Rapl signaling
pathways mediate cell proliferation and differentiation, influencing
developmental timing and patterning (Boettner and Van Aelst, 2009).
cAMP, calcium, and cGMP-PKG signaling pathways are key regulators of
intracellular communication and synaptic signaling, which may be
particularly relevant for the formation of sensory systems in developing
embryos (Gomez and Nasi, 2005). Despite the high number of shared
pathways, notable differences emerged between the two TBT doses. The
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PI3K-Akt signaling pathway was significantly regulated under TBT2 but
not TBT1, suggesting a dose-dependent modulation of this critical
pathway involved in the signal transduction network. In general, the
PI3K-Akt signaling pathway is crucial for cell survival, proliferation, and
differentiation, ensuring proper tissue formation (Wei et al., 2020;
Glaviano et al., 2023). Similarly, the adipocytokine signaling and
circadian entrainment pathways were specifically enriched in TBT2,
reinforcing its role in metabolic regulation at higher exposure levels.
Conversely, pathways such as mucin-type O-glycan biosynthesis, lysine
degradation, Phosphatidylinositol signaling system, Prolactin signaling,
N-Glycan biosynthesis and SNARE interactions in vesicular transport
pathways exhibited significant regulation already at the lowest con-
centration of TBT1.

4. Conclusion

In summary, our results indicate that exposure to TBT induces sig-
nificant alterations in miRNA expression profiles, which in turn modu-
late multiple signaling pathways involved in cell proliferation,
neurogenesis, and cellular differentiation. These molecular perturba-
tions are likely to contribute to the developmental abnormalities
observed in TBT-exposed gastropod embryos. Further studies are
required to validate the regulatory interactions between differentially
expressed miRNAs and their predicted gene targets, as well as to eluci-
date their functional roles in TBT-induced toxicity. Moreover, the po-
tential of miRNAs as biomarkers for environmental monitoring should
be explored, as it may offer effective tools for assessing ecosystem health
in response to chemical pollutants.
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