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ARTICLE INFO ABSTRACT

Keywords: Ecotoxicological risk and the mode of action of human drugs on non-target marine animals remain unclear,
Pharmaceuticals keeping a gap of knowledge on risks related to ecosystem disruption and chemical contamination of food chains.
Bivalves

Understanding these impacts is critical to developing proper waste management practices and regulatory

Mechanisms of action frameworks to prevent long-term environmental and human health problems. This study investigates the impacts

T iptomi
Mr;rrlzzriﬁ;mms of Gemfibrozil, Metformin, Ramipril, and Venlafaxine, individually and combined on Mytilus galloprovincialis
Recovery over 30 days and assesses persistent effects post-recovery using RNA-seq and 16S rRNA microbiota profiling. All

pharmaceuticals caused few changes in the microbiota while gene expression analyses highlighted drug-specific
alterations. Gemfibrozil exposure led to alterations in lipid and fatty acid metabolism, suggesting a similar mode
of action to that observed in target species. Metformin significantly impacted the mussels’ energy metabolism,
with disruptions in specific genes and pathways potentially related to glucose uptake and insulin signaling.
Metformin was also the treatment leading to the most significant changes in predicted functional profiles of the
microbiota, suggesting that it may influence the microbiota’s potential to interact with host glucose metabolism.
Ramipril exposure resulted in the up-regulation of stress response and cell cycle regulation pathways and
Venlafaxine induced changes in serotonin and synapse pathways, indicating potential similarities in mechanisms
of action with target species. Mixture of the four pharmaceuticals severely impacted mussel physiology,
including impairment of oxidative phosphorylation and compensatory activation of several pathways involved in
energy metabolism. Despite recovery after depuration, changes in stress and energy related metabolism path-
ways suggests potential persistent effects from combined pharmaceutical exposure. Notably, the up-regulation of
mTOR1 signaling in all treatments after 30 days underscores its key role in coordinating bivalve stress responses.
The Transcriptomic Hazard Index (THI) calculated for each treatment indicates major/severe hazards after
exposure that decreased to slight/moderate hazards after depuration.

1. Background

The widespread use of human and veterinary pharmaceuticals and
their subsequent release into environmental compartments represent a
growing environmental problem worldwide. Due to the limited effi-
ciency of sewage treatment processes, pharmaceuticals are
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systematically introduced into soils, water bodies, groundwater and
coastal areas, affecting ecosystems and poses possible threats for aquatic
species (Heberer, 2002; Desbiolles et al., 2018; Ojemaye and Petrik,
2019). For these reasons, pharmaceuticals are considered a class of
Contaminants of Emerging Concern (CECs), recently included in the EU
Watch list (EPRS, 2023) including antibiotics, antidepressants,
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antidiabetics, anti-inflammatories, analgesics, blood-pressure medica-
tions, lipid regulators, hormonal compounds, among others. Each class
has unique chemical and physical properties that determine its envi-
ronmental fate. Although pharmaceuticals are specifically developed
and produced for humans, animals or crops, once in the environment,
they can also accumulate in non-target marine animals, with unpre-
dictable effects on their health (e.g., Ojemaye and Petrik, 2019; Mez-
zelani et al., 2020; Madikizela and Ncube, 2022; Mezzelani and Regoli,
2022). Despite the considerable number of studies that have confirmed
the presence of pharmaceuticals in the tissues of non-target aquatic
species, the ecotoxicological effects and modes of action on non-target
animals are still poorly investigated.

This study aims to point out the potential the Mode of Action (MoA)
and effects of four common human pharmaceuticals, belonging to the
main classes of assumed drugs and known to be present in marine
ecosystem in recent years, in the Mediterranean mussel (Mytilus gallo-
provincialis), a species inhabiting coastal areas and covering important
ecological and economic roles. To achieve this goal, we combined gene
expression profiling (RNA-sequencing) and microbiota characterization
(16S rRNA amplicon sequencing) in mussels exposed for 30 days to
Gemfibrozil (GEM; used for treating high cholesterol and triglycerides
levels treatment), Metformin (MET; used for treating type 2 diabetes),
Ramipril (RAM; used for treating high blood pressure), Venlafaxine
(VEN; anti-depressant) and their combination. These compounds are
representative of the pharmaceuticals most frequently and simulta-
neously detected in coastal waters (Fernandes et al., 2021; Slésarczyk
et al., 2021; Garcia-Blasco et al., 2024; Castano-Trias et al., 2023; Cas-
tano-Ortiz et al., 2023a). Their concentrations typically range from ng/L
to mg/L worldwide (Mezzelani and Regoli, 2022), mainly due to their
high stability and persistence. In this context, GEM’s measured degra-
dation/photochemical half-life ranges from 100 to over 200 days under
sunlight (Araujo et al., 2011; Fabbri et al., 2017), while MET cannot be
completely removed by WWTPs due to its physicochemical properties
such as high solubility, low octanol-water partition coefficient, and low
biodegradation rate (Mahmoud et al., 2020), also showing a 3-day sta-
bility in water (Prajaputra and Isnaini, 2023). RAM persistence in so-
lution was assessed under laboratory conditions, highlighting the lack of
degradation for up to 25 days (De Diego et al., 2010). VEN is not effi-
ciently removed in WWTPs even with advanced technologies such as
membrane bioreactors. In surface water, VEN half-life ranges between
50 and 62 days, considering all possible mechanisms of degradation
such as direct/indirect photodegradation and biotic degradation
(Rtaa-Gomez and Piittmann, 2013; Souza et al., 2022). In terms of bio-
logical  targets, @GEM interacts with the  peroxisome
proliferator-activated receptor-alpha (PPAR-alpha) promoting fatty acid
oxidation and reducing triglycerides, cholesterol, and low-density lipo-
proteins levels in humans (Saku et al 1985; Valentovic, 2007). Few
studies investigated the effects on non-target species, revealing changes
in endocrine and lipid metabolism, reproduction, immune and oxidative
stress in fishes and Mytilus spp. (Mimeault et al., 2005; Prindiville et al.,
2011; Skolness et al., 2012; Oliveira et al., 2018; Canesi et al., 2007;
Quinn et al., 2011; Schmidt et al., 2011). MET is a biguanide anti-
hyperglycemic agent whose mechanism of action involves multiple
pathways, such as the suppression of gluconeogenesis (Foretz et al.
2023). Following ingestion, MET is not metabolized and is excreted
unchanged in the urine (Rena et al., 2017). Effects on freshwater and
marine animals have already been reported in literature. Among them,
impacts on the endocrine, neuronal, immune systems and cell cycle
regulation (Niemuth et al., 2015; Niemuth and Klaper, 2015; MacLaren
et al., 2018; Lee et al., 2019; Ambrosio-Albuquerque et al., 2021; Koa-
gouw and Ciocan, 2018; Koagouw et al. 2021). RAM belongs to the
angiotensin-converting enzyme (ACE) inhibitor class acting by blocking
the conversion of angiotensin I to angiotensin II, involved in
blood-pressure modulation within the renin-angiotensin-aldosterone
system (RAAS; Frampton and Peters, 1995). Lastly, VEN is an antide-
pressant that inhibits the reuptake of serotonin and norepinephrine at
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the presynaptic terminal of nervous system (Holliday and Benfield,
1995). Recent studies indicated possible effects on behavior, develop-
ment, morphology and reproduction in aquatic non-target species
(Bisesi et al., 2014; Salahinejad et al., 2022; Sehonova et al., 2018).
Moreover, DNA damage and consequences on reproduction, lysosomal
stability, and locomotion have been also observed in invertebrates
(Lacaze et al., 2015; Rafiq et al., 2023). In light of the pervasive presence
of pharmaceuticals in coastal waters and their documented but poorly
understood effects on non-target species (Mezzelani and Regoli, 2022),
this study employed gene expression analyses to fill critical gaps in our
understanding of the mechanisms of action of these pharmaceuticals in
the non-target marine species M. galloprovincialis and to elucidate
possible interaction between them.

An additional, not negligible point concerns the potential conse-
quences of PPCPs on the gut microbiota of non-target organisms. The gut
microbiota plays a pivotal role in regulating the homeostasis of various
host physiological functions (Van de Water et al., 2018; Paillard et al.,
2022; Ma et al., 2023; Balasubramanian et al., 2024). However, this
symbiotic relationship can be disrupted by external stressors, including
environmental contaminants and pharmaceuticals (e.g., Bernardini
et al., 2023; Bernardini et al., 2022; Li et al., 2024; Kong et al., 2023;
Claus et al., 2016; Evariste et al., 2019; Peruzza et al., 2023; Liu et al.,
2023; Milan et al. 2018; Iori et al. 2020), leading to alterations in mi-
crobial composition that may have lasting impacts on the host’s fitness
(Evariste et al., 2019). Other studies have demonstrated that impaired
host health status following chemical exposure reduces the animal’s
ability to regulate its microbiota, ultimately leading to imbalances in
microbial communities (Gaulke et al., 2016; Jin et al., 2017; Bernardini
et al., 2023; Milan et al.,, 2018). Accordingly, understanding how
pharmaceutical exposure influences host-microbiota dynamics is
essential for gaining a broader and more detailed understanding of the
potential effects of PPCPs.

To conclude, we also assessed the persistent effects of the investi-
gated pharmaceuticals by applying transcriptional analyses and micro-
biota characterization after 14 days of recovery from pharmaceutical
exposure.

2. Material and methods
2.1. Animal collection and experimental plan

Mussels, Mytilus galloprovincialis (5.5 + 1.00 cm shell length), were
collected from a from a shellfish farm in Senigallia (Ancona, Adriatic
Sea), and were acclimatized for 7 days with aerated artificial seawater
(ASW; Istant Ocean), at local seasonal environmental conditions of
temperature (18 + 1 °C), salinity (33 practical salinity units) and pH
(8.20). Collection and experimental use of mussels is not subjected to
ethical review permissions according to both European and Italian
normative (Directive 2010/63/EU of the European Parliament and of
the Council of 22 September 2010 on the protection of animals used for
scientific purposes, 2010; Italian Legislative Decree n. 26, 2014), while
monitoring guidelines recommend this species as appropriate bio-
indicator organism for assessing bioavailability of ecotoxicological ef-
fects of environmental pollutants in marine environments (Mezzelani
et al., 2023). Organisms were randomly distributed into 6 glass-tanks (n
= 60 per tank) in a volume of 17 L of ASW, and exposed for 30 days to
the six following treatments: CTL, control condition (0.0029% of
dimethyl sulfoxide, DMSO); GEM, Gemfibrozil exposure (1 pg/L); MET,
Metformin exposure (1 pg/L); RAM, Ramipril exposure (1 pg/L); VEN,
Venlafaxine exposure (1 pg/L); MIXT, mixture exposure of GEM, MET,
RAM and VEN (1 pg/L for each drug). After the exposure phase, mussels
were maintained for additional 14 days in pharmaceuticals-free artifi-
cial seawater intended as a depuration phase. The selected active prin-
ciples are representative of the most frequently and simultaneously
detected pharmaceuticals in marine ecosystems (Mezzelani et al., 2020;
Fernandes et al., 2021; Slésarczyk et al., 2021; Garcia-Blasco et al.,
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2024; Castano-Trias et al., 2023; Castano-Ortiz et al., 2023). However,
their interactive effects have not yet been investigated in marine species.
Exposure doses of each pharmaceutical were selected within environ-
mentally realistic concentrations possibly occurring in coastal areas
(Gaw et al., 2014; Birch et al., 2015; Ghoshdastidar et al., 2015; Freitas
et al., 2016; Tao et al., 2018; Castillo-Zacarias et al., 2020; Mezzelani
and Regoli, 2022). Exposure doses of each pharmaceutical were selected
within environmentally realistic concentrations for coastal areas (Birch
et al., 2015; Freitas et al., 2016; Mezzelani and Regoli, 2022). Stock
solutions of GEM (Sigma Aldrich, CAS 25,812-30-0), MET (Sigma
Aldrich, CAS 1115-70-4), RAM (Sigma Aldrich, CAS 87,333-19-5) and
VEN (Sigma Aldrich, CAS 99,300-78-4) were obtained by dissolving
drug powder in DMSO and stored at + 4 °C, while working solutions
were prepared daily by diluting the stock solution in ASW. Water was
changed every two days and, during the exposure phase, pharmaceuti-
cals were re-dosed. All tested pharmaceuticals are considered stable
pollutants in surface waters as supported by the available Literature
(Araujo et al.,2011; De Diego et al., 2010; Fabbri et al.,2017, Prajaputra
and Isnaini, 2023; Ria-Gémez and Piittmann, 2013; Souza et al., 2022)
and the 48h elapsed between each redosing guaranteed the stability and
bioavailability of all tested pharmaceuticals. The choice of 30 days
exposure was considered appropriate to highlight the onset of biological
alterations as also demonstrated by previous studies (Mezzelani et al.,
2018; Nardi et al., 2022), thus providing insights on possible chronic
effects similar to those occurring in field conditions, with an increased
prognostic and diagnostic value on the impact of these ubiquitous
molecules in marine biota.

Mussels were fed with 500 pL of a commercial mixture of marine
plankton (EasySPS EVO, size range 0.2- 400 pym) before the water
change. At the end of exposure and depuration phases (days 30 and 44,
respectively), 15 digestive glands were collected from 15 individuals of
each treatment, pooled in 5 separate samples, each constituted by tissues
of 3 individuals, rapidly frozen in liquid nitrogen and maintained at —80
°C for the transcriptional and microbiota analyses.

2.2. RNA extraction

Total RNA of digestive gland was extracted from samples collected at
30 and 44 days (5 individuals/experimental group, total 60 samples) by
using RNeasy Mini Kit (Qiagen, Hilden, Germany). RNA quantification
and quality check were performed through Agilent 2100 Expert system
and Qubit. Extracted RNA from each sample was used both for gene
expression and microbiota characterization analyses.

2.3. Gene expression analysis

Extracted RNA was sent to a sequencing platform (CRIBI, University
of Padova) for library preparation using QuantSeq 3' mRNA-Seq Library
Prep Kit FWD and sequencing by Illumina Novaseq 6000 (single-end 75
bp setup (sequences available in NCBI SRA; BioProject PRINA1018482).
Raw reads were processed for quality check through FastQC/v0.11.9
and low-quality reads and residual adaptors were removed with the
program BBDuk of the suite BBTools (program specific options indicated
in the Lexogen’s website). After checking the average length and stan-
dard deviation of samples’ sequences, mapping was carried out using the
reference transcriptome by Salmon v1.10.0 (Patro et al., 2017). Refer-
ence transcriptome was obtained from Iso-Seq long RNA sequencing by
pooling two groups of digestive glands and one of gills of mussel in-
dividuals (each composed of 4 animals) obtaining high-quality full--
length mRNA sequences (335,861 total). CD-HIT est (clustering
threshold > 90%) was used to obtain the final transcriptome (98,359
sequences) used as reference. Finally, “abundance estimates to matrix.
pl” script from Trinity suite (Haas et al., 2013) was employed to generate
the count table. Following, the count table was imported on R/v3.6.0 (R
Development Core Team, 2014) and filtered: contigs with the minimum
counts in a sample <5 reads, in a total minimum count < minimum
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count*(number of samples/2) in at least the 70% libraries. Filtered
counts were then normalized by RUVs function from the RUVSeq/v1.18
library (Gerstner et al., 2016; Pradhan et al., 2020) and considered for
the further Principal Component Analysis and pairwise comparison.
These analyses were performed using both whole samples together
(number of total samples=60, RUVs’ k= 1) and each sampling time
separately (number of total samples=30, RUVs’ k= 5 for samples of the
30th day of treatment and RUVs’ k= 6 for samples of the 44th day of
treatment). Pairwise comparison (set parameters: p. adjusted<0.05,
Fold Change>2) was performed by comparing each group to the control
within each sampling time using the Likelihood approach. Moreover, an
“A posteriori filter” was adopted in order to exclude genes whose
expression level was not deemed biologically meaningful because they
had a CPM value < 0, in more than 70% of the biological replicates of all
treatments considered in the pairwise comparison. For a deeper
restrictiveness, we considered DE genes that FDR < 0.05.

Data obtained were employed for the functional analysis studied
through the Over-Representation Analysis (ORA; at biological process
and KEGG pathway levels) where up- and down-regulated pathways
were deemed significant with FDR < 0.1 and the number of genes count
> 4. Furthermore, we performed the GSEA applied to Biological Process,
KEGG pathways and HALLMARK databases was also performed (p-
adjusted < 0.05). In addition, according to Cecchetto et al. (2023), GSEA
was applied to a reduced Hallmark gene sets (p-adjusted < 0.2) (Sup-
plementary File 3) to calculate the transcriptomic hazard index (THI).
The THI quantitatively assesses the transcriptomic response of organ-
isms by integrating changes occurring in Hallmark gene sets through
Gene Set Enrichment Analysis (GSEA). The results are then classified
into five hazard classes, ranging from “absent” to “severe”, providing a
comprehensive evaluation of the whole-transcriptome effects of chem-
ical exposure.

2.4. Microbiota characterization

Extracted RNA (1000 ng) was reverse transcribed to cDNA using the
Superscript IV Kit (Invitrogen, Life Technologies, Monza, Italy). cDNA
was shipped to the BMR Genomics (Padova, Italy) for library construc-
tion, using specific reverse and forward primers (10 pM) for the V3-V4
gene region of bacterial 16S rRNA, as described by Milan et al. (2018)
and the following sequencing with Illumina MiSeq (2 x 300bp).
Microbiome sequencing generated 4158,844 million reads, approxi-
mately 74,265 reads on average per sample (sequences available in the
NCBI Sequence Read Archive: BioProject PRINA1018482). Raw se-
quences obtained were imported on QIIME 2 (Bolyen et al., 2019) for
barcode removing in all sequences using cutadapt tool (Martin, 2011).
To optimize merging of the forward and reverse reads, low-quality
portions of the reads were removed using DADA2 (Katoh and Stand-
ley, 2013). High-quality representative sequences were merged and
chimeric fragments were eliminated, obtaining a total of 2020,436
reads, yielding 2107 features. Alignment of remaining representative
sequences was performed using MAFFT software (Katoh and Standley,
2013) and classified using the Python library Scikit-Learn. Taxonomy
classification was assigned using the trained SILVA-138 database for
V3-V4 region. Finally, all samples were rarefied to 19,756 reads in order
to normalize the analysis. The following statistical analyses were per-
formed using Microbiome Analyst 2.0 (Lu et al., 2023). Microbiota
characterization was performed through Principal coordinate analysis
(PCoA). Richness’s, Simpson’s and Shannon’s diversity indices and
pairwise comparison were also performed to compare each treatment
with control group to define differently represented species/genera
(FDR<0.05). Pairwise comparisons were also performed within the
same treatment to compare microbiota community after 30 days and
after depuration period. After the normality and homoscedasticity of
data observation, significant differences in calculated indices were
detected by Wilcoxon-Mann-Whitney and Tuckey Tests basing on data
distribution characteristics. For these analyses, not rarefied and not
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transformed data were filtered basing on the low count (minimum reads
count=4, % prevalence in sample=10), the low variance (% to remove=
10%, based on inter-quantile range) and operating the Total Sum Scaling
(TSS).

Tax4fun tool of Microbiome analyst software was then used to pre-
dict functional capabilities of microbial community by comparing each
treatment against control group within the same sampling time
(ABhauer et al., 2015). Differentially expressed pathways (p-value
Bonferroni correction < 0.05) were graphically represented using
STAMP (Parks et al., 2014).

3. Results
3.1. Gene expression analyses

From the RNA-sequencing, we obtained a total of 369,226,471 reads
with an average of 6153,775 raw reads across all samples. Principal
Component Analysis (PCA) was performed separately at day 30 and day
44. At the end of the 30-day exposure, CTL mussels were separated from
all treatments along both the X-axis (6.58%) and Y-axis (5.56%), with a
weak separation among treatments also observed along the X-axis
(Fig. 1A). After depuration on day 44 (Fig. 1B), three main clusters were
observed: i) CTL, GEM, RAM, MIX; ii) VEN; and iii) MET.

Pairwise comparisons at both sampling times revealed the highest
number of differentially expressed genes (DEGs) in MET-exposed mus-
sels (393 DEGs after 30 days and 325 DEGs after 44 days; Fig. 2 and
Supplementary File 1). Notably, for all treatments, the majority of DEGs
were up-regulated after exposure (Day 30) (86.9%), while an opposite
trend was observed after depuration, with the majority of DEGs being
down-regulated (77.7%). VEN was the only treatment showing a higher
number of DEGs after depuration than after 30 days of exposure. A total
of 9 transcripts were commonly found differentially regulated in all
treatments (VEN, GEM, MET and RAM) after 30 days, while no common
DEGs were found after depuration. The full lists of DEGs (including
genes commonly found differentially expressed) are provided in Sup-
plementary File 1.

Functional analyses, including ORA and GSEA, were performed. The
full lists of significant pathways and biological processes are reported in
Supplementary File 2 (KEGG pathways and GO terms obtained with
ORA and GSEA) and Supplementary File 3 (Hallmark terms obtained
with GSEA), while a summary of the most important significant GO,
KEGG, and Hallmark terms for each treatment is schematically shown in
Fig. 3.

A D 30

0.6 | ~ ,

0.4
3 |
3
e |
B 02 = ol
©w B
o~ i} ...
& 00 EE_EE
o & H u [ | u

02 oy

m ¥ ‘
-0.2 0.0 0.2

PC 1 (6.58%)

WcTL M GEM M MET

Aquatic Toxicology 279 (2025) 107255

Among the most important findings, GEM led to the up-regulation of
“peroxisome” and pathways and genes involved in lipid and fatty acid
metabolism (e.g., “fatty acid metabolism”; “lipid metabolism”; “adipo-
genesis”; “fatty acid catabolic processes”; Estrogen related receptor
gamma, ESRRG; hydroxysteroid 17-beta dehydrogenase 7, HIS17B7), en-
ergy metabolism (e.g. “AMPK signaling pathways”; “Notch signaling
pathway”; Succinate dehydrogenase complex flavoprotein subunit A,
SDHA), cell cycle regulation (e.g., “cell cycle phase transition™), detox-
ification ("response to xenobiotic stimulus"), repair of cellular compo-
nents and maintenance of homeostasis (e.g., “regulation of DNA repair”;
“protein repair”; “response to unfolded protein”; “tissue homeostasis”;
three prime repair exonuclease 2, TREX2; OXAIL mitochondrial inner
membrane protein, OXAIL; peptidylprolyl isomerase H,PPIH; heat shock
protein 90 beta family member 1, HSP90B1). Up-regulation of several
pathways involved in immune response, inflammation, apoptosis
(including caspase 9; CASP9), neurotransmission, and synapse was also
observed. After depuration, in addition to the up-regulation of “perox-
isome”, “fatty acid metabolic process”, and “response to xenobiotic
stimulus”, we observed the down-regulation of several terms involved in
cell cycle regulation and immune response, most of them showing
opposite trends compared to Day 30. Among them, “positive regulation
of cell cycle”, “G2M_checkpoint”, “E2F target”, “defense response to
virus”, “defense response to symbiont” and “interferon response” sup-
ported by several DEGs as Cyclin dependent kinase 2 associated protein 1
(CDK2AP1), Signal transducer and activator of transcription 5B (STAT5B),
Septin 14 (SEPT14), Septin 2 (SEPT2) and RAS-like proto-oncogene A
(RALA).

MET exposure led to the upregulation of several pathways involved
in energy metabolism (e.g., “ATP metabolic process”, “glycolysis”,
“pyruvate metabolism”, “acetyl-CoA biosynthetic process from pyru-
vate”). Increased energy metabolism is also suggested by the upregula-
tion of Isocitrate dehydrogenase (NADP+) 2 (IDH2), sirtuin 6 (SIRT6), and
amylase alpha 2B (AMY2B). MET exposure also led, after 30 days, to
increased oxidative stress response, as indicated by the upregulation of
“oxidative stress response”, “reactive oxygen species pathway”, and
glutathione peroxidase 1 (GPX1). Pairwise comparisons and functional
analyses also revealed the upregulation of several pathways involved in

LTS

cell cycle regulation (e.g., “MYC targets”, “cell cycle phase transition”),
xenobiotic metabolism (e.g. “response to toxic substances”, “xenobiotic
metabolism”; cytochrome P450 family 3 subfamily A member 4, CYP3A4;
carboxylesterase 2, CES2), cell signaling (e.g., “MAPK signaling”, “NF-kB

signaling pathways”), “DNA repair”, “response to unfolded protein” and
several serine/threonine kinases, such as Serine/threonine-protein kinase
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Fig. 1. Principal Component Analyses (PCA) charts showing spatial distribution of samples collected after 30 days of exposure (Fig. 1A, D 30) and 14 days of

depuration (Fig. 1B, D 44). Squares represent samples of different treatments: l CTL (Control group), m GEM (Gemfibrozil), m MET (Metformin),

VEN (Venlafaxine), B MIXT (combined exposure of GEM, MET, RAM, VEN).
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Fig. 2. Barplots showing the number of Differently Expressed Genes (DEGs) in samples of the different treatments GEM (Gemfibrozil), MET (Metformin), RAM
(Ramipril), VEN (Venlafaxine) and MIXT (combined exposure of GEM, MET, RAM and VEN) collected after 30 days of exposure (Fig. 2A, D30) and 14 days of
depuration (Fig. 2B, D44). DEGs resulted from the Pairwise Comparison Analysis by contrasting each treatment to the control group at the same sampling time (Day

30 and Day 44).

(AKT2), NIMA-related kinase 2 (NEK2), and Serine/threonine-protein ki-
nase RIO3 (RIOK3). After depuration, all significant terms were down-
regulated. Most of them were involved in immune response and
inflammation, as “defense response to other organisms”, “toll-like re-
ceptor signaling pathway”, “NOD-like receptor signaling pathway”,
supported by several DEGs (e.g. interferon induced protein 44 like, IFI44L;
immunity-related GTPase, IRGC; toll-like receptor 6, TLR6; toll-like receptor
2, TLR2).

RAM showed the lowest number of significant biological processes
and molecular pathways. The most important transcriptional changes
were related to cell cycle regulation. In addition to the up-regulation of
several pathways (e.g., “positive regulation of cell cycle”, "MYC targets
V17, "G2M checkpoint”, among others indicated in Fig. 3), differentially
expressed genes involved in this process were also identified. Among
them, E2F transcription factor 7 (E2F7), chromatin licensing and DNA
replication factor 1 (CDT1), cell division cycle 45 (CDC45), cell division
cycle 7 (CDC7) and Centriolin (CNTRL). RAM led also to the up-
regulation of several pathways involved in the stress response, such as
“apoptosis”, “unfolded protein response”, “DNA repair”, “reactive oxy-
gen species pathways”, “DNA damage response” and “DNA repair.” After
depuration, a few significant down-regulated pathways were identified,
mostly involved in immune response and inflammation (e.g., “defense
response to organism”, “complement”, “interferon response”, and
“NOD-like receptor signaling pathway”).

Mussels exposed to VEN showed the upregulation of "serotonin
metabolic process' and "synapse organization”, as well as the up-
regulation of Sirtuin 2 (SIRT2) and ATPase H+ transporting V1 subunit F
(ATP6V1F). Up-regulation of several pathways involved in xenobiotic
metabolism after 30 days was also observed (e.g., "Drug metabolism -
cytochrome P450”, "Metabolism of xenobiotics by cytochrome P450”,
"Drug metabolism - other enzymes”, “response to xenobiotic stimulus™).
After depuration, the most significant transcriptional changes were
related to the downregulation of processes involved in immune response
and inflammation (e.g. “cytokine production”, “interferon response”,
“innate immune response”, toll-like receptor 6, TLR6; hematopoietic
prostaglandin D synthase, HPGDS), as well as “xenobiotic metabolism”
and “wound healing”. VEN was the only treatment that led to the
upregulation of terms and genes involved in cell cycle regulation on day
44, including “E2F targets”, “G2M checkpoint”, “mitotic spindle”, cyclin
B2 (CCNB2), structural maintenance of chromosomes (SMC5 and SMC6)
and XPC complex subunit (DNA damage recognition and repair factor),
among others.

Enrichment analyses (ORA) applied to mussels exposed to the com-
bination of MET, GEM, VEN, and RAM (MIXT) indicated the down-

regulation of "oxidative phosphorylation", while GSEA indicated the
up-regulation of several molecular pathways and genes related to energy
metabolism (e.g., "TCA cycle," "glucose import," "glycolysis," "fatty acid
metabolism," phosphoenolpyruvate carboxykinase 1; PCK1; ADP-
ribosylserine hydrolase, ADPRS; ATPase H+ transporting V1 subunit H,
ATP6V1H). The activation of several terms involved in cell cycle regu-
lation, "DNA repair", "unfolded protein response", "response to oxidative
stress", "apoptosis", "response to toxic substances", "tissue homeostasis",
"inflammatory response" and "xenobiotic metabolism” was also
observed. These findings were supported by the up-regulation of genes
involved in apoptosis (e.g. caspase 9, CAS9; baculoviral IAP repeat con-
taining 7, BIRC7; death associated protein, DAP), drug metabolism (car-
boxylesterase 2;CES2), cell cycle regulation and stress response (e.g. cell
division cycle 37, CDC37; MAPK regulated corepressor interacting protein 2,
MCRIP2; NFKB inhibitor alpha, NFKBIA; heat shock protein family A
member 5, HSPA5; sirtuin 6, SIRT6). After depuration, as observed in
single exposures, most significant pathways were down-regulated,
playing roles in immune response, energy metabolism, and signaling
(see Fig. 3).

Noteworthy, the mTORI1 signaling pathway was up-regulated in all
treatments after 30 days, as were several processes involved in cell cycle
regulation (e.g. “mitotic spindle”, “MYC targets 1"), “apoptosis”,
“endocytosis”, “cellular response to toxic substances”, “protein secre-
tion”, “drug metabolism — other enzymes”, protein turnover and tran-
scription (e.g., ‘“spliceosome”, “ubiquitin-mediated proteolysis”,
“protein processing in the endoplasmic reticulum”).
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3.2. Microbiota characterization

PCoA showed a separation along the y-axis between the two sam-
pling times, while no separations between treatments were detected at
either time point (Fig. 5 and Supplementary File 4). A significant
decrease in Shannon’s Index was identified in MIXT-exposed mussels on
Day 30, while GEM and MET exhibited lower diversity than the control
group after the recovery period (Simpson’s and Shannon’s Index; Sup-
plementary File 4). The hepatopancreas microbial composition indi-
cated that the Vibrio genus was the most represented in all treatments
except in GEM-exposed mussels (Supplementary File 4). Pairwise com-
parisons between CTL and different treatments were also performed at
both sampling times. All treatments showed a few significantly over-
represented and underrepresented taxa, suggesting that all treatments
led to minor changes in digestive gland microbiota composition
(Table 1). Full lists of significant taxa detected at the species and genus
levels are provided in Supplementary File 4. Among all treatments, MET
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Fig. 3. Representation of selected enriched KEGG, GO, Hallmark (HM) pathways (p-adj<0.05) in samples of the treatments with GEM (Gemfibrozil), MET (Met-
formin), RAM (Ramipril), VEN (Venlafaxine) and MIXT (combined exposure of GEM, MET, RAM, VEN) collected after 30 days of exposure (D30) and 14 days of
depuration (D44). Results were obtained by comparing each treatment with the control group at the same sampling time, separately at Day 30 and Day 44. Full lists
of significant pathways are reported in Supplementary File 2. Red and green cells indicate significant up- and down- regulation of enriched pathways; the different
color intensity reflects the Normalized Enrichment Scores (NES) value obtained for the corresponding terms.

exposure yielded the most substantial alterations in predicted metabolic
pathways after depuration (Supplementary file 4), with notable changes
in carbohydrate metabolism ("Fructose and mannose metabolism",
"Starch and sucrose metabolism", “carbohydrate digestion and absorp-
tion”, “insulin resistance”, “insulin signaling pathway™), fatty acid
metabolism (e.g. “fatty acid metabolism”, “fatty acid biosynthesis™),
bacterial metabolic processes (e.g. “carbon fixation process”, “prop-
anoate metabolism”, “butanoate metabolism”, “carbon metabolism”),
xenobiotic degradation (atrazine, toluate and benzoate degradation)
suggesting potential effects on mussel physiology. The exposure to GEM
for 30 days revealed significant alterations in few microbial metabolic
pathways, as “fluorobenzoate degradation”, significantly increased also
in RAM-exposed mussels compared to control. Not significant terms
were highlighted for other treatments at both sampling time.

4. Discussion

The present study highlighted the strong modulation of specific drug-

related pathways in treatments exposed to single pharmaceuticals, with
evidence of rather general and non-specific activation of biological re-
sponses in the mixture treatment. In the following sections treatment-
specific modulated pathways are singularly discussed in order to
disentangle complexity and to specifically explore all the relevant as-
pects highlighted by obtained results.

4.1. Gemfibrozil

Gemfibrozil (GEM) is a fibrate amphipathic carboxylic acid molecule
used to regulate lipid levels by reducing triglyceride concentrations in
humans (Saku et al 1985; Valentovic, 2007). The mechanism of action of
GEM in mammals is mainly based on the activation of the PPAR« re-
ceptor, which leads to the transcription of genes involved in lipid
metabolism, increased fatty acid oxidation, and enhanced lipoprotein
lipase activity, thereby lowering serum triglycerides (Cancio et al.,
1999; Valentovic, 2007). Our findings indicate that exposure of mussels
to GEM led to significant alterations in lipid and fatty acid metabolism,
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Fig. 4. Transcriptional Hazard Index (THI) for samples of different treatments GEM (Gemfibrozil) MET (Metformin), RAM (Ramipril) VEN (Venlafaxine) and MIXT
(combined exposure of GEM, MET, RAM and VEN) collected after 30 days of exposure (Fig. 4A, D30) and after 14 days of depuration (Fig. 4B, D44). Colors represent

the different hazard classes: Absent, Slight,

suggesting mechanisms of action similar to those in humans. In detail,
we observed the dysregulation of “fatty acid metabolism”, “adipo-
genesis”, “insulin signalling”, “lipid metabolism”, “lipid and athero-
sclerosis” and “adipogenesis”, among others. While most of these
transcriptional changes were also observed in response to other treat-
ments, significant up-regulation of “fatty acid catabolic processes”,
“peroxisome” and other pathways related to peroxisome regulation was
uniquely found in GEM-exposed mussels. Notably, the effects of GEM
exposure persisted even after depuration. At Day 44, "fatty acid meta-
bolic process" and "peroxisome" were among the few terms that
remained up-regulated, indicating a lasting impact on lipid metabolism.
This persistent effect is further evidenced by the up-regulation of Sterol
O-acyltransferase 1 (SOATI), a gene crucial in maintaining cellular
cholesterol homeostasis (Chang et al., 2009). The impact on lipid
metabolism at day 30, was also suggested by the up-regulation of
HSD17B7, involved in cholesterol biosynthesis (Ohnesorg et al., 2006),
and ESRRG, crucial in controlling lipid-mediated metabolic processes
and playing a major role in glucose metabolism and energy homeostasis
(Sadasivam et al., 2024).

These findings align with the observed activation of energy meta-
bolism after 30 days of GEM exposure, characterized by the up-
regulation of pathways and DEGs involved in maintaining energetic
homeostasis. This metabolic shift likely reflects a compensatory
response to ensure adequate ATP and other resources necessary for the
activation of key cellular processes. Indeed, we observed the triggering
of cell proliferation, signaling, and repair of cellular components at 30
days, suggesting a coordinated adaptation to the metabolic challenges
posed by GEM exposure. Importantly, the up-regulation of "AMPK
signaling pathways", observed exclusively in GEM-exposed mussels,
provides further support for this interpretation. AMPK, a key energy
sensor and regulator of cellular homeostasis, influences glucose uptake,
fatty acid oxidation, and mitochondrial biogenesis (Mihaylova et al.,
2011). Its activation suggests that cells were detecting and responding to
a low energy status. This is further corroborated by the specific
up-regulation of "glucose import" in GEM-exposed mussels, under-
scoring the organism’s efforts to maintain energy balance.

Transcriptional changes of several pathways involved in immune
response, inflammation and apoptosis were also observed, in particular
after 30 days. Immune and inflammation modulatory effects of GEM
have already been widely described in mammals (Jana et al. 2007; Roy
and Pahan, 2009; Camara-Lemarroy et al., 2015), as well as in mussels
(Canesi et al., 2007). Concerning microbiota characterization, GEM led

Moderate, [l Major, [li] Severe.

to the highest number of significant taxa after 30 days. However, there
were few changes in predicted metabolic pathways. Moreover, potential
pathogens such as Vibrio and Pseudomonas were found to be
under-represented. These changes on microbial communities could
potentially be attributed to a significant upregulation of the immune
response observed at 30 days.

Among the four investigated treatments, GEM led also to the most
important transcriptional changes in neurotransmission and synapse
pathways and was the only treatment leading to the up-regulation of the
“Notch signaling pathway”. While the potential effects of GEM on
neurotransmission have been recently proposed by Ivraghi et al. (2024),
to our knowledge changes in the Notch signaling pathway have never
been described in the literature.

After depuration, the number of DEGs decreased, with most of them
being down-regulated in GEM-exposed mussels. In addition to the few
pathways related to peroxisome, energy, and xenobiotic metabolism
(maintained up-regulated after depuration), a few pathways and genes
involved in cell cycle regulation and the immune system were down-
regulated, showing opposite trends compared to 30 days. Noteworthy,
among down-regulated genes showing higher fold changes at Day 44, a
couple of genes coding for SEPT14 and SEPTZ2, putatively involved in cell
cycle progression (Fung et al., 2014). SEPT2 is essential for cytokinesis,
stabilizing the mitotic spindle, and organizing the actin cytoskeleton
(Kremer et al., 2007), while SEPT14 is involved in gametogenesis and
may support asymmetric cell division and cytoskeletal dynamics,
particularly in reproductive tissues (Vahabi Barzi et al., 2020). However,
their specific roles in bivalves remain unclear and require further
investigation. Also STAT5B, promoting G1 to S phase transition (Liang
et al., 2009), was found down-regulated. Deceleration of the cell cycle
after depuration was also suggested by the up-regulation of CDK2AP1
(up-regulated also following MET and RAM exposure), playing a role in
both cell-cycle and epigenetic regulation (Wong et al., 2012). Overall,
these findings suggest that recovery after the cessation of GEM exposure
was significant but not complete, with the THI indicating a reduction in
hazard from “major/severe” to “moderate”.

4.2. Metformin

Metformin (MET) is a biguanide molecule representing the first-
choice drug for treatment of type 2 diabetes. MET influences a wide
spectrum of biological processes like the glucose and fatty-acid meta-
bolism, immune system and antioxidant system (Abdulla Mahmood,
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Table 1

Number of the over- (1) and down- (|) represented taxa (genus and species level) after 30 days of exposure (D30) and after the 14 days of depuration (D44) in
treatments GEM (Gemfibrozil), MET (Metformin), Ramipril (RAM), VEN (Venlafaxine) and MIXT (combined exposure of GEM, MET, RAM and VEN) compared to the

control group of the same sampling time.

GENUS SPECIES

D 30 D44 D 30 D44

t l TOT 1 | TOT t l TOT t | TOT
GEM 10 6 16 0 6 6 3 4 7 0 1 1
MET 8 5 13 2 3 5 0 3 3 0 1 1
RAM 3 5 8 5 3 8 0 3 3 2 2 4
VEN 1 4 5 2 3 5 1 4 5 0 1 1
MIXT 3 7 10 0 6 6 1 3 4 0 1 1

2021; Du et al., 2022). In detail, MET has pleiotropic effects in humans
and a complex mechanism of action mainly represented by i) the inhi-
bition of Complex I in the respiratory chain leading to decreased ATP
production and an increased AMP ratio, which activates AMP-activated
protein kinase (AMPK) (Owen and Nemeroff, 1998); ii) the stimulation
of AMPK, leading to repression of anabolic processes (e.g.,

gluconeogenesis; Hasanvand, 2022) and activation of catabolic pro-
cesses, which increases fatty acid oxidation and glucose uptake to
restore cellular energy homeostasis (Abdulla Mahmood, 2021); iii) the
suppression of enzymes involved in gluconeogenesis, lowering blood
glucose levels (Rena et al. 2017). A significant area of recent scientific
investigation is also related to the potential impact of metformin (MET)
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on the gut microbiome (Ma et al. 2018; Mueller et al. 2021; Petakh et al.
2023a; Petakh et al., 2023b). Although the effects on gut microbiota
diversity have not been consistent, necessitating further research to
understand their clinical significance (Petakh et al. 2023a), several
studies have highlighted that metformin can alter gut microbiota
composition and function, suggesting possible beneficial changes for
metabolic and immune health (Pollak et al. 2017).

Mussels exposed to MET showed up-regulation of several pathways
involved in energy metabolism at Day 30, related to glycolysis, fatty acid
metabolism, and respiratory chain. As suggested for GEM-exposed
mussels, the up-regulation of these pathways may function to support
oxidative stress response, repair, and homeostasis maintenance
(Goodchild et al., 2015). However, the up-regulation of "acetyl-CoA
biosynthetic process from pyruvate" and "pyruvate metabolism",
uniquely observed in MET-exposed mussels, as well as the
over-expression of IDH2 (a key enzyme in the Krebs cycle) and SIRT6 (a
stress-responsive protein influencing energy production and metabolic
stress resistance; Klein and Denu (2020), suggest possible adaptive re-
sponses to metabolic changes caused by MET. Notably, AMY2B,
involved in the digestion of dietary starch and glycogen (Li et al., 2020),
was also found up-regulated at Day 30, while an opposite trend was
observed after depuration at Day 44. This indicates possible metabolic
adaptation following direct or indirect effects of MET on mussels’ car-
bohydrate metabolism. In detail, following the inhibition of mitochon-
drial Complex I, with consequent reduced ATP production and altered
metabolic states, cells may up-regulate pathways related to acetyl-CoA
production and genes involved in carbohydrate metabolism. This
could ensure a steady supply of key metabolites required for energy
production and biosynthesis. Notably, also AKT2, a key kinase in the
insulin signaling pathway responsible for regulating glucose uptake
(Cho et al. 2001; Garofalo et al. 2003; Tassi et al. 2008), was found to be
differentially expressed only in MET exposed mussels at Day 30. Its
up-regulation could indicate a cellular adaptation aimed at increasing
glucose uptake and utilization. Although MET and AKT2 operate
through different pathways and mechanisms, both contribute to
increased glucose uptake. Specifically, AKT2 is essential in the insulin
signaling pathway for insulin-stimulated GLUT4 translocation. On the
other hand, MET enhances glucose uptake through AMPK activation,
which subsequently increases GLUT4 translocation to the cell membrane
and improves insulin sensitivity (Garabadu and Krishnamurthy, 2017;
Herman et al., 2024). Consequently, we can speculate that AMPK acti-
vation mediated by MET might indirectly affect AKT2 by improving
insulin sensitivity and influencing insulin signaling.

MET was the treatment leading to most important changes on
microbiota predicted functional profiles. These changes, observed after
depuration, were related to carbon metabolism, fatty acid metabolism
and carbohydrate processing. In particular, changes in fructose,
mannose, and starch metabolism suggest possible shifts in the com-
munity’s potential for carbohydrate utilization. Microbiota functional
analysis also revealed alterations in pathways associated with insulin
signaling and type II diabetes mellitus. These changes, including modi-
fications in the insulin resistance and signaling pathways, suggest that
MET exposure may influence the microbiota’s potential to interact with
host glucose metabolism, indicating that the microbial community
might play a role in mediating some of MET’s effects on glucose ho-
meostasis, even after depuration. Overall, while our findings should be
considered preliminary evidence and further studies are required to
deepen these aspects, they confirm, along with the significant decrease
in microbial diversity detected at day 44, that MET alters the microbiota
of the mussels’ digestive glands, consistent with previous observations
in model species (Pollak et al. 2017).

In addition to AKT2, activation of others serine/threonine kinases
has been also observed (i.e. NEK2, RIOK3). NEK2 is mainly involved in
cell cycle regulation, while RIOK3 plays a role in both cell cycle regu-
lation and the modulation of type I interferon (IFN)-dependent immune
responses (Fry et al. 2012; Shen et al. 2021; Fang and Zhang, 2016).
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Disruptions in several pathways involved in cell cycle regulation (e.g.,
“MYC target”, “cell cycle phase transition”) and cell signaling (e.g.,
“MAPK signaling”, “NF-kB signaling pathways™) were also highlighted
by functional analyses. While possible links between MET exposure and
modulation of most of these key pathways/biological processes need
further investigation, possible effects on immune system and inflam-
mation were already reported in freshwater fishes (Labeo rohita and
Danio rerio (Demarco et al., 2023) and mussels (Koagouw and Ciocan,
2018).

Overall, MET was the investigated treatment leading to the highest
number of differentially expressed genes (DEGs) at both sampling time.
However, after depuration, only a few significant pathways and bio-
logical processes resulted from both GSEA and enrichment analysis
(ORA). Most of these significant terms were involved in immune
response and inflammation. Notably, all significant terms identified
after depuration were down-regulated, showing opposite trends
compared to Day 30.

In conclusion, our findings reveal that MET exposure induces a
complex array of molecular and metabolic adaptations, potentially
affecting energy metabolism, glucose homeostasis, cell cycle regulation,
and immune responses. These changes are accompanied by significant
alterations in the microbiota functions, suggesting a multifaceted impact
of MET on both host physiology and associated microbial communities.

The significant transcriptional shifts from end-exposure to depu-
ration were confirmed by the THI, which showed the highest and lowest
values compared to other treatments at 30 and 44 days, respectively.
Specifically, a “severe” hazard was observed after 30 days (THI = 475),
while after depuration the THI dropped to “slight/moderate” (THI =
80). This suggests that MET exposure led to transient changes in the
regulation of molecular pathways.

4.3. Ramipril

Ramipril (RAM), a member of the angiotensin-converting enzyme
(ACE) inhibitors class, is among the most widely used antihypertensive
drugs, commonly prescribed for the management of hypertension (high
blood pressure), heart failure, and for reducing the occurrence of car-
diovascular events in patients at high risk (Frampton and Peters, 1995;
Wu et al. 2021). Despite the urgent need to obtain insights on the effects
of pharmaceuticals in non-target aquatic organisms, this is, to our
knowledge, the first study investigating the potential consequences of
RAM exposure on marine species.

RAM blocks the ACE enzyme responsible for converting angiotensin I
into angiotensin II, a peptide that causes blood vessel constriction. As a
result, lower levels of angiotensin II lead to blood vessel dilation which
reduces blood pressure, as well to a decreased aldosterone secretion,
resulting in less sodium and water retention by the kidney (Salzet et al.,
2001; Herman et al., 2024).

Homologues of angiotensin peptides, enzymes, and receptors have
been documented in invertebrate species (Laurent et al. 1997; Salzet
etal., 2001; Filice et al., 2024), confirming the evolutionary importance
of the Renin-Angiotensin System (RAS). The presence of an ACE-like
enzyme has been described in Mytilus edulis by Laurent et al. (1997)
who suggested that this enzyme has properties potentially similar to
human ACE, with the ability to convert angiotensin I to angiotensin II
and a kinetic profile close to that observed in mammals. Overall, while
the presence of RAS components in invertebrates has been demon-
strated, the system has likely adapted for various functions beyond its
classic role in vertebrates, which are still far from being fully
understood.

Here, GSEA suggested fewer changes in signaling pathways, immune
response, and inflammation compared to other treatments at Day 30.
Conversely, several pathways involved in cell cycle regulation (e.g.,
"MYC targets V1", "MYC targets V2", "E2F targets", "G2M checkpoint")
and stress response (e.g., “apoptosis”, “unfolded protein response”,
“DNA repair”, “reactive oxygen species pathways”) were found to be up-
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regulated, similar to other treatments. Disruption of cell cycle regulation
was also suggested by several genes specifically found up-regulated in
RAM exposed mussels at Day 30. Among them, CNTRL which plays a key
role in cytokinesis (Salas et al., 2023); E2F7, a transcription factor that
regulates cell cycle progression and the G1/S phase transition (de Bruin
et al., 2003); CDC45 and CDC7 which are involved in the initiation of
DNA replication and are essential for S phase progression (Petojevic
et al., 2015); CDT1 which regulates the initiation of DNA replication
during the S phase and is putatively involved in the interlink between
cell cycle regulation and DNA damage response pathways (Kanellou
et al., 2020). Notably, enrichment analyses highlighted the significant
up-regulation of “DNA damage response” (16 DEGs) and “DNA repair”
(13 DEGs), suggesting possible cell damage. Following depuration (Day
44), GSEA indicated a disruption of the immune response, with all sig-
nificant terms involved in this function (“NOD-like receptor signaling
pathway”, “defense response to other organism”, “defense response to
virus”, “defense response to symbiont”, “autophagy” and “innate im-
mune response”). The potential impairment of the immune response
following RAM depuration may have favored the relative
over-representation of Vibrio fortis in RAM samples compared to the
control, as well as the increase of Tenacibaculum aiptasiae in mussels
sampled at Day 44 compared to Day 30 (Wang et al., 2008). While Vibrio
fortis has already been associated with disease in many aquatic organ-
isms (Romalde et al., 2014; Austin et al., 2005; Ding et al., 2014; Dai
et al., 2023), to our knowledge, the potential pathogenicity of these taxa
has never been described in mussels.

Calculation of THI indicates the lower value among treatments after
exposure (THI=327.5; major), while a “moderate” hazard was calcu-
lated after depuration, mainly due to the down-regulation of pathways
involved in immune response.

4.4. Venlafaxine

VEN is an antidepressant that acts as serotonin-norepinephrine re-
uptake inhibitor (SNRI) in the presynaptic terminal. In detail, VEN binds
to the serotonin transporter (SERT) and norepinephrine transporter
(NET), inhibiting the reuptake of serotonin and norepinephrine back
into the presynaptic neuron. VEN is widely used for the treatment of
moderate-to-severe depression and is also prescribed for patients with
treatment-refractory depression (Holliday and Benfield, 1995; Andrews
et al. 1996; Harvey et al. 2000).

Serotonin in bivalve species is involved in multiple physiological
roles, including modulation of cardiovascular activity (Paciotti et al.
1985), gametogenesis and spawning, oocyte maturation and sperm
motility (Alavi et al. 2017; Diaz Enrich et al., 2002; Deguchi and Osanai,
1995), feeding behavior and gill ciliary beating (Carroll and Catapane,
2007; Gainey, 2007), contraction and relaxation of the mantle and other
muscles (Fabbri and Capuzzo, 2010; Dyachuk et al. 2012), as well as
immune responses (Cloéz-Tayarani and Changeux, 2007; Jia et al.
2018). Accordingly, serotonin shows pleiotropic functions in bivalves
and is considered a main actor in the neuroendocrine-immune regula-
tion, with a key role in efficient responses to environmental stressors,
including temperature changes, acidification and pollution (Alavi et al.
2017; Canesi et al. 2022). Norepinephrine is less studied in bivalve
species than serotonin. However, possible involvement in heart rate
regulation, as well as in stress responses and behavior have been pro-
posed (Stefano and Catapane, 1980; Beiras et al. 1995; Malham et al.
2002).

Previous studies have highlighted the impact of various emerging
contaminants on serotonergic components in bivalves (e.g. Ciacci et al.,
2011). Of particular concern is the environmental exposure to antide-
pressants (e.g., fluoxetine, venlafaxine and duloxetine), which are
among the most commonly detected human pharmaceuticals in aquatic
environments. These antidepressants target neurotransmitters that are
conserved in invertebrate groups (Lazzara et al., 2012; Fong and Ford,
2014; Franzellitti et al., 2014).
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After 30 days of VEN exposure, we observed an upregulation of
"serotonin metabolic process" and "synapse organization", suggesting a
similarity in VEN’s mechanism of action with the target species. Addi-
tionally, upregulation of SIRT2 and ATP6VIF was noted. SIRT2 can
modulate depression-like behaviors. Recent studies have described
SIRT2 upregulation in depressed patients and down-regulation
following monoaminergic antidepressant administration, highlighting
its potential as a target for therapeutic intervention (Liu et al., 2015;
Wang et al., 2019; Erburu et al.,, 2015; Zhang et al., 2021). Poly-
morphisms in the SIRT2 gene have also been associated with depression
in Alzheimer’s disease patients (Porcelli et al., 2013). Furthermore,
Erburu and colleagues (2015) have described modulation of SIRT2
expression following treatment with the selective noradrenaline reup-
take inhibitor reboxetine and the selective serotonin reuptake inhibitor
fluoxetine, suggesting that this could be a shared mechanism of action
among monoaminergic antidepressants. ATP6VIF encodes a component
of vacuolar ATPase (V-ATPase), which is involved in the storage of
various neurotransmitters (Morel et al. 2023). A recent study suggested
that V-ATPase are potentially impacted by Venlafaxine Souza (da Silva
et al.,, 2023). Overall, these findings suggest that the MoA of VEN in
mussels is similar to that observed in the target species.

Gomez and colleagues (2021) demonstrated the rapid decrease of
VEN bioaccumulation in Mediterranean mussel after 7 days of depu-
ration, while metabolites as N-desmethylvenlafaxine which contributes
to the therapeutic effects of VEN in humans, persist in mussel tissues
(Gomez et al., 2021). Here, sustained transcriptional activation of
several pathways involved in xenobiotic metabolism (see Fig. 3) confirm
the mussels’ ability to metabolize VEN (Ariza-Castro et al., 2021).
However, the higher number of differentially expressed genes (DEGs)
detected after depuration compared to 30 days (240 and 165 DEGs,
respectively) and the highest THI among treatments detected after 44
days (THI = 125; "moderate" hazard), suggest that VEN and/or its me-
tabolites led to persistent changes at transcriptional level. Similar to
MET and RAM treatments, major changes detected after depuration
were related to the down-regulation of processes/pathways involved in
immune response and inflammation as “cytokine production”, “inter-
feron response”, “innate immune response” and “response to bacterium”
among others. After depuration, we observed distinctive transcriptional
changes. These included the down-regulation of pathways related to
“xenobiotic metabolism”, “wound healing" and “response to wounding”.
Concurrently, we noted an up-regulation of pathways involved in cell
cycle regulation. While the down-regulation of xenobiotic metabolism
and wound healing indicate that mussels were recovering from the
exposure and no longer need to actively metabolize the drug or repair
tissue damage, up-regulation of pathways and genes involved in cell
cycle regulation and DNA repair was also observed (e.g. structural
maintenance of chromosomes, SMC5 and SMC6; XPC; CCNB2; Protein
Phosphatase 4 Regulatory Subunit 1, PPP4R1). Among them, XPC,
contribute to the removal of oxidative DNA damage and prevent cell
cycle arrest caused by genetic damage (Melis et al., 2011), while SMCs
are key organizers of chromosome architecture and are essential for
genome integrity (Laflamme et al. 2014). Overall, these findings indi-
cate lasting effects at the molecular level and possible shift toward
cellular proliferation, that could be related to an attempt to substitute
cells damaged or lost during VEN exposure.

To conclude, while recent studies indicate possible modulation of
mice gut microbiota following VEN administration (Du et al., 2024), we
didn’t observe significant changes in microbial diversity, composition
and functions in the mussel digestive gland.

4.5. Combined exposure to Venlafaxine, Metformin, Ramipril and
Gemfibrozil

The marine environment ultimately becomes a repository for all
human-made products, including a diverse range of pharmaceuticals
that often accumulate in aquatic ecosystems. However, the potential
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additive or synergistic effects of these pharmaceutical mixtures remain
insufficiently explored (Vasquez et al., 2014; Mezzelani et al. 2023). In
this context, the MIXT treatment provides valuable insights into the
potential effects of combined exposure to four different pharmaceuticals
frequently detected in coastal waters.

MIXT and MET exposures were the only treatments showing “severe”
hazard after 30 days. In addition, MIXT showed the highest THI after
depuration, indicating a “moderate” hazard. Notably, ORA revealed the
significant down-regulation of "oxidative phosphorylation", the crucial
mitochondrial pathway for ATP production. In contrast, GSEA indicated
the up-regulation of several key molecular pathways and biological
processes involved in energy metabolism, including the "TCA cycle",
"carbohydrate catabolic process", "glucose import", "glycolysis" and
"fatty acid metabolism". These findings suggest that the cell may up-
regulate these pathways to increase the availability of intermediates
and cofactors, thereby partially compensating for reduced ATP pro-
duction. This adaptation likely supports detoxification and stress re-
sponses, even when oxidative phosphorylation is less efficient. While the
activation of molecular mechanisms maintaining energetic homeostasis
suggests a potential synergistic effect of the investigated drugs, based on
results obtained from single-drug exposures, a significant contribution
from MET and GEM can be hypothesized. Noteworthy, MIXT treatment
was unique in showing down-regulation of numerous energy meta-
bolism pathways after depuration, a pattern not observed with indi-
vidual drug exposures. This indicates that the combination of VEN, MET,
RAM, and GEM might have induced more severe cellular stress, neces-
sitating a longer recovery period. We speculate that the down-regulation
of energy metabolism after depuration likely represents an adaptive
response to conserve energy following multi-drug exposure stress.

GSEA revealed at Day 30 the up-regulation of nearly all terms related
to cell cycle regulation included in this functional analysis. The up-
regulation of processes involved in cell cycle regulation, along with
several pathways and DEGs involved in damage repair (e.g., "DNA
repair", "unfolded protein response", "regulation of DNA repair") and
stress response (e.g., 'response to oxidative stress", "apoptosis",
"response to toxic substances", "tissue homeostasis", "inflammatory
response", "xenobiotic metabolism", CES2, CAS9, BIRC7 among others),
indicates that the mussels experienced stress and damage from chemical
exposure. The increased regulation of cell cycle processes, often
observed in bivalve species following exposure to chemical stress, may
reflect an attempt to maintain homeostasis, promote damage repair, and
manage altered metabolic demands (Iannello et al., 2021; Mezzelani
et al., 2023; Bernardini et al., 2023; lori et al., 2020). Overall, after 30
days of exposure, the MIXT treatment led to transcriptional modifica-
tions also observed in one or more single-drug exposures. The only
exception was “Toll-like receptor signaling pathway”, which was found
to be up-regulated exclusively following the combined exposure to the
investigated pharmaceuticals.

After the depuration, all significant pathways identified were down-
regulated as already described for energy metabolism. Among them,
several pathways involved in immune response, signaling and xenobi-
otic metabolism were described in at least one single treatment.
Conversely, “apoptosis” (both KEGG and Hallmark) were observed only
in mussels exposed to MIXT, suggesting that mussels are still experi-
encing some degree of stress, albeit reduced compared to during expo-
sure. Concerning digestive gland microbiota characterization, MIXT
exposure led to similar changes to those detected in exposure to single
pharmaceuticals, while no significant shifts were observed in microbiota
functional profiles. In detail, at the end of exposure, 3 out of 4 significant
taxa (species level) were commonly under-represented in VEN exposed
mussels, while after depuration we found a unique significant microbial
species common to VEN, MET and RAM. Overall, these findings confirm
that all investigated pharmaceuticals led to limited changes in digestive
gland microbiota, also following combined exposure.
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4.6. Common responses among treatments

Molecular pathways commonly found to be differentially regulated
across treatments can provide valuable insights into the key mechanisms
that coordinate stress responses and help identify molecular markers of
chemical stress. Among the signaling pathways consistently found to be
differentially expressed, particular attention should be given to the
upregulation of the “mTORI1 signaling pathway” observed across all
treatments after 30 days. Indeed, mTORCI1 signaling is a central regu-
lator in eukaryotic cells, integrating various environmental signals
including nutrient availability, energy status, and diverse stressors such
as metabolic, genotoxic, and oxidative stress (Su and Dai, 2017). In
detail, mTORC1 plays a crucial role in maintaining cellular homeostasis
by modulating a wide array of fundamental cellular processes in
response to environmental stressors (Saxton and Sabatini, 2017). These
processes include protein synthesis and folding, proteome homeostasis,
autophagy, vesicle and protein trafficking, glycolysis, endosome and
lysosome distribution, apoptosis, and cell cycle regulation (Zhu et al.,
2022; Su and Dai, 2017; Kaeser-Pebernard et al., 2022; Liu et al., 2017;
Pourdehnad et al., 2013; Bae et al., 2022). The differential regulation of
many of these processes observed across all single treatments and
following MIXT exposure (e.g. “spliceosome”, “protein export”, “ubiq-
uitin mediated proteolysis”, “protein processing in ER”, “endocytosis”,
“lipid transport”, “carbohydrate catabolic process”, “glucose catabolic
process”, “apoptosis”, “cellular response to toxic substance”, “protein
secretion”, “unfolded protein response”, “tissue homeostasis”), supports
the pivotal role of mTORCI signaling in orchestrating mussels’ stress
response. This aligns with recent findings in other bivalve species
exposed to chemical stress, such as the Manila clam Ruditapes philip-
pinarum and the Pacific oyster Magallana gigas (Bernardini et al., 2023;
Bernardini et al., 2024), confirming that mTORC1 signaling may be a
conserved mechanism for coordinating cellular responses to environ-
mental stressors also in bivalve species. In detail, the upregulation of
mTORC1 signaling, along with pathways involved in drug metabolism,
likely represents the mussels’ attempt to maintain homeostasis under
pharmaceutical exposure by monitoring cellular energy status and
activating appropriate adaptive responses. This also makes mTORC1
signaling a potential key molecular marker for assessing chemical stress
in bivalves and possibly other aquatic organisms.

A total of 9 DEGs were found commonly differentially regulated after
single exposure to GEM, MET, RAM and VEN (see Supplementary File 1).
Among them, cystathionine beta-synthase (CBS) is a key enzyme in the
transsulfuration pathway, which converts homocysteine to cys-
tathionine. This pathway is crucial for maintaining proper levels of
homocysteine and for producing cysteine, a precursor to glutathione,
one of the body’s most important antioxidants (Zuhra et al., 2020).
However, to our knowledge, CBS function in bivalves has never been
characterized. Others commonly differentially regulated genes were
represented by the up-regulated GLI Pathogenesis Related 2 (GLIPR2), an
evolutionarily conserved Golgi-associated protein recently proposed to
negatively regulate autophagy (Eberle et al., 2002; Shoji-Kawata et al.,
2013; Zhao et al., 2021), NA Binding Motif Protein 25 (RBM25) and Serine
and Arginine Rich Splicing Factor 4 (SRSF4) involved in RNA processing
and splicing (Carlson et al., 2017; Tan et al., 2018), and SEC63 Homolog,
Protein Translocation Regulator (SEC63) that being part of the SEC com-
plex is essential for proper folding and assembly of newly synthesized
proteins within the ER (Jung and Kim, 2021).

5. Conclusion

Aquatic organisms are continually exposed to various classes of
pharmaceuticals and personal care products (PPCPs) in their environ-
ment. Studying the effects and mechanisms of action of these pharma-
ceuticals on non-target species, particularly those detected in marine
ecosystems, is crucial for developing effective monitoring plans to pro-
tect these ecosystems and also human health. In this study, by
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combining gene expression analyses with microbiota characterization,
we assessed the effects of four pharmaceuticals with different thera-
peutic properties on the Mediterranean mussel M. galloprovincialis.
Exposure to the investigated pharmaceuticals led to significant alter-
ations in mussel physiology, particularly in energy pathways, stress re-
sponses, signaling, cell cycle regulation, and immune response, with
gemfibrozil, metformin, and venlafaxine showing potential similarities
with the modes of action described in target species. Gene expression
analyses confirmed the potential role of mTOR1 signaling as a key
coordinator in the bivalve stress response. While host-microbiota char-
acterization suggested few changes after exposure, occurring mainly
following MET exposure, the Transcriptomic Hazard Index (THI) indi-
cated a "severe" hazard for metformin and combined exposure after 30
days. THI decreased for all treatments by day 44, indicating “slight/
moderate” hazards after a relatively short recovery period. Such partial
recovery after a depuration period, with persistent impacts on stress-
related and energy metabolism pathways, was particularly evident
following combined exposure, further highlighting the urgent need to
characterize the long-term effects of such mixtures for proper risk
assessment of environmental pharmaceuticals.
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