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• FLX uptake by mussels was rapid.
• A 28-day FLX exposure confirms
continuous bioaccumulation in mussel.

• Males and females accumulated FLX
differently at the beginning of the
exposure.

• Eleven FLX metabolites were high-
lighted using an MS-based non-targeted
approach.

• Ten FLX metabolites are reported for the
first time in Mytilus galloprovincialis.
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A B S T R A C T

The significant rise in antidepressant consumption in recent years was accentuated by COVID-19 pandemic.
Among these antidepressant, fluoxetine, a selective serotonin re-uptake inhibitor (SSRI), is the most prescribed
worldwide. The present study investigated its bioaccumulation and metabolization in the mussel Mytilus gallo-
provincialis, generally recognized as a reliable bioindicator for assessing environmental quality and the accu-
mulation of various contaminants. Mussels were exposed to a nominal concentration of fluoxetine (3.1 μg/L) for
28 days. Mussels were sacrificed at day 2, 7, 14 and 28 of exposure. The order of accumulation level was gills >
digestive glands > soft tissues, and a regular increase in fluoxetine and norfluoxetine was observed across the
various sampling days for both digestive glands and soft tissues. The calculated bioconcentration factor (BCF)
ranged from 253 at D2 to 1734 at D28 for fluoxetine, and pseudo-BCF from 7 at D2 to 64 at D28 for nor-
fluoxetine. Non-targeted approaches highlighted ten metabolites, which are reported for the first time in Mytilus,
in addition to norfluoxetine. Notably, this study highlighted two phase I metabolites and one phase II metabolite
previously unreported. These findings contribute to the understanding of fluoxetine accumulation and meta-
bolism in Mytilus and enhance the knowledge of pharmaceuticals detoxification processes in non-target
organisms.
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1. Introduction

The consumption of antidepressants has seen a significant rise over
recent years, a trend that has been further accentuated by the COVID-19
pandemic, more than twice (OECD, 2019; Diaz-Camal et al., 2022).
Among the various antidepressants available, fluoxetine (FLX),
commonly known by its brand name Prozac, stands out as the most
prescribed worldwide. Its release through wastewater treatment plant
effluents heavily impacts aquatic environments (Verlicchi et al., 2012)
and have raised concerns, particularly regarding its presence in marine
ecosystems. FLX is frequently detected in estuarine and coastal water
around the world, at concentrations ranging from 1.09 ng/L to 16.2 ng/L
in Portugal (Reis-Santos et al., 2018), up to 36 ng/L in an Australian
estuary (Birch et al., 2015), from non-detectable (n.d.) to 0.6 ng/L in
Spain (Biel-Maeso et al., 2018) and from n.d. to 41 ng/L in Mahdia
coastal waters (Tunisia) (Afsa et al., 2020). In the ocean, reported con-
centrations range from n.d. to 1.6 ng/L in oceanic waters from the Gulf
of Cadiz in Spain (Biel-Maeso et al., 2018) and to higher concentrations
at 90 ng/L in the Pacific Ocean (USA) (Nödler et al., 2014). FLX not only
persists in the marine water but also tends to accumulate in non-target
marine organisms (Silva et al., 2015), such as sponges (Rizzi et al.,
2020), or mussels (Silva et al., 2017; Maruya et al., 2012). Mussels are
frequently subjected to such exposure and a mean concentration of FLX
of 4.83 μg/kg was reported from 9 different locations along the Portugal
Atlantic coast (Silva et al., 2017). While some information exists about
the bioaccumulation of various pollutants, specific data on fluoxetine
remain limited (Boxall et al., 2012; Franzellitti et al., 2014).

Mussels plays a crucial role in environmental biomonitoring en-
deavors as sedentary organisms with a broad geographic range and a
high tolerance for environmental fluctuations (Boening, 1999; Regoli
and Principato, 1995). The genus Mytilus is generally recognized as a
reliable bioindicator for assessing environmental quality and the accu-
mulation of various contaminants (Gaitán-Espitia et al., 2016). Indeed,
as filter feeders, they intake water and particles from their surroundings
(Cranford et al., 2011). Due to these characteristics, Mytilus is consid-
ered an ideal organism for studying the bioaccumulation of fluoxetine.
Understanding this process can provide valuable insights into both
environmental and human health, since mussels are intended for human
consumption. The exposure of mussels to FLX can lead to effects such as
an increase in foot size, resulting in an inability to close shell (Bringolf
et al., 2010), impaired regulation of spawning (Fong et al., 1994) and
behavioral changes such as an increased activity rate, reducing the
filtering function in species like Mytilus californianus (Hazelton et al.,
2014).

It seems also essential to study the relationship between bio-
accumulation and metabolization for this molecule as detoxification
mechanisms may mitigate its effects. Several studies have investigated
the metabolism of pharmaceutical products in mussels (Ariza-Castro
et al., 2021; Bonnefille et al., 2017). Parent pharmaceutical compounds
typically undergo biotransformation to generate other compounds,
some of which may exhibit varying degrees of activity compared to the
parent compound. In the case of FLX, numerous studies have focused on
its primary metabolite, norfluoxetine (NFLX), which has been found to
be as pharmacologically active than FLX itself (Claesson and Svensson,
1996). However, limited research has been conducted on the study of
other FLX metabolites formed in aquatic organisms. The study of its
biotransformation in zebrafish embryos, revealed metabolic pathways
such as N-demethylation, hydroxylation, or N-acylation (Tisler et al.,
2019; Zindler et al., 2020). To the best of our knowledge, only one other
study has observed different FLX metabolites than NFLX in freshwater
organisms, i.e microalgae (Xie et al., 2022). Moreover, the equilibrium
between absorption and excretion, including the role of biotransfor-
mation processes over medium to long-term periods, remains poorly
understood. Most existing studies are short-term, often lasting less than
15 days, limiting the understanding of fluoxetine’s behavior in marine
organisms over extended periods (Franzellitti et al., 2014; Silva et al.,

2016).
Given these knowledge gaps, our study aims to address these critical

issues by investigating the bioaccumulation and biotransformation of
fluoxetine in mussels, thus contributing to the broader field of ecotoxi-
cology. To this end, Mytilus galloprovincialis were exposed to a FLX
concentration of 3.1 μg/L for 28 days. Using a mass spectrometry-based
targeted approach, the levels of FLX and its primary metabolite NFLX
were measured in various tissues (gills, digestive gland, and soft tissues)
to examine their distribution and accumulation over time. Additionally,
a mass spectrometry-based targeted and non-targeted approach was
conducted on digestive glands to screen for already known (based on
literature) FLX metabolites, and to identify any potential FLX metabo-
lites not previously documented which would be generated by Medi-
terranean mussels after exposure.

2. Material and methods

2.1. Chemicals

The analytical standard of fluoxetine hydrochloride (FLX) and
fluoxetine-d6 (FLX-d6) were purchased from Sigma-Aldrich (Steinheim,
Germany). Norfluoxetine hydrochloride (NFLX), 4-(trifluoromethyl)-
phenol (TFMP) and norfluoxetine-d5 hydrochloride (NFLX-d5) were
acquired from Santa Cruz Biotechnology (Texas, USA). N-formyl-
fluoxetine (N-formylFLX) was purchased from Toronto Research
Chemicals (Toronto, Canada). All standards were purchased at analyt-
ical grade (purity >98%). Stock standard solutions of each compound
were prepared in methanol at a concentration of 1 mg/mL. All the
standard solutions were stored at − 20 ◦C. A working standard solution
for each standard was prepared at concentration of 1 μg/mL in meth-
anol. Ultrapure water was generated by a Millipore Milli-Q system
(Milford, MA, USA). Methanol (MeOH), and HPLC-grade acetonitrile
(ACN) were obtained by Carlo Erba (Val de Reuil, France). Formic acid
(FA) (purity, 98%) was supplied from Fisher Scientific Labosi (Elan-
court, France). Solid phase extraction (SPE) Oasis HLB™ cartridge (200
mg, 6 cc) was purchased from Waters, (Milford, MA, USA), Phree™
phospholipid removal (1 mL) was acquired from Phenomenex (Tor-
rance, CA, USA). Nanosep® centrifugal filters 0.2 μm were purchased
from Pall Corporation (Port Washington, NY, USA). The seawater was
collected at the IFREMER station in Palavas-Les-Flots, France. Subse-
quently, it underwent sterilization through UV treatment and degassing
following filtration with a sand filter.

2.2. Animals and fluoxetine exposure experiment

Mytilus galloprovincialis mussels were purchased in February from a
Mediterranean mussel supplier (Bouzigues, France) and immediately
transported to the laboratory (<1 h). After they were cleaned, the
mussels were acclimatized in aerated (9 mg/L) filtered (GF/F, What-
man) natural seawater (salinity of 55 g/L, pH = 7.9) for 7 days before
the experiment. During the acclimation and exposure periods, seawater
was renewed every two or three days (semi-static renewal) and water
temperature was regulated at 15.4 ± 0.8 ◦C. Mussels were fed daily, 1 h
before FLX concentration spiking, with Tetraselmis suecica (Greensea,
Mèze, France) at constant density (20,000 cells/mL). After acclimati-
zation, 240 individuals (shell length 7–8 cm) were randomly allocated in
24 glass aquaria, each with a volume of 4-liter seawater, at a density of
2.5 mussels per liter. Two groups were formed consisting of 12 glass
aquaria each: a solvent control (SC) group and an exposed (E) group
exposed to a nominal concentration of 3.1 μg/L of FLX. During the
exposure period of 28 days (4 weeks), FLX concentrations were rees-
tablished after each water renewal. Seawater (10 mL) was sampled once
a week, FLX concentration was followed over 48h. Sampling (10 mL)
was conducted after water renewal and spiking at t = 0 + 15 min, then
every hour during the day, and finally at t = 24 h and t = 48 h. Water
samples were spiked with 31 ng of deuterated internal standards (FLX-
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d6) before freezing (− 20 ◦C). Triplicate aquaria without mussels were
used as well to assess glass adsorption, with concentration measure-
ments taken at zero, 24, and 48 h. Mussels (3 aquaria of 10 mussels each
from both conditions) were sampled at 2, 7, 14 and 28 days (Figure S-1).
Mussels were dissected: gills, digestive glands and the remaining soft
tissues were frozen at − 80 ◦C before freeze drying during five days (Heto
Power dry LL 3000, Thermo) and analysis. Sex of mussels was deter-
mined by microscopic analysis of a gonadal smear. After 28 days of
exposure, mussel mortality was below 3% in agreement with the Or-
ganization for Economic Co-Operation and Development (OECD)
guidelines.

2.3. Sample preparation

2.3.1. Seawater
The extraction of FLX from seawater was performed by SPE car-

tridges Oasis HLB (200 mg, 6 cc). Cartridges were first conditioned with
6 mL of methanol followed by 6 mL of water. Afterwards, samples (10
mL) were loaded onto cartridges. After a drying step of 3 min, the latter
were cleaned with 6 mL of a mixture water/methanol (v/v, 90/10).
After a second drying step of 15 min, elution of FLX was completed twice
with 5 mL of methanol. Finally, eluates were evaporated to dryness
under a nitrogen stream and re-suspended in 100 μL of water/acetoni-
trile (v/v, 80/20). An extracted calibration curve with blank seawater
samples spiked at 0, 0.1, 0.5, 1, 2 and 5 μg/L with FLX and 3.1 μg/L FLX-
d6 was prepared in the same way for quantification purposes.

2.3.2. Tissues
Before analysis, the freeze-dried samples (gills, digestive glands and

the remaining soft tissues) were ground in a ball mill (Retsch MM400) to
ensure homogenization.

Regarding soft tissues, analysis of FLX and its metabolites was con-
ducted from 400 mg dry tissues, which were spiked with 40 ng of FLX-d6
and 4 ng NFLX-d5 surrogate standards (corresponding to concentrations
of 100 μg/kg and 10 μg/kg, respectively) and extracted twice using 10
mL of acetonitrile (ACN) containing 0.1% formic acid. Pooled super-
natants were collected and concentrated to 2 mL and passed through a
solid-phase extraction (SPE) Phree™ phospholipid removal cartridge,
previously conditioned with 0.5 mL of ACN. Following the addition of 2
mL of ACN on the cartridge, eluates were evaporated to dryness under a
gentle stream of nitrogen at 40 ◦C. Finally, dried extracts were recon-
stituted in 200 μL of ACN/water (v/v, 20/80) and filtered through
Nanosep® centrifugal filters with a pore size of 0.2 μm. To perform
quantification, an extracted calibration curve was prepared in the same
way with soft-tissue samples spiked at 0, 200, 500, 1000, 2000, 3500
and 5000 μg/kg of FLX and 0, 1, 5, 10, 20, 50 and 100 μg/kg for its
metabolite NFLX.

For gills and digestive glands, 40 mg of dry tissues were used. After
spiking with 4 ng of FLX-d6 and NFLX-d5 surrogate standards (corre-
sponding to concentrations of 100 μg/kg), samples were extracted twice
with 1mL of ACN containing 0.1% formic acid. Pooled supernatant were
then passed through an SPE Phree™ phospholipid removal cartridge,
previously conditioned with 0.5 mL of ACN. The final steps were similar
to the extraction process for soft tissues. To conduct quantification,
extracted calibration curves were prepared in a similar manner using
gills and digestive glands samples spiked at concentrations of 0, 500,
2000, 3500, 5000, and 10000 μg/kg of FLX and 0, 50, 100, 250, 500,
1000 and 2500 μg/kg for its metabolite NFLX.

2.4. HPLC-Orbitrap MS analysis

2.4.1. Quantification of FLX/NFLX
Separation of analytes was performed using an HPLC Vanquish HPLC

(ThermoFisher Scientific, Bremen, Germany) equipped with a modified
C18 analytical column, 100 mm length × 2.1 mm i.d. and 2.6 μm par-
ticle size (Kinetex biphenyl, Phenomenex, Torrance, CA, USA). The

temperature of column oven was set at 28 ◦C and the autosampler
chamber at 4 ◦C. The mobile phase was constituted of water (A) and ACN
(B) both modified with 0.1% formic acid and used at flow rate of 300 μL/
min. The volume of injection was 10 μL. Initial condition (20% B) were
maintained for 1 min, before the percentage of the organic phase (B) was
increased from 20% to 60% at 3 min. The organic phase (B) increased
again to 100% B at 6 min. Then, the organic phase was maintained for 4
min at 100% B before returning to the initial conditions in 2 min
(reequilibration for the next 6 min). This gradient provided an 18-min
chromatographic run.

For the analysis, an Orbitrap Exploris 240 HRMS (ThermoFisher
Scientific, Bremen, Germany) system equipped with a heated electro-
spray ionization source (HESI) operating in positive ion mode was used.
The HESI parameters were: 4 kV for electrospray voltage; 40 for sheath
gas (arbitrary units); 10 for auxiliary gas (arbitrary units); 150 ◦C heater
temperature; 300 ◦C capillary temperature. Data acquisition involved
continuous alternation between full scan and MS2 product ion scan
modes, both ranging from m/z 100 to 700. For product ion scan mode, a
high-energy collision dissociation (HCD) cell was used. The mass reso-
lution was 30,000 FWHM for full scan and 15,000 FWHM for product
ion scan. The acquisition parameters for FLX and NFLX quantification
are presented in supplementary data (Figure S-2). For quantification
purposes the transition m/z 310.1 → 148.1122 (m/z 316.1 → 154.1496)
and m/z 296.1 → 134.0964 (m/z 301.1 → 139.1277) were used for FLX
(FLX-d6) and NFLX (NFLX-d5), respectively.

2.4.2. Non targeted analysis of FLX metabolites in digestive glands
Chemical profiles of digestive glands from control and FLX exposed

mussels at days 2, 7, 14 and 28 (4/control and 10/exposed, half male
and half female for each day) were generated by LC-HRMS. The chro-
matographic parameters were similar to the method used for quanti-
fying FLX and NFLX.

Regarding data acquisition by mass spectrometry, a full scan was
performed in both positive and negative modes, with a range from m/z
60 to 850. In positive and negative mode, the electrospray voltage was
set at 3.35 kV, and the mass resolution at 11,250 FWHM. The other
parameters of the HESI method, including sheath gas, auxiliary gas,
heater temperature, and capillary temperature, remained unchanged
compared to the FLX and NFLX quantification method.

2.4.3. MS/MS confirmation of FLX metabolites
The chromatographic column, mobile phase, flow rate, and HESI

source parameters were similar to those described in 2.4.2. However,
another gradient was implemented to improve chromatographic sepa-
ration of FLX metabolites. The initial condition (30% B) was maintained
for 2 min, after which the percentage of the organic phase (B) was
increased to 55% at 4.5 min. This concentration of the organic phase (B)
was sustained for 1.5 min and then raised to 75% B at 7 min. After
maintaining 75% B for 2 min, the organic phase was further increased to
100% B at 10 min and held for 3 min before returning to the initial
conditions over a period of 4 min. This gradient allowed for a 17-min
chromatographic run. Data acquisition involved product ion scan
mode, and a high-energy collision dissociation (HCD) cell was used with
collision energy adapted for each metabolite. The mass resolution was
set at 15,000 FWHM. The new retention times of each highlighted
metabolite are reported in Table 2 and Figure S-3 to S-4 along with their
fragmentation spectra in Figure S-6 to Figure S-43.

2.5. Method performances for FLX and NFLX

The method performances for each matrix were evaluated by
considering various aspects, including linearity, limit of detection (LOD)
and quantification (LOQ) of the methods, absolute recovery, matrix ef-
fects and repeatability per analyte. Linearity was evaluated using the
square correlation coefficient (R2) and determined through calibration
curves in solvent and tissues at six different levels. The LOQ was
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determined as the minimum concentration for which the difference
between the theoretical concentration and the calculated concentration
was less than 20%. The limit of detection (LOD) was established as the
minimum concentration value below the LOQ, where a chromato-
graphic peak could be detected (S/N > 3). In case where the LOQ was
already the lowest concentration in the calibration curve, the LOD was
calculated as the third of LOQ. Absolute recoveries, matrix effects and
repeatability of the methods were evaluated by spiking triplicate blank
tissues (3 before and 3 after purification procedure) with 100 μg/kg
(dw) of FLX, FLX-d6, NFLX and NFLX-d5 for soft tissues, 200 μg/kg (dw)
of each native and internal standards for gills and digestive gland and
triplicate seawater with 3.1 μg/L of FLX and FLX-d6. Absolute recoveries
were assessed by comparing the signal area of each analyte in blank
tissue samples spiked before and after the extraction/purification pro-
cess, both injected under the same analytical conditions. Relative re-
coveries were calculated as the ratio of the absolute recovery of each
target compound to that of its internal standard. For repeatability, the
relative standard deviation (RSD) was calculated on absolute recoveries
by dividing the standard deviation by the mean. Matrix effects were
evaluated by comparing the signal area of each analyte in blank tissue
samples spiked after extraction/purification with the signal area of each
analyte measured in a pure standard injected under the same analytical
conditions. The obtained performances are reported in Table 1.

2.6. Data processing and FLX metabolite identification strategy

The presence of FLX metabolites in mussel digestive glands was
evaluated through both a non-targeted approach, as detailed below, and
a suspect screening approach based on metabolites already reported in
the literature. Raw data were converted into mzXML files with
MSConvert freeware (ProteoWizard 3.0 (Holman et al., 2014),). ESI+

and ESI- acquisitions were processed separately using the XCMS package
(Smith et al., 2006) in the R environment to integrate the chromato-
graphic peaks in all samples. This multi-step strategy has already been
described by (Ariza-Castro et al., 2021; Bonnefille et al., 2017). XCMS
parameters were configured as follows: the m/z interval was set at 0.01
and ppm variation at 5, the signal to noise ratio threshold at 10, the
group bandwidth at 8, and the minimum fraction at 0.5. After data
processing, XCMS generated a table containing peak information and
peak abundances per sample. Peaks detected exclusively in exposed
samples (absent in control samples) and found in at least five replicates
among the ten exposed mussels were considered potential FLX metab-
olites. Extracted ion chromatograms (EICs) were also processed by
Thermo Freestyle 1.5 to confirm the absence of signal in the controls.

Elemental compositions of unknown metabolites were generated by the
Thermo Xcalibur Qual Browser software (XCalibur 4.2.47), and those
with the most suitable C, H, N, O and F compositions, based on the FLX
composition, were reported. Confidence levels for metabolite identifi-
cation were proposed according to (Schymanski et al., 2014). Level 1
corresponds to structures confirmed by the analytical standard injection
in the same conditions as samples and based on MS, MS/MS and
retention time matching. Level 2 refers to probable structures, proposed
based on evidence from the literature or library spectrum data (2a), or
on diagnostic MS/MS fragments and/or ionization behavior, parent
compound information and the experimental context, in the absence of
previously reported information (2b). Level 3 is a tentative candidate
with an uncertain exact structure. Level 4 describes compounds for
which an unequivocal formula is proposed based on spectral informa-
tion, while level 5 describes those where only the exact mass (m/z) is
available.

2.7. Bioconcentration factor (BCF)

Bioconcentration was evaluated in mussels’ whole body at each
sampling time. The BCF was typically determined using the following
equation (1):

BCF=Cb/Cw (1)

Where Cb is the concentration of chemical in the biota corresponding to
concentration of FLX in mussels’ entire body (μg/kg dw) and Cw (μg/L)
is the concentration in seawater. The value used for FLX concentration in
water was the target nominal concentration (3.1 μg/L). To obtain Cb, the
quantity of FLX (in μg) in each organ (gills, digestive glands, and
remaining soft tissues) was calculated using equation (2):

Cb (μg/kg dw) was then determined by dividing the summation of
the quantities in each organ (in μg) by the mussels’ whole-body weight
(in kg, dry weight), using equation (3):

Cb=
∑

quantity in organs
/∑

organs dry weight (3)

Since the major metabolite NFLX was also detected, the pseudo-
bioconcentration factor (pseudo-BCF) was also calculated (i.e., the de-
nominator is the concentration of fluoxetine in the aqueous phase and
not the concentration of NFLX), as outlined in previous studies
(Nakamura et al., 2008; Paterson and Metcalfe, 2008).

Table 1
Linearity, method detection limit (MDL) and method quantification limit (MQL), matrix effects (ME), and recoveries observed for each FLX and NFLX in water, gills,
digestive glands and soft tissues.

Matrix Analyte Linear range (μg/
kg)

Matrix matched
linearity (R2)

MDL (μg/
kg)

MQL (μg/
kg

ME
(%)

Absolute recovery
(%)

Relative recovery
(%)

RSD
(%)

Digestive
glands

Fluoxetine 0-10,000 0.9969 5.2 10.6 − 64 70 102 4
Norfluoxetine 0-2500 0.9989 24.9 51.3 − 50 50 88 7

Gills Fluoxetine 0-10,000 0.9966 1.0 5.1 − 52 91 99 6
Norfluoxetine 0-2500 0.9942 24.9 50.4 − 31 72 89 4

Soft tissue Fluoxetine 0-5000 0.9985 0.5 1.1 − 51 47 92 1
Norfluoxetine 0–100 0.9976 1.0 5.2 − 52 36 90 7

Water Fluoxetine 0–5 0.9963 0.05 0.1 − 92 69 91 17

FLX in organ (μg)= FLX concentration in organ (μg / kg dw) × organ dry weight (kg dw) (2)
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2.8. Statistics

Statistical differences in FLX and NFLX concentrations between
sampling time and across gender for each day were assessed using the
Mann-Whitney U test. Significant differences were identified using a
criterion of a p < 0.05. All the data were analyzed using the R studio
software (4.2.2 version).

3. Results

3.1. Analysis of FLX in exposure seawater

The analysis of FLX in aquaria without mussels was conducted to
verify the absence of glass adsorption. On a two days’ period, a signif-
icant decrease of FLX concentration was observed (p-value = 0.04),

Table 2
Summary of FLX and its metabolites detected in mussel digestive gland. Retention time (min), observedmolecular ion ([M+H]+ or [M− H]-), structure, confidence level
based on Schimanski et al. (2014) and relevant references that already reported the metabolite in aquatic organisms.

Peak
ID

rt
(min)

Assignment Elemental
composition [M]

Ionization
mode

Observed
[M+H]+ or [M −

H]- (δppm)

Structure Confidence
levela

Relative
abondanceb

References

P 4.41 FLX C17H18F3NO + 310.1414 (0.30
ppm)

1 ++++

M1 2.45 HydroxyFLX (a) C17H18F3NO2 + 326.1367 (1.56
ppm)

2b ++

M2 3.06 HydroxyFLX (b) C17H18F3NO2 + 326.1367 (1.56
ppm)

or 2a + Second
structure
proposal:
Tisler et al.,
2019
Xie et al., 2022
Yan et al.,
2023
Zindler et al.,
2020

M3 3.39 HydroxyFLX (c) C17H18F3NO2 + 326.1367 (1.56
ppm)

2b ++ Zhao et al.,
2017
Tisler et al.,
2019
Yan et al.,
2023
Zindler et al.,
2020

M4 3.47 HydroxyFLX (d) C17H18F3NO2 + 326.1367 (1.56
ppm)

2b

M5 3.95 4-(trifluoromethyl)
phenol
(TFMP)

C7H5F3O – 161.0221 1 ++ Tisler et al.,
2019
Xie et al., 2022
Yan et al.,
2023

M6 4.07 NFLX C16H16F3NO + 296.1260 (1.02
ppm)

1 ++ Xie et al., 2022
Zindler et al.,
2020

M7 4.67 MethylFLX C18H20F3NO + 324.1576 (2.00
ppm)

2a ++ Zindler et al.,
2020

M8 4.69 N-Methyl-
AcetoxyFLX

C20H22F3NO3 +/- 382.1631 (1.69
ppm)
380.1479 (1.25
ppm)

2b +++/++

M9 6.74 N-formylFLX C18H18F3NO2 + 338.1369 (1.96
ppm)

1 ++ Tisler et al.,
2019
Xie et al., 2022
Yan et al.,
2023

M10 6.79 N-AcetylFLX C19H20F3NO2 + 352.1505 (3.91
ppm)

2a ++ Tisler et al.,
2019
Yan et al.,
2023

M11 6.95 N-acrylFLX C20H20F3NO2 + 364.1528 (2.42
ppm)

2a ++ Tisler et al.,
2019
Zindler et al.,
2020

a Based on Schymanski et al. (2014).
b Relative signal abundance ++++ peak intensity (I) > 1.0E9; +++ I > 1.0E7; ++ I > 1.0E6; + I > 5.0E5.
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although less than 20% (Fig. 1). The average measured concentration
during this two-day period was 3.2 μg/L. The difference between the
nominal concentration and the measured concentration in the aquaria
was less than 20%. Therefore, for the various calculations conducted in
this study, the value of 3.1 μg/L was retained (OECD guidelines).

The FLX concentrations measured in three aquaria containing mussel
for 24 h, depicted a rapid decrease immediately after the addition of the
substance. Specifically, within the first 15 min post-addition, the con-
centration of FLX dropped from an assumed nominal concentration of
3.1 μg/L to 2.2 μg/L (Fig. 1). FLX concentrations continued to decrease
during the first hours and tended towards a limit value around 0.4 μg/L
at 24 h and 48 h. The same pattern was observed each week (for 4
measured spiking cycles) (Fig. 2). No signal of the parent compound
(FLX) was detected in the control aquaria water samples, and there was
no signal of the main metabolite NFLX detected in either the control or

exposure water.
Regarding the behavior of FLX in aquaria without and with mussels,

it is then possible to hypothesize that FLX was rapidly absorbed by
Mytilus galloprovincialis, and this throughout the entire exposure exper-
iment. This hypothesis has been confirmed with the quantification of
FLX in the various collected organs.

3.2. Analysis of FLX in organs

3.2.1. FLX quantification and distribution in different tissues
The digestive glands, gills, and soft tissues were collected after 2, 7,

14, and 28 days of exposure. Fig. 3 illustrates the tissue concentrations
measured for FLX (A) and NFLX (B) across different tissues and sampling
days. Nor FLX or NFLX were detected in digestive glands, gills and soft
tissues of the control mussels.

Fig. 1. Average FLX concentration (μg/L) measured in water in aquaria without mussels (n = 3) (in blue) at t = 0, 24 and 48 h and in 3 exposed aquaria during day
16(in black). The different letters indicate significant differences (p < 0.05) between each sampling time in aquaria without mussels. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 2. Variation of FLX concentrations measured in water (μg/L) in 3 exposed aquaria during a 48-h period (for 4 spiking cycles). Exposure water samples were
collected at 15 min, 24 h, and 48 h after the doping renewal at the beginning of each week.
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The concentrations were higher in the gills than in the digestive
glands and in the soft tissues. Regarding FLX in the gills, which are in
direct contact with the exposure water, tissues concentrations were high
from the first sampling time (D2) and increased slightly during the 28

days’ exposure period with a significant increase between D2 and D7. No
significant sex differences were observed between male and female in
gills along the exposure period for both FLX and NFLX. Regarding both
digestive glands and soft tissues, a regular increase in FLX and NFLX

Fig. 3. (A) FLX and (B) NFLX concentration per tissues measured at four sampling times in male (n = 5) and female samples (n = 5). Hatched blue stands for male
and pink for females. The different letters indicate significant differences (p < 0.05) between each sampling day (a, b, c and d for males and a’, b’, c’ and d’ for
females). Significant difference between gender for a sampling time are reported at the bottom of the graphic (x-axis) by * p < 0.05; **p < 0.01. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4. (A) FLX BCF and (B) NFLX pseudo-BCF in mussel’s whole body at four sampling times in male (n = 5) and female samples (n = 5). Hatched blue stands for
male and pink for females. The different letters indicate significant differences (p < 0.05) between each sampling day (a, b and c for males and a’, b’ and c’ for
females). Significant difference between gender for a sampling time are reported at the bottom of the graphic (x-axis) by * p < 0.05. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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concentrations was observed across the various sampling days (more
pronounced for FLX). Significant sex differences in FLX concentrations
were observed on days 2 and 14 in digestive glands and on days 2 and 7
in soft tissues, with higher concentration in female in both case.
Regarding NFLX, no significant differences between male and female
were observed. Large error bars were observed for both FLX and NFLX
concentrations, likely due to inter-individual differences in bio-
accumulation and metabolization of FLX.

3.2.2. Bioconcentration of FLX and NFLX
The FLX BCF and NFLX pseudo-BCF were calculated on each sam-

pling day (Fig. 4). All BCF and pseudo-BCF calculated at each sampling
day for the three different organs are presented in Table S- 1 and Table S-
2.

The BCF values followed an increasing trend, similar to that observed
for concentrations in digestive gland and soft tissues. For both male and
female individuals, there was a significant increase over the exposure
time of FLX BCF and NFLX pseudo-BCF. In the case of FLX, the BCF value
increased from 253 at D2 to 1451 at D28 for males, and it increased from
551 at D2 to 1734 at D28 for females. Sex significant differences were
observed on days 2 and 14. The pseudo-BCF of NFLX increased from 7 to
41 and from 9 to 64 and for males and females, respectively. Regarding
NFLX pseudo-BCF, no significant difference between male and female
was observed.

3.3. FLX biotransformation products

Eleven metabolites were highlighted through suspect-screening and
non-targeted approaches and assigned numbers from M1 to M11 based
on their increasing retention time (Table 2). Each metabolite was absent
in the control samples. The retention times (with gradient optimized) of
each metabolite are reported in Table 2. Extracted ion chromatograms
(EIC) of FLX and its metabolites are provided for sampling day 28 in the
Supplementary material along with an overlap chromatogram showing
all metabolites in the retention time range (Figure S-3; Figure S-4).
Abundances of each detected metabolite across the 4 sampling days are
displayed in Figure S-5. and all MS2 fragment spectra, along with pro-
posed fragmentation mechanisms and structures are presented in Figure
S-6 to Figure S-43. Similar increasing trends than FLX were observed for
each metabolite with a maximum abundance at sampling day 28. On day
28, the most abundant area of metabolites in decreasing order was M8>
M6 > (M3+M4)>M9 >M8 >M5 >M11 >M1 >M2 >M10 (Figure S-
5). N-Methyl-AcetoxyFLX was the most abundant metabolite, more
abundant (hypothesizing similar ionization recovery in MS) than NFLX.
A table with all documented metabolites in aquatic organisms (former
studies and this study) was included in the supplementary data (Table S-
3) for future LC-HRMS targeted analyses.

3.3.1. Target compound
FLX structure is represented with annotated carbons (Fig. 5). FLX

was eluted at 4.41 min and its fragmentation mass spectrum revealed

two main fragments (Figure S-6 to S-8). The first fragment, [M+H]+ =

148.1121 corresponds to the elemental composition of C10H14N and
originates from a remote hydrogen rearrangement according to
Demarque et al. resulting in the neutral loss liberation (Formula:
C7H5OF3 and exact mass: 162.0293) (Demarque et al., 2016). The other
fragment was highlighted at m/z 117.0698 (C9H9; δppm = 0.91) and
corresponds to the first fragment with a simple inductive cleavage with
charge migration and the loss of the primary amine group (Formula:
CH5N and exact mass 31.0422).

3.3.2. Phase 1 metabolites

3.3.2.1. Hydroxylation. Four metabolites, labeled M1, M2, M3 and M4
were detected at [M+H]+ = 326.1367 in ESI+. They present a calcu-
lated mass shift of +15.9949 compared to FLX, characteristic of RH to
ROH structure biotransformation, indicating the formation of hydroxyl
metabolites. The difference in retention times (2.45, 3.06, 3.39 and 3.46
min) between the metabolites indicates that hydroxylation occurred at
different positions on the parent compound. Shorter retention time
compared to FLX aligns with the addition of an OH group, this addition
increasing the polarity of the molecule, leading to earlier elution in
reverse-phase LC.

M1, with a retention time of 2.45 min, presents 2 coherent fragments
on the fragmentation spectrum (Figure S-9 to S-11) at m/z 164.1066,
corresponding to the elemental composition of C10H14NO, after a remote
hydrogen rearrangement with a neutral loss (Formula: C7H5OF3 and
exact mass: 162.0293) and at m/z 60.0447, corresponding to the
elemental composition of C2H6NO, after hydrogen migration and a
displacement reaction. These compositions allow with a good confi-
dence the proposition of a chemical structure with an oxidation of the
carbon next to nitrogen.

M2, with a retention time of 3.06 min, presents 2 coherent fragments
on the fragmentation spectrum (Figure S-12 to S-14), at m/z 164.1067,
corresponding to the elemental composition of C10H14NO, after a remote
hydrogen rearrangement and a neutral loss (Formula: C7H5OF3 and
exact mass: 162.0293) and at m/z 117.0698, corresponding to the
elemental composition of C9H9, after a simple inductive cleavage with
charge migration and the loss of the primary amine group bearing an
oxidation (Formula: CH5NO and exact mass 47.0371). These composi-
tions allow with a good confidence to propose a chemical structure with
an oxidation of the terminal carbon or on the nitrogen itself.

M3, with a retention time of 3.39 min, partially coeluted with M4,
presents only one coherent fragment on the fragmentation spectrum
(Figure S-15 to S-17), at m/z 164.1073, corresponding to the elemental
composition of C10H14NO, after a remote hydrogen rearrangement with
a neutral loss (Formula: C7H5OF3 and exact mass: 162.0293). This
composition allows only the proposition of a chemical structure with an
oxidation somewhere on the left side, probably on the phenyl.

M4, with a retention time of 3.46 min presents only one coherent
fragment on the fragmentation spectrum (Figure S-18 to S-20), at m/z
148.1118, corresponding to the elemental composition of C10H14N, after
a remote hydrogen rearrangement with a neutral loss (Formula:
C7H5O2F3 and exact mass: 178.0242). This composition allows the
proposition of a chemical structure with an oxidation on the fluorinated
part.

3.3.2.2. FLX hydrolysis. M5, with a retention time of 3.95 min, was
detected only in ESI− and exhibited [M − H]- = 161.0221. This
metabolite was attributed to the TFMP metabolite, which is formed
primarily by the hydrolysis of C3–O bond of FLX (Figure S-21 to S-23).
Only one fragment was observed: a loss of HF at m/z 141.0161. TFMP
was identified with confidence level 1, supported by the availability of
its analytical standard injected in the same analytical conditions.

Fig. 5. FLX molecular formula with annotated carbons.
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3.3.2.3. N-demethylation. M6, with a retention time of 4.07 min,
exhibited an exact mass of [M+H]+ = 296.1260. The mass shift
observed with FLX corresponds to a difference of CH2, indicating the
formation of the NFLX metabolite through N-demethylation of FLX. A
fragment was highlighted at m/z 134.0965, corresponding to an
elemental composition of C9H12N, after a remote hydrogen rearrange-
ment with a neutral loss (Formula: C7H5OF3 and exact mass: 162.0293)
(Figure S-24 to S-26). This metabolite was identified and confirmed at
level 1 with an analytical standard injected under the same LC-MS
conditions.

3.3.3. Phase II metabolites

3.3.3.1. N-methylation conjugation. M7, with a retention time of 4.67
min, was highlighted in ESI+ at [M+H]+ = 324.1576. M7 exhibited a
calculated mass shift of +14.0156 compared to FLX. This mass differ-
ence can be associated with CH2 corresponding to N-methylation of FLX.
The fragmentation of the [M+H]+ displayed two fragments at m/z
162.1276, corresponding to an elemental composition of C11H16N, after
a remote hydrogen rearrangement with a neutral loss (Formula:
C7H5OF3 and exact mass: 162.0293), and at m/z 58.0651 (C3H8N)
(Figure S-27 to S-29). These compositions allow the proposition of a
chemical structure with a methylation on the amine part.

3.3.3.2. N-acylation conjugation. Three metabolites were detected after
N-acylation with aldehydes in ESI+. M9, M10 and M11 were detected at
m/z 338.1356, 352.1524 and 364.1528 respectively at retention time
6.74, 6.79 and 6.95 min.

The theoretical chemical formula of M9, attributed by XCalibur
software for [M+H]+ = 338.1356, was C18H18F3NO2 (δppm = 1.96).
After a remote hydrogen rearrangement with a neutral loss (Formula:
C7H5OF3 and exact mass: 162.0293), a fragment at m/z 176.1072
(compared to fragment at m/z 148.1123 for FLX) is formed corre-
sponding to the addition of CO (+27.995) on FLX (Figure S-30 to S-32).
To observe the fragment atm/z 117.0699, similar to FLX fragmentation,
the modification is placed near the nitrogen and the protonation
occurred on the nitrogen or the carbonyl of the formylation, this second
option being more stable. In contrast, an interesting fragment is
observed at m/z 72.0445 (C3H6NO) with the confirmation of the for-
mylation, but certainly originating from the fragmentation of [M+H]+,
with the protonation on the ether group. Finally originating from the
neutral 162.0293 losing an anion fluorine a stable cation structure is
observed at m/z 143.0305. Based on these elements and the standard
injection in the same LC-MS conditions, M10 was attributed to N-for-
mylFLX at confidence level 1 formed by N-formylation of FLX.

Concerning M10 metabolite, a mass shift observed between [M+H]+

= 352.1524 and FLX was +42.0106 corresponding to the addition of
C2H2O on the parent compound. As described previously, after a remote
hydrogen rearrangement with a neutral loss (Formula: C7H5OF3 and
exact mass: 162.0293), the fragment at m/z 190.1229 is formed corre-
sponding to the elemental composition C12H16NO (Figure S-33 to S-35).
To observe the fragment at m/z 117.0697, the modification is placed
near the nitrogen and the protonation occurred on the nitrogen or the
carbonyl of the acetylation, this second option being more stable. In
contrast, another fragment highlighted at m/z 86.0601 attributed to
C4H8NO by Xcalibur software might be originated from a protonation on
the ether group, with first an inductive cleavage and then a retro-ene
reaction. Based on these elements the structure is certainly a FLX N-
acetylation (C19H20F3NO2; δppm = 1.46).

The third metabolite, M11, exhibited a mass shift of +54.0114.
Annotation of this metabolite was guided by the literature and suggested
its formation through N-acrylation of FLX. M11 showed two character-
istic fragments at m/z 202.1227 (C13H16NO) and m/z 98.0600
(C5H8NO) (Figure S-36 to S-38). This spectrum is interesting with the
presence of a real C–O homolytic bond cleavage. The [M+H]+ provides

a radical cation at m/z 203.1302 after the loss of a radical C7H4OF3, like
the pair m/z 202 and 98, the awaited m/z 99.0679 is also present and
can provide the fragment at 82.0651 after the loss of a radical OH. The
fragment at m/z 70.0653 is certainly a carbon monoxide elimination
(-CO) from m/z 98.0600. The ion at m/z 202 provides also this –CO at
m/z 174.1275 and a –CO-C2H2 at m/z 146.0692. The ion at m/z
251.0682 is originated from the cleavage between the equivalent of C2
and C3.

3.3.3.3. Conjugation to fluoxetine phase I metabolites. M8 eluted at 4.69
min, presents an exact mass in ESI+ of 382.1631 and in ESI− of
380.1479, with a mass shift of +72.0217 compared to FLX. The attrib-
uted theoretical chemical formula of this compound was C20H22F3NO3
(δppm = 1.69), suggesting possible modifications with a complete for-
mula of C3H5O2 in comparison to FLX. One fragment (C–O bond cleav-
age) detected in negative mode corresponds to the TFMP fragment atm/
z 161.0218, confirming that there was no modification on the fluori-
nated part of the molecule (Figure S-39 to S-41). In positive mode, a
fragment was observed at m/z 220.1328 (C13H18NO2; δppm = 1.72)
corresponding to a methylation, an acetylation and a hydroxylation
(Figure S-42 to S-44). The fragment at m/z 116.0703 (C5H10NO2; δppm
= 2.78) resulted from the cleavage between C1 and C2. The fragment at
74.0601 (C3H8NO) is in agreement with an acetylation. An interesting
fragment at m/z 322.1428 allows understanding that the acetylation is
directly connected to an oxygen with a classical hydrogen remote
rearrangement with a neutral loss of acetic acid (m/z 60.0211, C2H4O2).
With these elements, it is logical to assume a methylation on nitrogen,
the structure is certainly the N-Methyl-AcetoxyFLX.

4. Discussion

4.1. Rapid uptake of FLX by mussels

FLX is known to be resistant to photolysis, hydrolysis, and microbial
degradation (Kwon and Armbrust, 2006), which confirms the slight loss
of fluoxetine observed in aquaria without mussels. In the presence of
mussels, a rapid decrease in FLX concentration during exposure was
reported in this study. This was particularly noticeable after water and
FLX concentration renewal. Similar observations were reported in other
studies. For instance, Hazelton et al. reported a significant and rapid
depletion of FLX concentration from time 0–72 h post-treatment in ex-
periments involving L. fasciolamussels. This was especially true for high
concentrations of FLX (5 and 50 μg/L), where measured concentrations
after spiking were 2.5 and 22.3 μg/L, respectively. (Hazelton et al.,
2014). Lazzara et al. have exposed for 6 days D. polymorpha zebra
mussels to two concentrations of FLX (20 and 200 ng/L). For the highest
concentration, they observed that FLX levels in exposure water dropped
at 110 ng/L after 24 h of exposure, suggesting uptake of the compound
by the test organisms (Lazzara et al., 2012). These observations, along
with our own, confirm that mussels filter, absorb, and accumulate FLX
over time. This trend persisted throughout the entire exposure period in
our study and was further confirmed by the quantification of FLX in the
different tissues of the mussels.

A clear increase in FLX concentration was observed over time in the
digestive gland and soft tissues. This increase was not as significant in
the gills compared to the other tissues analyzed. A similar trend was
observed with NFLX. Gills, as the organ in direct contact with the
environment in marine invertebrates, may be the first to accumulate
contaminants. The high FLX concentrations quantified in gills, from the
onset of exposure, attested it. Subsequent detoxification processes, pri-
marily occurring in the digestive gland, contributed to the accumulation
of FLX and NFLX in this organ as well. Conversely, low concentrations in
soft tissues suggested potential dilution or diffusion of both metabolized
and non-metabolized FLX throughout the organism. This accumulation
pattern is quite similar with previous research by Franzelitti et al. in
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M. galloprovincialis. Their findings, after a 7-day exposure to FLX con-
centrations of 30 and 300 ng/L showed accumulation levels ordered as
follows: digestive gland ≥ gills > mantle/gonads while our results
showed order gills > digestive gland > mantle/gonads at days 7
(Franzellitti et al., 2014). After 7 days of exposure, accumulation levels
ordered as observed in the study of Franzelitti. In contrast to their study,
where FLX administration was performed along with mussel feeding,
our study involved feeding 1 h before FLX spike. FLX being known to
bind strongly to particulate materials (e.g., over 50% (Baker and
Kasprzyk-Hordern, 2011)), exposure in Franzelitti et al. study may have
occurred likely through both water and trophic transfer, while our
exposure was mainly conducted through water exposure. This may
explain the differential accumulation patterns between gills and diges-
tive glands observed at the beginning of the exposure.

Several FLX BCF and NFLX pseudo-BCF values are available in the
literature, which are in line with the calculated BCF of this study (from
253 at D2 to 1734 at D28 for FLX, and from 7 at D2 to 64 at D28 for
NFLX). In mussels, BCFs ranging from 200 to 800 were observed
depending on the exposure concentrations (30 and 300 ng/L) and organs
considered (digestive gland, gills and mantle/gonads) (Franzellitti et al.,
2014). In another study, Mytilus galloprovincialis, exposed to a FLX
concentration of 75 ng/L for 15 days, showed BCF values of 34, 59, and
124 at days 3, 7 and 15, respectively, along with pseudo-BCF values of 4,
38, and 155 (Silva et al., 2016). In L. fasciolamussels BCFs values of 509,
229, and 1221, were observed at FLX concentrations of 0.5, 5, and 50
μg/L respectively after 67 days of exposure (Hazelton et al., 2014).
Finally, the bioaccumulation of fluoxetine in the freshwater mussel
Elliptio complanata, which were caged downstream of a municipal
wastewater treatment facility effluent discharge resulted in BAFs
ranging from 1250 to 1347 (Bringolf et al., 2010). Our BCF values are
similar to those observed in other studies involving Mytilus exposed to
FLX (Franzellitti et al., 2014; Hazelton et al., 2014). Semi-static

experiment was conducted in all 3 studies, despite differences in
target nominal concentrations and exposure times, which did not result
in significant BCF differences. Silva et al. reported lower BCF values
compared to other studies. They concluded that the steady state was not
reached and would only be achieved after 52 days of exposure under
their conditions, which included no feeding of the mussels throughout
the experiment (a divergence from other studies). We can therefore
conclude that the steady state was likely reached in our study, even if the
low pseudo-BCF of NFLX appears surprising. Indeed, throughout the
experiment, the NFLX to FLX ratio of our study remained consistently
below 1 (average of 0.03) indicating that FLX accumulation outpaced
metabolization. A similar trend was observed in Silva et al. (2016),
whereM. galloprovincialiswas exposed to a FLX concentration of 75 ng/L
for 15 days. During the initial week of exposure, NFLX to FLX ratios of
0.12 and 0.64 were observed at days 3 and 7, respectively. However, by
the end of the exposure period, this trend reversed, with an NFLX to FLX
ratio of 1.25 on day 15. Other studies (in fish) have shown that the NFLX
to FLX ratio fluctuates based on the concentration of exposure. At low
and moderate concentrations, the ratio surpassed 1, whereas at high
concentrations, the ratio fell below or around 1. These concentration
thresholds vary according to the species under investigation (e.g., 30
and 300 ng/L in Japanese medaka; 50 and 5000 μg/L in zebrafish)
(Zindler et al., 2020; Nakamura et al., 2008). It has been shown in
humans that FLX can inhibit FLX-metabolizing enzymes (Jeppesen et al.,
1996; Stokes and Holtz, 1997; Mandrioli et al., 2006). If the same
observation was true for aquatic organisms, impaired biotransformation
processes could limit the metabolization of FLX and explain our low
pseudo-BCF for NFLX.

During the experiment, significant differences in FLX accumulation
between males and females were observed in both the digestive gland
and soft tissues. However, these differences were no longer observable
after 28 days of exposure. The different accumulation between male and

Fig. 6. Scheme depicting the formation of FLX metabolites following exposure to FLX. (Phase I metabolites in blue, Phase II metabolites in black.) Based on con-
fidence level according to Shimanski et al. (2014), level 1: M5, M6 and M9; level 2a: M2, M7, M10 and M11; level 2b:M1, M3, M4 and M8. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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female of hydrophobic organic contaminants, such as FLX (log Kow =

4.05) (Oakes et al., 2010), could be influenced by lipid composition. A
positive correlation has been observed between accumulation of these
contaminants and the triglyceride content in mussels (G. demissa)
(Bergen et al., 2001). Additionally, difference in fatty acid composition
inMytilus galloprovincialis between male and female were highlighted by
Fernández-Reiriz et al. (2015), which could explain different FLX bio-
accumulation between sexes. However, this analysis was not conducted
in the present study.

4.2. FLX products of biotransformation

Non-targeted analysis of mussels’ digestive gland enabled to high-
lighted six Phase I metabolites and five Phase II metabolites. Fig. 6 is a
schematic representation depicting the formation of metabolites along
with proposed molecular structures. The presence of NFLX was not
surprising since it has already been reported several times across various
organisms, such as Mytilus (Silva et al., 2016). In this study, ten other
metabolites of FLX were observed. Contrary to the expectations and
assuming similar ionization recoveries, NFLX was not the predominant
metabolite as documented in human studies (Mandrioli et al., 2006;
Margolis et al., 2000; Deodhar et al., 2021). Instead, N-Methyl-Acetox-
yFLX emerged as the predominant metabolite.

InM. galloprovincialis the presence of cytochrome P450 have already
been highlighted and reported to favor enzymatic reactions involved in
the metabolism of pharmaceuticals (Snyder, 2000; Bebianno et al.,
2007). Four Phase I metabolites involving hydroxylation of FLX have
been previously reported in other studies, although not in Mytilus spp.
(Tisler et al., 2019; Zindler et al., 2020; Yan et al., 2023). The hydroxyl
group position was discussed by Tisler et al. (2019), who observed hy-
droxylation on the benzyl group to form a phenol and on nitrogen het-
eroatom, as evidenced in this study (probably M2). Additionally, two
hydroxyl metabolites were reported with confidence for the first time
based on MS2 spectra structure elucidation. The first metabolite showed
hydroxylation of the carbon next to the nitrogen, while the second
metabolite exhibited hydroxylation on the fluorinated moiety. It is
possible that hydroxylation may take place in different positions
depending on the species. In mussels’ organism, the hydroxylation
process has already been observed in laboratory exposure to venlafaxine
(Ariza-Castro et al., 2021). This hydroxylation process is associated with
the detoxification pathway and is often followed by conjugation
(Sathishkumar et al., 2020), which we observed in this study with
N-Methyl-AcetoxyFLX (M8). The N-demethylation process leads to the
formation of NFLX metabolite in Mytilus, as previously observed in
laboratory-exposed mussels with venlafaxine (Ariza-Castro et al., 2021).
This behavior is consistent with the mussel detoxification process, where
the aim is to produce more hydrophilic metabolites, thereby facilitating
their excretion. The formation of NFLX has been reported in several
studies across various organisms, such as crabs and mussels (Silva et al.,
2016; Robert et al., 2017). TFMP metabolite has already been observed
in human plasma and urine and in rat urine and tissues (Urichuk et al.,
1997). Regarding aquatic organisms, studies have reported its formation
in microalgae (Xie et al., 2022) and in zebrafish embryos exposed to FLX
(Tisler et al., 2019; Zindler et al., 2020).

All phase II metabolites formed by N-alkylation (N-methylation) and
N-acylation conjugation (N-formylation, N-acetylation and N-acryl-
ation) were previously described in studies involving zebrafish embryos
(Tisler et al., 2019; Zindler et al., 2020), except M8 (N-Methyl-Acetox-
yFLX). N-methylation process is conducted by N-methyl-transferase.
N-methylation has already been observed as a contaminant detoxifica-
tion process in mussels for o-toluidine, an organic compound used as an
intermediate in the dye industry (Knezovich and Crosby, 1985). N-for-
mylation of FLX has also been observed in microalgae (Xie et al., 2022)

and this process of N-formylation has already been observed in mussels
for o-toluidine (Knezovich and Crosby, 1985). However, to our knowl-
edge, N-acetylation and N-acrylation have never been documented as a
contaminant detoxification process in Mytilus. Concerning N-methyl-
ation associated with hydroxylation followed by O-acetylation, this
hypothesis has not been confirmed by the literature, as this metabolite is
being reported for the first time. As N-acetylation and N-acrylation,
O-acetylation process has never been observed in mussels as a
biotransformation process.

N-succinylation and N-acylation with L-valine were not observed in
this study in contrast with observation in zebrafish embryos and
microalgae (Tisler et al., 2019; Zindler et al., 2020; Xie et al., 2022). This
could possibly be explained by the fact that mussels are not capable of
producing such metabolites, since N-succinylation or N-acylation with
valine has never been observed for any contaminants in Mytilus spp.
even though conjugation with leucine has been reported for diclofenac
(Bonnefille et al., 2017). A second hypothesis could be that the analyt-
ical protocol conducted in this study is not suited for these compounds
meaning that the sample preparation method may not facilitate their
retention or alternatively, that the concentration of these compounds
may fall below the detection limit.

5. Conclusion

The application of targeted and non-targeted approaches proved
effective in investigating FLX bioaccumulation and biotransformation
products inM. galloprovincialis. A significant accumulation of the parent
compound was observed over time along with the detection of eleven
metabolites (6 phase I and 5 phase II). Notably, this study highlighted
two phase I metabolites and one phase II metabolite previously unre-
ported. Additionally, it is the first time that metabolites other than NFLX
are reported in Mytilus spp. These findings contribute to the under-
standing of FLX metabolism in Mytilus and enhance the knowledge of
pharmaceuticals detoxification processes in non-target organisms.
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