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A B S T R A C T   

Antidepressant drugs (ADDs) are one of the most extensively used pharmaceuticals globally. They act at 
particularly low therapeutic concentrations to modulate monoamine neurotransmission, which is one of the most 
evolutionary conserved pathways in both humans and animal species including invertebrates. As ADDs are 
widely detected in the aquatic environment at low concentrations (ng/L to low µg/L), their potential to exert 
drug-target mediated effects in aquatic species has raised serious concerns. Amitriptyline (AMI) is the most 
widely used tricyclic ADD, while monoamines, the target of ADDs, are major bioregulators of multiple key 
physiological processes including feeding, reproduction and behaviour in molluscs. However, the effects of AMI 
on feeding, reproduction and mating behaviour are unknown in molluscs despite their ecological importance, 
diversity and reported sensitivity to ADDs. To address this knowledge gap, we investigated the effects of envi
ronmentally relevant concentrations of AMI (0, 10, 100, 500 and 1000 ng/L) on feeding, reproduction and key 
locomotor behaviours, including mating, in the freshwater gastropod, Biomphalaria glabrata over a period of 28 
days. To further provide insight into the sensitivity of molluscs to ADDs, AMI concentrations (exposure water and 
hemolymph) were determined using a novel extraction method. The Fish Plasma Model (FPM), a critical tool for 
prioritization assessment of pharmaceuticals with potential to cause drug target-mediated effects in fish, was 
then evaluated for its applicability to molluscs for the first time. Disruption of food intake (1000 ng/L) and 
reproductive output (500 and 1000 ng/L) were observed at particularly low hemolymph levels of AMI, whereas 
locomotor behaviours were unaffected. Importantly, the predicted hemolymph levels of AMI using the FPM 
agreed closely with the measured levels. The findings suggest that hemolymph levels of AMI may be a useful 
indicator of feeding and reproductive disruptions in wild population of freshwater gastropods, and confirm the 
applicability of the FPM to molluscs for comparative pharmaceutical hazard identification.   

1. Introduction 

Antidepressant drugs (ADDs) are a class of psychotropic drugs that 
are used majorly for the treatment of depressive disorders. They are one 
of the most widely prescribed and consumed pharmaceuticals world
wide (Lewer et al., 2015; Luo et al., 2020; Martin et al., 2019; Soleymani 
et al., 2018). They are particularly designed to modulate mono
aminergic neurotransmission (Delgado, 2004), which is one of the most 
evolutionary conserved pathways across animal phyla (Caveney et al., 
2006; D’Aniello et al., 2020; Tierney, 2018). The parent compounds and 
their pharmacologically active metabolites are further characterized by 
widespread occurrence in the aquatic environment (Deo, 2014; Ma 
et al., 2018), thereby increasing the potential for chronic exposure in 

aquatic species in which the drug targets are conserved. As evolutionary 
conservation of drug targets does not necessarily translate into conser
vation of biological responses in invertebrates (Baynes et al., 2019), a 
wide spectrum of different critical physiological processes are therefore 
potentially impacted in invertebrates by ADDs. 

Amitriptyline (AMI) is the most widely prescribed tricyclic antide
pressant (TCA), a major class of ADDs, used in the treatment of 
depression (Lalji et al., 2021; Lukmanji et al., 2020; Malhi et al., 2022). 
With strong medication efficacy, it is also used for the treatment of a 
wide range of high prevalence clinical conditions, sometimes comorbid 
with depressive disorders, including neuropathic pain, fibromyalgia, 
migraine and insomnia (Bogowicz et al., 2021; Goldenberg et al., 2004; 
Schneider et al., 2019), altogether resulting in high volume prescription 
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and consumption. In humans, AMI acts by inhibiting pre-synaptic se
rotonin and norepinephrine reuptake transporters, thereby increasing 
synaptic serotonin and norepinephrine concentrations. It also exerts 
secondary inhibitory pharmacological actions on a range of receptors 
including post-synaptic alpha-adrenergic, histamine and muscarinic 
receptors, some of which are thought to be responsible for its adverse 
effects (Hillhouse and Porter, 2015). In addition to its various metabo
lites, it is excreted as nortriptyline (the major pharmacologically active 
metabolite), and unchanged, as the parent compound (Rudorfer and 
Potter, 1999). As excreted residues, following consumption by patients, 
are not completely removed by wastewater treatment processes, with 
levels of AMI in the region of 900 ng/L reported in treated effluent 
(Martínez-Bueno et al., 2012), they are ultimately released into the 
environment, and have been widely detected in the aquatic 
environment. 

From different countries around the world, AMI levels ranging from 
0.12 ng/L - 3.35 µg/L have been reported in surface water, while levels 
ranging from 0.149 - 0.504 ng/mL (biofluids) and 1.8–80 ng/g (tissues) 
have been reported in wildlife (Fig. 1). It is noteworthy that AMI, 
compared to most other pharmaceuticals, has a relatively long half-life 
(over 1 year) (Nałecz-Jawecki et al., 2008; Richardson and Bowron, 
1985; Zuccato et al., 2001), contributing to its very high potential for 
chronic availability to non-target aquatic organisms. Furthermore, there 
is mounting evidence that environmental levels of human pharmaceu
ticals (ng/L to low µg/L) have the potential to elicit ecologically 
disruptive pharmacological, or drug target-mediated, effects (as 
opposed to toxicological effects) in aquatic organisms in which drug 
targets are evolutionarily conserved (Gunnarsson et al., 2008; Länge and 
Dietrich, 2002; McRobb et al., 2014; Verbruggen et al., 2018). This is 
because pharmaceuticals are usually designed to interact with specific 
targets at relatively low internal concentrations (Franzellitti et al., 2013; 

Regenthal et al., 1999). Consequently, it is now generally thought that 
pharmacological responses may occur in non-target species with 
conserved drug targets when plasma concentrations of pharmaceuticals 
reach levels that are similar to their human therapeutic plasma con
centrations (HTPC), depending, however, on inter-specific differences in 
sensitivity (Rand-Weaver et al., 2013; van den Berg et al., 2021). This 
‘Read-Across Hypothesis’ has generated a lot of interest, and has been 
mostly explored in various species of fish using the predictive model 
known as the Fish Plasma Model (Coors et al., 2023; Henneberger et al., 
2022; Huggett et al., 2003a,2003b; Malev et al., 2020; 
Margiotta-Casaluci et al., 2014; Nallani et al., 2016; Patel et al., 2016; 
Schreiber et al., 2011), while its applicability to molluscs remains 
unknown. 

Interestingly, multiple key physiological processes are regulated by 
monoamines (the target of ADDs) in molluscs, which potentially makes 
them more vulnerable to ADD target-mediated effects compared to other 
animal phyla (Imiuwa et al., 2023). However, in molluscs, it remains to 
be understood what ADD target-mediated effects are for different classes 
of ADDs, whether such effects are only elicited at hemolymph levels of 
ADDs that are similar to their HTPC, and whether the effects occur at 
environmentally relevant concentrations of ADDs. Furthermore, AMI 
has a particularly wide spectrum of monoamine-related drug targets 
including serotonin receptors (Honda et al., 2003), with a central role in 
multiple overarching physiological processes such as feeding, repro
duction and locomotor-based behaviour in molluscs. Despite this, 
nothing is known about the effects of AMI on feeding, reproduction and 
locomotor-based reproductive behaviours in molluscs. Specifically, 
there are only a handful of reports on the effects of AMI in molluscs, with 
investigations currently limited to metamorphosis and a range of toxi
cological effects in mussels (Gilroy et al., 2017; Yamamoto et al., 1998; 
Yang et al., 2011, 2014); development in pacific oyster (C. Di Poi et al., 

Fig. 1. Reported levels of AMI in surface water and wildlife. Values are presented as mean (±SD), or as maximum values where concentration range was reported. 
The lowest reported range is 0.12–0.64 ng/L (Huangpu River, China). *Value estimated from graphical data. 1Freshwater mussel (Lasmigona costata), 2marine mussels 
(Mytilus spp), 3lake sturgeon (Acipenser fulvescens), 4thicklip gray mullets (Chelon labrosus), 5common silver biddy (Gerres oyena), 6golden snapper (Lutjanus johni) and 
7Balanus perforates. a(Perez et al., 2022), b(Baker and Kasprzyk-Hordern, 2011), c(de Solla et al., 2016), d(Fedorova et al., 2014), e(Maruya et al., 2014), f(Banda et al., 
2020), g(Ziarrusta et al., 2016), h(Guzel et al., 2019), i(Ma et al., 2018), j(Wu et al., 2017), k(Afsa et al., 2020), l(Ali et al., 2018), m(Pivetta et al., 2020), n(Scott et al., 
2014) and ◦(Richmond et al., 2018). 
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2014) and aspects of locomotion in snails (Fong et al., 2019). In all these 
reports, exposures were carried out at concentrations several orders of 
magnitude higher than measured environmental levels of AMI. There is 
also discourse in the literature to suggest that molluscs may be partic
ularly sensitive to the effects of ADDs, and that levels in the environment 
that are deemed to be safe for fish may have adverse effects in molluscs 
(Carole Di Poi et al., 2013, 2014; Fong and Hoy, 2012; Franzellitti et al., 
2014). However, internal concentrations of ADDs, including AMI, in 
hemolymph that are associated with apical effects have not been 
determined in molluscs. 

Molluscs are an ecologically important group of animals with 
perhaps the greatest aggregate biological diversity which they amaz
ingly display through their complex array of morphology, extensive 
micro-habitat heterogeneity, behaviour, reproduction and number of 
species (second only to arthropods) (Pandian, 2018). As they are largely 
lower trophic level organisms (Orlando-Bonaca et al., 2022; Rueda et al., 
2009), they strategically provide materials and energy for higher trophic 
levels, with ecosystem and human health implications. Importantly, 
they represent the phylum with particularly high ecological pre
dispositions to anthropogenic chemical assaults (Oehlmann and 
Schulte-Oehlmann, 2003), the effects of which are often less 
well-studied or understood compared to fish (OECD, 2010). The present 
study, therefore, seeks to (i) evaluate the effects of environmentally 
relevant concentrations of AMI on reproduction, feeding and key loco
motor behaviours in the freshwater gastropod, Biomphalaria glabrata, (ii) 
determine whether hemolymph concentrations of AMI associated with 
apical effects are comparable to its HTPC, and (iii) determine whether 
internal concentration of AMI in hemolymph can be predicted using the 
Fish Plasma Model. The study provides novel critical data needed to 
inform both ecological risk assessment and management of effects of 
environmental tricyclic ADDs on freshwater biodiversity. 

2. Material and methods 

2.1. Chemicals and reagents 

Amitriptyline HCl (AMI) (purity > 99.9 %) was purchased from 
Tocris Bioscience (Abingdon, UK) while the isotopic internal standards 
(IS), amitriptyline-d6 HCl (AMI-d6), was purchased from QMX Labora
tories Ltd (Thaxted, UK). Acetonitrile, methanol and HPLC grade water 
were purchased from Fisher Scientific (Loughborough, UK). Deionized 
water was obtained from a Milli-Q reference ultrapure water purifica
tion system (Millipore, Billerica, MA, USA), while Strata-X Polymeric 
Reverse Phase extraction cartridge (60 mg/3 mL) was purchased from 
Phenomenex (Macclesfield, UK). 

2.2. Biomphalaria glabrata (Say, 1818) husbandry 

B. glabrata, a freshwater pulmonate gastropod, is a molluscan model. 
Its biology, including sensitivity to environmental contaminants, is well- 
documented (Adema et al., 2017; Aisemberg et al., 2005; de de de 
Freitas Tallarico et al., 2014; de Siqueira et al., 2021). It is particularly 
suited for laboratory studies on account of its ease of husbandry, high 
reproductive capacity, translucent egg masses which can be visualized 
during embryonic development, and short regeneration time. The BBO2 
strain used in the present study was originally obtained from the Natural 
History Museum, London, and has been housed for several years in the 
Aquatic Research Unit at Brunel University London (UK). The snails are 
maintained in a flow through aquaria system supplied with reverse 
osmosis-filtered dechlorinated tap water at 27◦C, with a constant 
photoperiod of 16:8 L:D. They are fed three times (ad libitum) a week 
with fish flakes (TetraMin) after cleaning the glass tanks. 

2.2.1. Rationale for exposure concentrations and selected apical endpoints 
The exposure concentrations were chosen to reflect environmentally 

relevant levels of AMI. As 3.35 µg/L of AMI was reported in surface 

water after the commencement of the present study (Perez et al., 2022), 
10 and 100 ng/L test concentrations were selected based on previously 
reported levels of AMI in surface water (0.12–196 ng/L), while 500 and 
1000 ng/L were selected based on reported levels (in the region of 
900 ng/L) in treated effluents (Ma et al., 2018; Martínez-Bueno et al., 
2012; Pivetta et al., 2020). Feeding, complex locomotor behaviour and 
reproduction were selected as apical responses being key physiological 
processes in molluscs that are regulated by the monoaminergic system, 
the principal target of ADDs in humans (Imiuwa et al., 2023). 

2.2.2. AMI exposure experiment 
A total of ninety 4-month old adult snails (Mean±SD; shell diameter: 

17.79±0.55 mm, body weight: 0.78±0.07 g) were selected from the 
same cohort. Six snails were randomly allocated to a 1 L beaker filled 
with 1000 mL reverse osmosis filtered dechlorinated tap water. The 
resulting fifteen 1 L glass beakers were immersed in two open-top flow- 
through metallic tanks supplied with water from a temperature- 
regulated overhead tank (26±0.7◦C). The beakers were covered with 
metal gauze and gently aerated. Upon transfer into the beakers, the 
snails were fasted and acclimated. Acclimation continued until ovipo
sition was observed in all beakers. Thereafter, baseline reproductive 
data was collected for one week which was used to normalize repro
ductive output across treatment groups (0, 10, 100, 500 and 1000 ng/L) 
in triplicate before the exposure period of 28 days commenced. The test 
medium was fully renewed every 48 hours (3–4 times per week) during 
which snails in a beaker were transferred into another freshly prepared 
1 L beaker containing the appropriate exposure medium (reverse 
osmosis filtered de-chlorinated tap water with and without freshly 
prepared AMI, at 26±0.7◦C). Each freshly prepared 1 L beaker was 
immediately placed in the metallic tanks supplied with temperature- 
regulated water, with the old beaker removed. Test medium water 
quality parameters, including dissolved oxygen (DO) and temperature, 
were monitored with a HACH (HQ40d) meter and Thermocouple (TPI 
343) thermometer respectively; while pH, ammonia, nitrite and nitrate 
were monitored with Aquarium water test kits (OECD, 2010). The water 
quality measurements were taken before each medium renewal in the 
control and treatment (highest test concentration) groups. As B. glabrata 
is not protected by the UK Animal (Scientific Procedures) Act 1986, it 
was not necessary to obtain ethical approval for this study. All experi
mental procedures were, however, conducted in line with OECD general 
guidelines on molluscs toxicity testing (OECD, 2010). 

2.3. Feeding 

The snails were fed blanched organic Cos lettuce (Sainsbury, Lon
don) after the first 48 hours during acclimation, and subsequently, after 
each test medium renewal during exposure. Briefly, the midribs of the 
lettuce leaves were removed as hard parts, the leaves were cut into 
smaller sizes that could readily fit into the test vessels, and were then 
blanched with boiling water (to make them sink to the bottom of the 
beakers). The mass of blanched lettuce leaves was then drained to 
remove excess water and weighed. Snails were fed 2.0–2.6 g of the let
tuce per beaker. At each exposure medium renewal, uneaten food and 
feacal matter were collected and then filtered to separate the food from 
the feacal matter. Uneaten food was drained to remove excess water and 
weighed. Food intake per beaker was calculated as the difference be
tween the weight of the original food provided and the uneaten food. As 
the average body weight (Mean±SD) of snail per replicate was 4.66 
±0.26 g at the start of exposure, it was not necessary to further stan
dardize food intake per gram of body weight. 

2.3.1. Locomotor behaviours 
To measure the effects of exposure of B. glabrata to AMI on key 

ecologically relevant locomotor behavioural patterns, we developed a 
novel in situ approach to monitor the behaviour of snails in the beakers 
without the need for manipulation or interference during chronic 
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exposure. Snails were observed every other day from the start of the 
exposure, and the number of snails displaying the following behaviours 
were counted: (i) snails attached to, or crawling on, the wall of the glass 
beaker, to evaluate effects on substrate-dependent locomotion,(ii) the 
position of snails in the water column (bottom, middle and upper 
layers), with the beakers divided vertically into three equal layers 
externally using rubber bands, to evaluate effects on substrate- 
independent direct ascent and descent locomotion patterns through 
the water column, and (iii) snails displaying shell mounting or intro
mission, to evaluate effects on social and complex mating behaviours 
(Soldatenko and Petrov, 2012). Snails were observed three times a day 
throughout the period of exposure to increase the frequency of obser
vation, and the total count per day was summed for each beaker. This 
approach was developed in order to provide a comprehensive and 
ecologically relevant movement evaluation as opposed to the widely 
reported solitary movement trial in which snails are repeatedly trans
ferred between culture and trial vessels, and observed over a short 
period of time (including acclimation period) (Alberto-silva et al., 2015; 
Fong et al., 2017; Henry et al., 2022; Lebreton et al., 2021). 

2.3.2. Reproduction 
During each test medium renewal (3–4 times per week), egg masses 

were collected from the wall of each beaker with a surgical blade, while 
those attached to the shell of the snails, were carefully hand-picked. The 
egg masses were counted and immediately fixed in 35 % ethanol. At the 
end of the exposure study, the fixed egg masses were examined under 
the microscope (Olympus SZX12) and photographed with a microscope- 
mounted camera (Euromex). The photographed images were thereafter 
processed with imageFocus (version 4.0) to count the number of eggs in 
the egg masses, and derive the cumulative number of eggs produced in 
each beaker during the course of the exposure. 

2.3.3. Water and hemolymph samples 
Water samples (800–1000 mL) of all replicates of the control, lowest 

and highest test concentrations were collected for both freshly prepared 
exposure medium and the old exposure medium during medium renewal 
weekly throughout the period of exposure. The samples were collected 
in low density polyethylene (LDPE) bottles and stored at − 20◦C for 
subsequent analysis. At the end of exposure, the snails were bled for 
hemolymph collection after morphometric measurements were taken. 
Hemolymph samples (at least 100 µL per snail) were collected in 
microtubes and stored at − 20◦C for subsequent analysis. Some water 
samples after SPE extraction could not be analyzed for technical issues. 
Hemolymph samples from the six individual snails per replicate were 
pooled for both control and all test concentrations for analysis. 

2.3.4. The fish plasma model (FPM) 
The potential of the test concentrations (10–1000 ng/L) of AMI to 

reach its HTPC (50–300 ng/mL) (David et al., 2018; Regenthal et al., 
1999) in B. glabrata hemolymph was evaluated using the FPM. Briefly, 
the FPM, which is used to evaluate the potential of a pharmaceutical to 
reach the HTPC in fish plasma and elicit a pharmacological response 
assuming the drug targets are conserved, is essentially an effect ratio 
(ER) (Huggett et al., 2003a,2003b) defined as:  

ER = HTPC/FSSPC                                                                          (1) 

Where HTPC is the Human Therapeutic Plasma Concentration (which is 
generally available for pharmaceuticals), and FSSPC is the predicted Fish 
Steady State Plasma Concentration of a pharmaceutical, and it is derived 
as follows:  

FSSPC = EC x (PBlood:Water)                                                              (2) 

Where EC is a given Environmental Concentration of the pharmaceutical 
to which the fish is exposed, and (PBlood:Water), the partition of the 
pharmaceutical between aqueous phase (water) and blood in fish, is 

estimated as follows:  

logPBlood:Water = 0.73 x logKOW - 0.88                                             (3) 

Note that Eq. (3), originally described to model the partition of an 
organic compound between water and branchial blood in fish (rainbow 
trout) (Fitzsimmons et al., 2001), is used to predict FSSPC. Interestingly, 
then, the effect ratio (ER) of the FPM would be a general plasma con
centration ratio if the FSSPC component of the model was available for 
organisms, in which drug targets are evolutionary conserved, other than 
fish. This is, however, not the case as steady state plasma concentration 
of an organic compound has only been comprehensively described in 
fish. Intuitively, nonetheless, the FSSPC component of the plasma model 
may be used in organisms other than fish to theoretically determine the 
applicability of the FPM to the organisms, and as result, evaluate their 
sensitivity to pharmaceuticals relative to fish and humans. The FSSPC 
component, herein described as MSSHC (mollusc steady state hemo
lymph concentration) was, however, used in the present study to assess 
the applicability of the FPM to molluscs, and to further evaluate mol
luscs’ sensitivity to AMI relative to fish and humans on account of the 
following considerations: (i) the partition of organic compounds be
tween two solvent phases such as water (aqueous) and organic solvents 
takes the same general form (Collander, 1950; Fitzsimmons et al., 2001); 
(ii) the relationship, logPBlood:Water = 0.73xlogKOW-0.88, used in the fish 
plasma model to estimate partition between aqueous phase and blood in 
fish across the gills, is a two-solvent partition system in which the 
organic phase is the protein and lipid material in the blood of the fish 
(Briggs, 1981; Fitzsimmons et al., 2001); (iii) fish plasma is similar, in 
many key characteristics, to molluscan heamolymph (Machałowski and 
Jesionowski, 2021; Sheikh et al., 2022); and finally (iv), the fish gills, 
which are an important component of this two-solvent partition system, 
are also similar to molluscan gills (ctenidia), both in terms of diagnostic 
characteristics and their morphological variations (Ponder et al., 2019). 
Furthermore, as the logKOW of ionizable pharmaceuticals have been 
shown to be affected by pH (Chen and Lin, 2016), ionization-corrected 
logKOW (logD7.4) of AMI (2.50) was used (Escher et al., 2020; Tsopelas 
et al., 2015). 

2.4. Liquid chromatography-tandem mass spectrometry (LC-MS/MS) 

For liquid chromatography-tandem mass spectrometric analysis, an 
Agilent 1100 Series HPLC System with a Kinetex 2.6 µm C18 100 Å (50 
×2.1 mm) column coupled to an AB SCIEX API 5000 mass spectrometer 
(Sciex, Framingham, USA), was used. The column temperature was set 
at 40◦C while autosampler was set at 4◦C with an injection volume of 
20 µl. Chromatographic separation was performed through a gradient 
elution in filtered milli-Q water (mobile phase A) and acetonitrile 
(mobile phase B) at a constant flow rate of 0.8 mL/min. The following 
gradient was applied: 90 % filtered milli-Q water from 0.00 to 3.49 min; 
then, 100 % acetonitrile from 3.50 to 6.51 min; while filtered milli-Q 
water increased again to 100 % from 6.51 to 8.60 min, and the total 
run time was nine minutes. MS was performed using positive ion elec
trospray ionization and multiple reaction monitoring (MRM). The 
acquisition parameters were as follows: dwell time (50.0 msec), delus
tering potential (131.0 V), collision energy (31.0 V) and collision exit 
potential (22.0 V) for AMI; delustering potential (26.0 V), collision en
ergy (15.0 V) and collision exit potential (22.0 V) for AMI-d6. One major 
transition (m/z) 278.2–105.1 and 284.4–91.2 for the analyte and the 
internal standard respectively, was used for quantitation. Finally, data 
acquisition and processing were performed using Analyst software 
(version 1.7.1.). The calibration procedure is provided in the supple
mentary material (S1.0). 

2.4.1. Solid phase extraction (SPE) 
The following SPE method using Strata-X 33 µm Polymeric Reverse 

Phase (60 mg/3 mL) cartridge (Phenomenex, CA, USA), was developed 
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for this study. The method was applied to two matrices of interest: 
reverse osmosis-filtered dechlorinated tap water conditioned with the 
test organism (as the exposure medium matrix) and hemolymph samples 
derived from the test organism. Extractions of both matrices were per
formed at zero (blank), low and high analyte concentration levels in 
duplicate analyzed in 3 separate assays across several days. For the 
hemolymph matrix, acetonitrile was added to samples for protein pre
cipitation at room temperature for 20 min. Thereafter, the mixture was 
centrifuged at 4500 x g for 15 min. The supernatant was carefully 
transferred into HPLC vials and evaporated to dryness at 40◦C under a 
stream of Nitrogen. The residue was reconstituted in 2 mL of methanol 
and diluted in 10 mL of milli-Q water to which the IS (single high con
centration level) had been added. The resulting samples were then 
applied to Strata X SPE cartridges previously conditioned with 2 mL 
methanol and 2 mL of milli-Q water. After extraction, sorbent clean-up 
was performed with 2 mL of 5 % methanol in water. The cartridges were 
then dried under vacuum (-20 inHg for 20 mins), and eluted with 2 mL 
of methanol under gravity. The eluate was evaporated to dryness under 
nitrogen at 40◦C, and reconstituted in 500 µL methanol and milli-Q 
water (50:50, v/v). For the exposure medium matrix, samples (50 mL) 
were fortified with the analyte and the IS, and thereafter applied to the 
cartridges previously conditioned with 2 mL of methanol followed by 
2 mL of mill-Q water. Sample extraction, sorbent clean-up and drying, 
elution, nitrogen blowdown and extract reconstitution, then proceeded 
as described for the hemolymph matrix. The method validation data are 
provided in the supplementary material (S2.0). 

2.5. Statistical analysis 

The data are presented as mean ± standard deviation (SD) of repli
cate values. Using the residuals, data were tested for normality with both 
normality tests (Kolmogorov-Smirnov and Shapiro-Wilk) and normality 
plots (Q-Q plots and histogram), while homogeneity of variance was 
evaluated with Lavene’s test. When normality assumption was met, a 
one-way ANOVA, followed by Duncan’s multiple range test (where the 
overall F statistic of ANOVA was significant), was performed. Otherwise, 
a Kruskal-Wallis test was used (number of eggs per mass). Pairwise 
comparison of morphometric data at baseline and after exposure was 
done using paired t-test. Multivariate analysis between the test chemical 
and biological responses was performed using principal component 
analysis (PCA). Values were considered significantly different at P <
0.05. All statistical tests of significance were carried out using SPSS (110 
IBM, version 20), while PCA and graphical presentation of all data, were 
carried out using GraphPad Prism (version10.1.2). 

3. Results 

3.1. Test validity criteria 

Dissolved oxygen (DO) content of the exposure medium before 
renewal was above 60 % of air saturation value (5.8±0.7 mg/L), while 

the average water temperature was 26.1±0.7◦C. The values are pre
sented in Table S1 (supplementary material). The pH, ammonia, nitrite 
and nitrate (evaluated using a colorimetric test kit) were within the 
normal range (OECD, 2010). There was no mortality in the control 
group throughout the study. In the treatment group, however, 1.1 % 
mortality was observed during exposure (i.e.1 snail in the 100 ng/L 
treatment group). A constant photoperiod of 16:8 L: D (with a short 
transition period) was maintained throughout the study. 

3.2. AMI levels in water and hemolymph 

The measured levels of AMI in the exposure system (stability test), 
freshly prepared exposure medium, old exposure medium at renewal, 
and in the hemolymph of exposed B. glabrata are presented in Table 1. 

AMI concentrations in water samples left in glass beakers under 
exposure conditions (AMI stability test) and in samples of freshly pre
pared exposure medium (stored in LDPE bottles) were within ± 20 % of 
the nominal concentrations. At renewal, however, concentrations in the 
exposure medium were less than 80 % of the nominal, and the measured 
concentrations at renewal were reported as effective exposure concen
trations (OECD, 2010). Furthermore, the measured concentrations of 
AMI in method validation samples, including accuracy, precision and 
LLOQ are presented in Tables S2-3. Method development parameters 
and method validation description are also provided (see the supple
mentary material). All method development and validation parameters 
were within acceptable limits. 

3.3. The fish plasma model 

The predicted levels of AMI in B. glabrata hemolymph using the FPM 
are shown in Table 2. Interestingly, measured hemolymph levels of AMI 
in B. glabrata agreed well with the predicted levels in fish plasma. 
Furthermore, the measured hemolymph levels of AMI at the effective 
exposure concentration of the 1000 ng/L treatment group were also 
consistent with the measured plasma level of AMI in fish at comparable 
exposure concentrations. 

3.4. Effects of AMI exposure on feeding, reproduction, behaviors and 
growth 

The effect of exposure of B. glabrata to AMI on feeding is shown in  
Fig. 2. Food intake in the 1000 ng/L treatment group was significantly 
lower (p <0.001) than the control and other treatment groups in the first 
week of exposure, and although this reduced food consumption pattern 
in the 1000 ng/L exposure group continued throughout the remainder of 
the exposure period, the difference was not statistically significant. 
However, the total food consumed in the 1000 ng/L group over the 
entire exposure period (Fig. S4) was significantly lower (p=0.004) than 
the total food consumed in the control and other treatment groups. 

The effects of exposure on the cumulative number of egg masses 
produced per snail, cumulative number of eggs per mass per snail and 

Table 1 
Measured AMI levels in the exposure medium and heamolymph of B. glabrata. Heamolymph samples were collected at the end of the exposure period.   

Measured AMI concentrations 

Test concentrations 
(ng/L, nominal) 

Water (ng/L)  
rStability test  
(48hrs, n=2) 

Exposure  
(Freshly prepared medium, n=2) 

Exposure  
(Renewal, n=4) 

Hemolymph 
(ng/mL) 

Control <DL <DL <DL <DL 
10 11.9 ±0.5 10.9±0.1 < DL < DL 
100 89.15±26.7 na na < DL 
500 602.0 ±5.7 na na <LLOQ 
1000 1120.0±56.6 827±9.9 312.5±15.9 0.74±0.56 

DL, Detection limit; LLOQ, Lower limit of quantitation; na, not analyzed; hemolymph was analyzed as pooled replicate samples (n=3 replicates, 6 snails per replicate). 
rAMI stability test under exposure conditions was performed without the snail and feed. All values are presented as mean±SD. 

M.E. Imiuwa et al.                                                                                                                                                                                                                              



Ecotoxicology and Environmental Safety 281 (2024) 116656

6

cumulative number of eggs per snail are shown in Fig. 3A-C. The lowest 
numbers of egg masses and eggs were laid by B. glabrata in the 1000 ng/ 
L treatment group, while egg masses with the lowest number of eggs per 
mass were laid in 500 ng/L group, followed by 1000 ng/L group. They 
were, however, not significantly different from control and other 
treatment groups. 

Locomotor behaviour patterns in B. glabrata in the control and all 
treatment groups are shown in Fig. 4A-C. Mating behaviours, substrate- 
dependent locomotion and ‘passive’ movement through the layers of the 
water column in all the treatment groups were generally consistent with 
the control. Showing similar levels of aggregation and intromission, the 
snails were mainly resident in the bottom layer with occasional transi
tion to the upper layer. 

Total body weight (TBW) and shell diameter (SD) of B. glabrata at 
baseline (day 0) and after exposure (day 28) are presented in Fig. S5. 
While there was a slight decrease in TBW (1000 ng/L), SD increased 
marginally (500 and 1000 ng/L), and these differences were not statis
tically significant (paired t-test: TBW, p=0.167; SD, p=0.568). 

3.5. Principal component analysis (PCA) 

Apical effect response variables (feeding, egg masses, eggs per mass, 
eggs, total body weight and shell diameter) and the test chemical (AMI) 
were subjected to multivariate analysis (PCA) in order to understand (i) 
relative effect size in the responses of apical effect variables, and (ii) 
whether primary effect responses in any of the apical effect variables 
could account for responses seen in other apical effect variables. PCA 
extracted two principal components (PC1 and 2) that accounted for 
96.18 % of the total variance. PC1 accounted for 68.33 % of the total 
variance, while PC2 accounted for 27.85 %. The biplot loading (Fig. 5) 
shows that all response variables, except shell diameter, were negatively 

correlated with AMI, with food intake being the most negatively 
correlated (-0.995), followed by eggs (-0.944) and body weight (-0.826). 

4. Discussion 

The present study is the first report on the effects of AMI on feeding, 
reproduction and mating behavior in molluscs to our knowledge. The 
measured hemolymph levels of AMI in B. glabrata were quite variable, 
and ranged from below LLOQ (500 ng/L nominal exposure) to 0.74 
±0.56 ng/mL (1000 ng/L nominal exposure). These seemingly low he
molymph levels of AMI may be due to a number of factors. Firstly, a 
large amount of AMI may have been absorbed from the exposure me
dium by the uneaten feed and feacal matter present in the medium 
during exposure as the highest test concentration was only 31.25 % of 
the nominal at renewal. All test concentrations of AMI measured in the 
exposure system were found to be stable over a period of two days in the 
absence of the snails, feed and feacal matter (Table 1). Secondly, as the 
partition of pharmaceuticals into body tissues tends to be generally 
higher than their corresponding plasma levels (David et al., 2018; 
Robert et al., 2017), sequestration into body tissues may therefore, in 
part, also explain the measured low hemolymph levels of AMI in 
B. glabrata. Finally, as AMI usually undergoes extensive metabolism in 
humans (Breyer-Pfaff, 2004), metabolic conversion of the parent com
pound may further account for the measured hemolymph level of AMI in 
the present study. Interestingly, however, a similar level of AMI (1.5 
±0.5 ng/mL) has been reported in the plasma of Roach (Rutilus rutilus) 
exposed in a laboratory to an effluent containing 374 ±44 ng/L of AMI 
in a flow through system (David et al., 2018). Indeed, the exposure 
concentration at renewal (312.5±15.9 ng/L) in our study, which is 
comparable to the one reported for R. rutilus (374 ±44 ng/L), may 
explain the measured hemolymph levels of AMI in B. glabrata. Building 
on this insight, it is critical to understand how the measured hemolymph 
levels of AMI compare with its predicted levels in fish using the FPM; 
and whether B. glabrata is responsive to this low hemolymph levels of 
AMI through the apical endpoints. 

The predicted mollusc steady state hemolymph concentration 
(MSSHC) of AMI (2.75 ng/mL) using the FPM agreed quite well with the 
measured hemolymph level of AMI (0.74±0.56 ng/mL) at 312.5 
±15.9 ng/L exposure concentration. By definition, the predicted level 
(2.75 ng/mL) is the expected theoretical plasma level of AMI at steady 
state in fish using the FPM, or in the present study, the expected theo
retical hemolymph levels of AMI at steady state in molluscs, if the FPM 
holds true for molluscs, both at the exposure concentrations. Note that 
comparable differences in measured versus predicted levels of AMI in 
plasma of R. rutilus exposed to a slightly higher concentration of AMI 
(Table 2) have also been observed (David et al., 2018). In B. glabrata, the 
predicted hemolymph level of AMI using the FPM was only 3.7-fold 
higher than the mean value of the measured hemolymph levels, while 
in R. rutilus, the predicted plasma level of AMI was 2.2-fold higher than 
its measured plasma levels, probably reflecting the slightly higher 
exposure concentration when compared to the 3.7-fold difference in 

Table 2  
Predicted and measured hemolymph/plasma levels of AMI in B. glabrata and Rutilus rutilus using the fish plasma model.      

Hemolymph/plasma levels (ng/mL)  

Predicted Measured  

Organism Drug 
HTPC 
(ng/mL) 

MEC 
(ng/L)  
Mean±SD 

FSSPC/ 
MSSHC 

Hemolymph/ 
Plasma levels 
Mean ±SD Range Reference 

Mollusc AMI 50–300a 312.5±15.9 2.75 0.74±0.56 0.34–1.13 The present study 
Fish AMI 50–300a 374±44 b3.29 1.5±0.5 0.90–2.2 David et al. (2018) 

AMI, amitriptyline; HTPC, Human therapeutic plasma concentrations; MEC, Measured exposure concentration, FSSPC, fish steady state plasma concentration; MSSHC, 
mollusc steady state hemolymph concentration; a(David et al., 2018); bThis value was not reported by the authors, was calculated in the present study using logD7.4; 
2.50 was used as logD7.4 of AMI (Tsopelas et al., 2015); logD7.4, ionization corrected logKOW at a pH of 7.4. 

Fig. 2. Food consumption per week per snail (B. glabrata) exposed to AMI. All 
values represent mean±SD (n = 3 replicates; 6 snails per replicate). Asterisk 
indicates statistically significant difference for each week. 
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B. glabrata. Again, the agreement is easily appreciated from the over
lapping range of the hemolymph and plasma levels of AMI respectively 
in B. glabrata and R. rutilus (Table 2). This observation clearly shows that 
the estimation of hemolymph bioconcentration factor of AMI in 
B. glabrata, using Eq. (3), is consistent with the estimation of plasma 
bioconcentration factor of AMI in fish, with the same equation. It further 
suggests that possible difference in the sensitivity of molluscs and fish to 
AMI (at least, at the tested concentration) is not a function of pharma
cokinetic differences that together affect the internal (plasma/hemo
lymph) concentration of AMI. The observed applicability of the fish 
plasma model to molluscs as seen in the present study may be attrib
utable to (i) shared blood plasma and respiratory surface physiology (see 
Section 2.3.4 -fish plasma model), and (ii) the fact that AMI is an 
ionizable pharmaceutical (basic) which has a logD7.4 (ion
ization-corrected logKOW at a physiological pH of 7.4) of 2.50 (Tsopelas 
et al., 2015), with low partition coefficient (used in the present study), as 
against logKOW of 4.92 (Giebułtowicz and Nałecz-Jawecki, 2014), and 
therefore minimizes overestimation in model prediction (Nallani et al., 
2016). Importantly, these findings show that the FPM (a powerful tool 
used to identify and prioritize pharmaceuticals with potential to exert 
drug target-mediated effects at environmental levels in fish) can also be 
applied to freshwater molluscs at least for ionizable pharmaceuticals. 
Furthermore, while the measured hemolymph level of AMI in B. glabrata 
in the present study is up to 67–405-fold less than the HTPC of AMI, 
B. glabrata exhibited intrinsic sensitivity to this low hemolymph level of 
AMI, with apical responses. Apical effects were, however, not investi
gated in the R. rutilus exposed to AMI (David et al., 2018). 

The observed statistically significant disruption of food intake in the 
highest exposure concentration group in the first week of exposure may 

have been caused by increased hemolymph levels of AMI immediately 
following the commencement of exposure (dosing) in the first week of 
exposure before subsequent decrease with repeated dosing (Krause 
et al., 2021). This initial surge in hemolymph levels of AMI may have 
inactivated monoamine receptor subtypes, including serotonin re
ceptors, that regulate feeding in molluscs. In gastropod molluscs, 
rhythmic feeding movement patterns, including those that culminate in 
biting and swallowing, are controlled by a network of neurons, the 
feeding central pattern generators (CPG), in the buccal ganglia. Sero
tonin and dopamine have been shown to initiate and modulate the ac
tivity of the feeding CPG as neurohormones through their receptors in 
the buccal area including the radula (Alexeeva et al., 1998; Hernádi 
et al., 2008). It is possible that AMI-induced inactivation of monoamine 
receptors that mediate feeding may have also continued at lower he
molymph levels of AMI that is expected with repeated dosing after the 
first week of exposure, but with less receptor inactivation. This might 
explain why the reduced weekly food intake in the 1000 ng/L treatment 
group from the second week to the end of exposure was not statistically 
significant, but the total food consumed in this group was significantly 
lower than those of the control and other treatment groups over the 
entire period of exposure. It is noteworthy that, overall, the highest food 
intake was observed in the control. Furthermore, the observed marginal 
decrease in TBW in the 1000 ng/L group compared to other treatment 
groups and the control may be explained by the disruption of feeding in 
this group as food intake provides energy necessary for growth. The 
absence of marked increase in SD in the control is not surprising 
considering the age of the test organism at the start of exposure. On the 
other hand, however, the slight increase in SD in the 500 and 1000 ng/L 
treatment groups compared to control and other treatment groups could 

Fig. 3. Effects of AMI on reproductive potential of B. glabrata over the period of exposure (A) cumulative number of egg masses laid per snail (9.6 ±1.2, 9.0 ±0.8, 9.5 
±1.6, 11.0 ±3.1 and 8.1 ±2.2); (B) cumulative number of eggs per mass laid per snail (61.9 ±1.1, 62.4 ±6.1, 68.8 ±17.9, 53.1 ±5.2 and 54.5 ±4.3); and (C) 
cumulative number of eggs laid per snail (262.9 ±27.7, 252.3 ±21.7, 264.3 ±50.8, 259.5 ±81.2 and 196.9 ±55.7). Respective cumulative values (mean±SD) from 
control to the highest test concentrations on day 28 are presented in parenthesis. (n = 3 replicates; 6 snails per replicate). 
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be suggestive of treatment-induced adaptative shell growth or thick
ening in which metabolic materials are initially stored up in the shell 
(Pascoal et al., 2012; Pinkina et al., 2022), and then used up subse
quently if disruption in food intake is prolonged (Porcel et al., 1996). 
Note that the position of the SD on PC1 (Fig. 5) was particularly influ
enced by its association with AMI. Importantly, as food resources in the 
natural environment are limited and also affected by seasonal varia
tions, chronic disruption of feeding at critical life stages may result in 
significant population-level effects in wildlife by affecting survival and 
recruitment (Stroud et al., 2019). It is noteworthy that the PCA clearly 
reveals that feeding was the most impacted apical endpoint of exposure 
of B. glabrata to environmental levels of AMI (Fig. 5). 

Although not statistically significant, the reduced reproductive 
output in the 500 and 1000 ng/L treatment groups compared to control 
also indicates exposure-induced disruption of reproduction in 
B. glabrata. The apparent variation in the observed reproductive effects 
(fecundity) can be explained by the physiology of both egg production 
and packaging in B. glabrata. In this species, while eggs are laid as egg 
masses (i.e. collections of eggs that are packed in gelatinous materials 
and capsules secreted respectively by muciparous and oothecal glands), 
they are initially processed individually (Boyle and Yoshino, 2002). The 
eggs undergo fertilization, perivitelline coating and membrane encap
sulation individually in different parts of the hermaphroditic duct 

Fig. 4. Effects of exposure of B. glabrata to AMI on locomotor behaviours (A) total number of occurrences in the water column layers per snail. (B) total number of 
occurrences on the wall of the beaker per snail. (C) total number of occurrences of shell mounting/intromission per snail. All values represent mean±SD (n = 3 
replicates; 6 snails per replicate). 

Fig. 5. Principal component analysis (PCA) of apical endpoint variables and 
AMI. PC 1 is a weighted contrast of AMI and shell diameter (positive co
efficients) with the other variables, while PC 2 is a weighted contrast of eggs per 
mass and food intake (positive coefficients) with the other variables. AMI is the 
primary variable on PC 1 that accounted for 68.33 % of the total 
response variance. 
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(carrefour region, albumin gland and membrane gland, respectively) 
before they are eventually packed and released as egg masses (Hathaway 
et al., 2010). Varying degrees of disruptions to these processes (as would 
be expected from different exposure concentrations of AMI) may 
therefore differently affect oocyte maturation and release, the number of 
eggs that are available for fertilization, the number of fertilized eggs that 
get packed into egg masses, and how often egg masses are available for 
release. Expectedly, the total number of egg masses laid, and the total 
number of eggs produced, were lowest in the 1000 ng/L treatment group 
throughout the period of exposure, while the lowest eggs per mass 
occurred in the 500 ng/L (followed by the 1000 ng/L) group. Cumula
tive egg production was also low in the 500 ng/L group from day 6 to 
day 16 of exposure compared to control and the low treatment groups 
(10 and 100 ng/L). The increased rate of egg mass production over the 
latter course of exposure in the 500 ng/L group compensated for the 
effects of AMI on fecundity overall (Fig. 4C). Furthermore, although the 
disruption of reproductive output was not statistically significant, 
chronic or lifetime exposure of freshwater gastropods to AMI could 
affect reproductive success with potential to impact population growth. 
This is further corroborated by PCA which reveals that the total number 
of eggs per snail (the actual measure of reproductive potential) was the 
most negatively impacted of the three fecundity parameters evaluated in 
the present study (Fig. 5). Besides, as the concentration of AMI in the 
1000 ng/L group was only 31.25 % of the nominal at renewal, and 
environmental levels of AMI up to 3.35 µg/L have been reported after 
the commencement of the present study (Perez et al., 2022), our findings 
confirm that environmental levels of AMI disrupt reproduction in 
freshwater molluscs. Furthermore, as serotonin is known to enhance 
oocyte maturation and egg laying in B. glabrata (Manger et al., 1996), 
and inhibition of serotonin reuptake transporters would be expected to 
increase tissue levels of serotonin, the binding of AMI to serotonin re
uptake transporters therefore does not explain the reduction in the 
number of egg masses and eggs observed in B. glabrata in the present 
study. Additionally, although feeding has been shown to affect repro
duction in molluscs (Vianey-liaud, 1984), the reduced feeding rate in 
AMI-exposed snails in the present study does not also fully explain the 
disruption in reproduction as there was no corresponding drop in 
physical activity (locomotor behaviour) in any of the treatment groups 
compared to control. Therefore, it is possible that AMI acted in the 
present study by antagonistic binding to monoamine tissue-specific re
ceptor subtypes, including serotonin receptors, that regulate oocyte 
maturation and ovulation in B. glabrata. Indeed, serotonin has been 
shown to mediate oocyte maturation, oocyte release from ovarian tissue 
and oviposition in molluscs (Manger et al., 1996; Muschamp and Fong, 
2001), and the serotonin receptors mediating these physiological pro
cesses have been pharmacologically characterized on oocyte membrane 
in a number of bivalve molluscs (Tanabe et al., 2006). Furthermore, the 
absence of statistically significant difference, or the occurrence of only 
mild disruption of reproductive output, across the entire period of 
exposure compared to the observed statistically significant disruption in 
food intake, may be attributable to differences in the sensitivity of the 
serotonin receptor subtypes that regulate feeding and reproduction in 
B. glabrata as monoamines mediate multiple physiological processes 
through various tissue-specific receptors (Barbas et al., 2002). 

AMI had no apparent effects on mating and locomotion behaviours in 
B. glabrata in any of treatment groups compared to the control. It is 
probable, therefore, that concentrations higher than the ones tested in 
the present study would be required to disrupt locomotor behaviours in 
B. glabrata. Indeed, studies on aquatic molluscs that reported effects of 
AMI on locomotor behaviors used concentrations several order of 
magnitude higher than environmentally relevant levels used in the 
present study. In the marine mud snail, Ilyanassa obsoleta, exposure to 
AMI at 31.3 µg/L did not result in effects on righting time, but righting 
time was affected from 156 µg/L to 3.13 mg/L of AMI (Fong et al., 
2019). Similarly, exposure of the freshwater snail, Leptoxis carinata, to 
3.13 and 156 µg/L of AMI did not result in effects on righting time, 

whereas from 234 µg/L to 3.13 mg/L of AMI, righting time was affected 
(Fong et al., 2019). In many freshwater pulmonate gastropods, networks 
of neurons, including serotonergic neurons, innervating the pedal sole 
ciliary cells, control locomotor activity of the ciliated sole epithelium to 
produce locomotion (Delgado et al., 2012; Deliagina and Orlovsky, 
1990; Longley and Peterman, 2013). Interestingly, locomotor activities 
in these cells have been shown to be mediated by serotonin receptors 
(Longley and Peterman, 2013). The absence of effects on locomotor 
behaviours in B. glabrata (compared to feeding and reproduction) sug
gests that hemolymph levels of AMI were below the effect threshold of 
monoamine receptor subtypes controlling locomotion in B. glabrata. 
Furthermore, the observed distribution pattern was consistent with a 
previous report on the normal behaviour of B. glabrata in water column 
(Corr et al., 1984). The highest density occurred in the bottom layer, and 
may be due to the presence of settled food. The lowest level of occu
pancy was observed in the middle layer, which was used as a transition 
layer between the bottom and the upper layers of the beakers (Fig. 3A). 
The level of occupancy observed in the upper layer may have been 
associated with atmospheric oxygen acquisition, which is typical for 
pulmonate gastropods. 

5. Conclusion 

We investigated the effects of AMI on feeding, reproduction and key 
complex ecologically relevant locomotor behaviours for the first time in 
molluscs. The study demonstrates that environmental levels of AMI 
disrupt feeding and reproduction in molluscs at particularly low he
molymph levels of AMI. As the highest test concentration was only 312.5 
±15.9 ng/L at renewal, and environmental level of AMI up to 3.35 µg/L 
has recently been reported, these findings further show that environ
mental levels of AMI may induce higher magnitude of feeding and 
reproductive disruption than observed in the present study in molluscs. 
The demonstrated agreement between the predicted plasma level of AMI 
in fish and its measured hemolymph levels in B. glabrata and plasma 
levels in R. rutilus reveals the applicability of the FPM to molluscs for 
pharmaceutical hazard identification. The particularly strong negative 
association of food intake and number of eggs with low hemolymph 
levels of AMI suggests that hemolymph levels of AMI may be a useful 
indicator for biomonitoring feeding and reproductive disruptions in wild 
populations of freshwater gastropods. Further studies on the effects of 
AMI on feeding and reproduction, including the elucidation of the mode 
of action, in other freshwater gastropod species are needed to urgently 
provide a comprehensive insight into the effects of tricyclic ADDs on 
freshwater gastropods. Overall, our study provides novel critical data 
needed to inform ecological risk assessment of environmental tricyclic 
ADDs, and the development of proactive methods for improved waste
water treatment and disposal of the pharmaceuticals, for the protection 
of freshwater biodiversity. 
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prediction and effect characterization of 90 pharmaceuticals and illicit drugs 

measured in plasma of fish from a major European river (Sava, Croatia). Environ. 
Pollut. 266 https://doi.org/10.1016/j.envpol.2020.115162. 

Malhi, G.S., Acar, M., Kouhkamari, M.H., Chien, T.H., Juneja, P., Siva, S., Baune, B.T., 
2022. Antidepressant prescribing patterns in Australia. BJPsych Open 8 (4), 1–7. 
https://doi.org/10.1192/bjo.2022.522. 

Manger, P., Li, J., Christensen, B.M., Yoshino, T.P., 1996. Biogenic monoamines in the 
freshwater snail, Biomphalaria glabrata: influence of infection by the human blood 
fluke, Schistosoma mansoni. Comp. Biochem. Physiol. - A Physiol. 114 (3), 227–234. 
https://doi.org/10.1016/0300-9629(95)02131-0. 

Margiotta-Casaluci, L., Owen, S.F., Cumming, R.I., De Polo, A., Winter, M.J., Panter, G. 
H., Rand-Weaver, M., Sumpter, J.P., 2014. Quantitative cross-species extrapolation 
between humans and fish: the case of the anti-depressant fluoxetine. PLoS ONE 9 
(10). https://doi.org/10.1371/journal.pone.0110467. 

Martin, C.B., Hales, C.M., Gu, Q., & Ogden, C.L. (2019). Prescription drug use in the 
United States, 2015–2016. NCHS Data Brief, no 334. In NCHS Data Brief (Issue 334). 
https://www.cdc.gov/nchs/data/databriefs/db334_tables-508.pdf#1. 

Martínez-Bueno, M.J., Gomez, M.J., Herrera, S., Hernando, M.D., Agüera, A., Fernández- 
Alba, A.R., 2012. Occurrence and persistence of organic emerging contaminants and 
priority pollutants in five sewage treatment plants of Spain: Two years pilot survey 
monitoring. Environ. Pollut. 164, 267–273. https://doi.org/10.1016/j. 
envpol.2012.01.038. 

Maruya, K.A., Dodder, N.G., Weisberg, S.B., Gregorio, D., Bishop, J.S., Klosterhaus, S., 
Alvarez, D.A., Furlong, E.T., Bricker, S., Kimbrough, K.L., Lauenstein, G.G., 2014. 
The mussel watch California pilot study on contaminants of emerging concern 
(CECs): synthesis and next steps. Mar. Pollut. Bull. 81 (2), 355–363. https://doi.org/ 
10.1016/j.marpolbul.2013.04.023. 

McRobb, F.M., Sahagún, V., Kufareva, I., Abagyan, R., 2014. In silico analysis of the 
conservation of human toxicity and endocrine disruption targets in aquatic species. 
Environ. Sci. Technol. 48 (3), 1964–1972. https://doi.org/10.1021/es404568a. 

Muschamp, J.W., Fong, P.P., 2001. Effects of the serotonin receptor ligand methiothepin 
on reproductive behavior of the freshwater snail Biomphalaria glabrata: reduction of 
egg laying and induction of penile erection. J. Exp. Zool. 289 (3), 202–207. https:// 
doi.org/10.1002/1097-010X(20010215)289:3<202::AID-JEZ7>3.0.CO;2-B. 

Nałecz-Jawecki, G., Kaza, M., Sawicki, J., 2008. Evaluation of the toxicity of 
psychoactive compounds with the battery of bioassays. Fresenius Environ. Bull. 17 
(9 A), 1257–1263. 

Nallani, G., Venables, B., Constantine, L., Huggett, D., 2016. Comparison of measured 
and predicted bioconcentration estimates of pharmaceuticals in fish plasma and 
prediction of chronic risk. Bull. Environ. Contam. Toxicol. 96 (5), 580–584. https:// 
doi.org/10.1007/s00128-016-1782-y. 

OECD. (2010). DETAILED REVIEW PAPER (DRP) ON MOLLUSCS LIFE-CYCLE TOXICITY 
TESTING. ENV/JM/MONO(2010)9, Organisation for Economic Co-Operation and 
Development, Paris. 143pp. 

Oehlmann, J., Schulte-Oehlmann, U., 2003. Molluscs as bioindicators. In: Markert, A.B., 
Breure, M.A., Zechmeister, G.H. (Eds.), Bioindicators and Biomonitors - Principles, 
Concepts and Applications. Elsevier, Amsterdam, Lausanne, New York, pp. 577–635. 
https://doi.org/10.1016/S0927-5215(03)80147-9. 

Orlando-Bonaca, M., Trkov, D., Klun, K., Pitacco, V., 2022. Diversity of molluscan 
assemblage in relation to biotic and abiotic variables in brown algal forests. Plants 
11 (16). https://doi.org/10.3390/plants11162131. 

Pandian, T.J. (2018). Reproduction and Development in Mollusca. In Reproduction and 
Development in Mollusca. CRC Press. https://doi.org/10.1201/b22125. 

Pascoal, S., Carvalho, G., Creer, S., Mendo, S., Hughes, R., 2012. Plastic and heritable 
variation in shell thickness of the intertidal gastropod nucella lapillus associated 
with risks of crab predation and wave action, and sexual maturation. PLoS One 7 
(12). https://doi.org/10.1371/journal.pone.0052134. 

Patel, A., Panter, G.H., Trollope, H.T., Glennon, Y.C., Owen, S.F., Sumpter, J.P., Rand- 
Weaver, M., 2016. Testing the “read-across hypothesis” by investigating the effects 
of ibuprofen on fish. Chemosphere 163, 592–600. https://doi.org/10.1016/j. 
chemosphere.2016.08.041. 

Perez, A.S.C., Challis, J.K., Ji, X., Giesy, J.P., Brinkmann, M., 2022. Impacts of 
wastewater effluents and seasonal trends on levels of antipsychotic pharmaceuticals 
in water and sediments from two cold-region rivers. Sci. Total Environ. 851 (June)), 
158247 https://doi.org/10.1016/j.scitotenv.2022.158247. 

Pinkina, T., Zymaroieva, A., Fedoniuk, T., 2022. Cadmium impact on the growth and 
survival rate of great pond snail (Lymnaea stagnalis) in the chronic experiment. 
Biologia 77 (3), 749–756. https://doi.org/10.1007/s11756-022-01015-9. 

Pivetta, R.C., Rodrigues-Silva, C., Ribeiro, A.R., Rath, S., 2020. Tracking the occurrence 
of psychotropic pharmaceuticals in Brazilian wastewater treatment plants and 
surface water, with assessment of environmental risks. Sci. Total Environ. 727, 
138661 https://doi.org/10.1016/j.scitotenv.2020.138661. 

Ponder, W.F., Lindberg, D.R., Ponder, J.M., 2019. Biology and Evolution of the Mollusca. 
Biology and Evolution of the Mollusca, first ed. CRC Press. https://doi.org/10.1201/ 
9781351115667. 

Porcel, D., Bueno, J.D., Almendros, A., 1996. Alterations in the digestive gland and shell 
of the snail Helix aspersa Muller (Gastropoda, Pulmonata) after prolonged 
starvation. Comp. Biochem. Physiol. - A Physiol. 115 (1), 11–17. https://doi.org/ 
10.1016/0300-9629(95)02069-1. 

Rand-Weaver, M., Margiotta-Casaluci, L., Patel, A., Panter, G.H., Owen, S.F., Sumpter, J. 
P., 2013. The read-across hypothesis and environmental risk assessment of 
pharmaceuticals. Environ. Sci. Technol. 47 (20), 11384–11395. https://doi.org/ 
10.1021/es402065a. 

Regenthal, R., Krueger, M., Koeppel, C., Preiss, R., 1999. Drug levels: therapeutic and 
toxic serum/plasma concentrations of common drugs. J. Clin. Monit. Comput. 15 
(7–8), 529–544. https://doi.org/10.1023/a:1009935116877. 

M.E. Imiuwa et al.                                                                                                                                                                                                                              

https://doi.org/10.1002/etc.3683
http://www.ncbi.nlm.nih.gov/pubmed/15547167
http://www.ncbi.nlm.nih.gov/pubmed/15547167
https://doi.org/10.1021/es8005173
https://doi.org/10.1021/es8005173
https://doi.org/10.1080/10807039.2018.1479631
https://doi.org/10.1080/10807039.2018.1479631
https://doi.org/10.1016/j.dci.2009.12.001
https://doi.org/10.1002/etc.4934
https://doi.org/10.1016/j.scitotenv.2021.152731
https://doi.org/10.1016/j.scitotenv.2021.152731
https://doi.org/10.1556/ABiol.59.2008.Suppl.6
https://doi.org/10.1037/a0038550
https://doi.org/10.1016/S0014-2999(02)02735-8
https://doi.org/10.1016/S0014-2999(02)02735-8
https://doi.org/10.1080/714044797
https://doi.org/10.1080/714044797
https://doi.org/10.1371/journal.pone.0287582
https://doi.org/10.1002/jcph.1701
https://doi.org/10.1016/j.jadr.2021.100205
https://doi.org/10.1016/j.jadr.2021.100205
https://doi.org/10.1016/S0378-4274(02)00071-1
https://doi.org/10.1016/S0378-4274(02)00071-1
https://doi.org/10.1192/bjp.bp.114.156786
https://doi.org/10.1192/bjp.bp.114.156786
https://doi.org/10.1007/s00359-012-0770-x
https://doi.org/10.1089/cap.2019.0121
https://doi.org/10.3389/fpsyt.2020.00035
https://doi.org/10.3389/fpsyt.2020.00035
https://doi.org/10.1039/c8em00077h
https://doi.org/10.1007/s00339-020-04166-1
https://doi.org/10.1016/j.envpol.2020.115162
https://doi.org/10.1192/bjo.2022.522
https://doi.org/10.1016/0300-9629(95)02131-0
https://doi.org/10.1371/journal.pone.0110467
https://doi.org/10.1016/j.envpol.2012.01.038
https://doi.org/10.1016/j.envpol.2012.01.038
https://doi.org/10.1016/j.marpolbul.2013.04.023
https://doi.org/10.1016/j.marpolbul.2013.04.023
https://doi.org/10.1021/es404568a
https://doi.org/10.1002/1097-010X(20010215)289:3<202::AID-JEZ7>3.0.CO;2-B
https://doi.org/10.1002/1097-010X(20010215)289:3<202::AID-JEZ7>3.0.CO;2-B
http://refhub.elsevier.com/S0147-6513(24)00732-2/sbref68
http://refhub.elsevier.com/S0147-6513(24)00732-2/sbref68
http://refhub.elsevier.com/S0147-6513(24)00732-2/sbref68
https://doi.org/10.1007/s00128-016-1782-y
https://doi.org/10.1007/s00128-016-1782-y
https://doi.org/10.1016/S0927-5215(03)80147-9
https://doi.org/10.3390/plants11162131
https://doi.org/10.1371/journal.pone.0052134
https://doi.org/10.1016/j.chemosphere.2016.08.041
https://doi.org/10.1016/j.chemosphere.2016.08.041
https://doi.org/10.1016/j.scitotenv.2022.158247
https://doi.org/10.1007/s11756-022-01015-9
https://doi.org/10.1016/j.scitotenv.2020.138661
https://doi.org/10.1201/9781351115667
https://doi.org/10.1201/9781351115667
https://doi.org/10.1016/0300-9629(95)02069-1
https://doi.org/10.1016/0300-9629(95)02069-1
https://doi.org/10.1021/es402065a
https://doi.org/10.1021/es402065a
https://doi.org/10.1023/a:1009935116877


Ecotoxicology and Environmental Safety 281 (2024) 116656

12

Richardson, M.L., Bowron, J.M., 1985. The fate of pharmaceutical chemicals in an 
aquatic environment. J. Pharm. Pharmacol. 37 (1), 1–12. https://doi.org/10.1111/ 
j.2042-7158.1985.tb14143.x. 

Richmond, E.K., Rosi, E.J., Walters, D.M., Fick, J., Hamilton, S.K., Brodin, T., 
Sundelin, A., Grace, M.R., 2018. A diverse suite of pharmaceuticals contaminates 
stream and riparian food webs. Nat. Commun. 9 (1), 1–9. https://doi.org/10.1038/ 
s41467-018-06822-w. 

Robert, A., Schultz, I.R., Hucher, N., Monsinjon, T., Knigge, T., 2017. Toxicokinetics, 
disposition and metabolism of fluoxetine in crabs. Chemosphere 186, 958–967. 
https://doi.org/10.1016/j.chemosphere.2017.08.018. 

Rudorfer, M.V., Potter, W.Z., 1999. Metabolism of tricyclic antidepressants. Cell. Mol. 
Neurobiol. 19 (3), 373–409. https://doi.org/10.1023/A:1006949816036. 

Rueda, J.L., Gofas, S., Urra, J., Salas, C., 2009. A highly diverse molluscan assemblage 
associated with eelgrass beds (Zostera marina L.) in the Alboran Sea: micro-habitat 
preference, feeding guilds and biogeographical distribution. Sci. Mar. 73 (4), 
679–700. https://doi.org/10.3989/scimar.2009.73n4679. 

Schneider, J., Patterson, M., Jimenez, X.F., 2019. Beyond depression: other uses for 
tricyclic antidepressants. Clevel. Clin. J. Med. 86 (12), 807–814. https://doi.org/ 
10.3949/ccjm.86a.19005. 

Schreiber, R., Gündel, U., Franz, S., Küster, A., Rechenberg, B., Altenburger, R., 2011. 
Using the fish plasma model for comparative hazard identification for 
pharmaceuticals in the environment by extrapolation from human therapeutic data. 
Regul. Toxicol. Pharmacol. 61 (3), 261–275. https://doi.org/10.1016/j. 
yrtph.2011.08.006. 

Scott, P.D., Bartkow, M., Blockwell, S.J., Coleman, H.M., Khan, S.J., Lim, R., 
McDonald, J.A., Nice, H., Nugegoda, D., Pettigrove, V., Tremblay, L.A., Warne, M.S. 
J., Leusch, F.D.L., 2014. A national survey of trace organic contaminants in 
Australian Rivers. J. Environ. Qual. 43 (5), 1702–1712. https://doi.org/10.2134/ 
jeq2014.01.0012. 

Sheikh, Z.A., Ahmed, I., Jan, K., Nabi, N., Fazio, F., 2022. Haematological profile, blood 
cell characteristic and serum biochemical composition of cultured brown trout, 
Salmo trutta fario with respect to sex. Heliyon 8 (8), e10247. https://doi.org/ 
10.1016/j.heliyon.2022.e10247. 

de Siqueira, W.N., de França, E.J., Pereira, D.R., Lima, M., de, V., Silva, H.A.M.F., Sá, J.L. 
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