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HIGHLIGHTS

o The EFSA framework proved valuable in
analysing non-monotonic dose-response
(NMDR) patterns in ecotoxicological
studies.

e While 19 datasets met five or six
checkpoints, most fluoxetine datasets
lack strong evidence for NMDR
relationships.

e Many NMDRs were rejected due to
insufficient amount of tested concen-
trations or reliance on a single outlier.

o Studies focussing on mechanistic expla-
nations for NMDRs are limited.
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ABSTRACT

The environmental presence of pharmaceuticals, including the antidepressant fluoxetine, has become a subject of
concern. Numerous studies have revealed effects of fluoxetine at environmental concentrations. Some of these
studies have reported non-monotonic dose-response curves (NMDRs), leading to discussion because of the
inconsistent detection of subtle effects and lack of mechanistic understanding. Nevertheless, investigating
NMDRs in risk assessment is important, because neglecting them could underestimate potential risks of chemicals
at low levels of exposure. Identification and quantification of NMDRs in risk assessment remains challenging,
particularly given the prevalence of single outliers and the lack of sound statistical analyses. In response, the
European Food Safety Authority (Beausoleil et al., 2016) presented a framework delineating six checkpoints for
the evaluation of NMDR datasets, offering a systematic method for their assessment. The present study applies
this framework to the case study of fluoxetine, aiming to assess the weight-of-evidence for the reported NMDR
relationships. Through a systematic literature search, 53 datasets were selected for analysis against the six
checkpoints. The results reveal that while a minority of these datasets meet all checkpoints, a significant pro-
portion (27%) fulfilled at least five. Notably, many studies did not meet checkpoint 3, which requires NMDRs to
be based on more than a single outlier. Overall, the current study points out a number of studies with
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considerable evidence supporting the presence of NMDRs for fluoxetine, while the majority of studies lacks
strong evidence. The suggested framework proved useful for analysing NMDRs in ecotoxicological studies, but it
is still imperative to develop further understanding of their biological plausibility.

1. Introduction

At present, there are increasing concerns about the rising numbers of
pharmaceuticals ending up in the environment (Diaz-Camal et al., 2022;
Moreira et al., 2022; Singh et al., 2022). A class of pharmaceuticals that
has shown increasing environmental concentrations is that of antide-
pressants, related to the global increase in the prevalence of depression
(Gould et al., 2021; Polverino et al., 2021). Among these antidepressants
is fluoxetine, the active component of Prozac. Fluoxetine is a selective
serotonin reuptake inhibitor (SSRI). SSRIs are a widely prescribed class
of antidepressants that function by impeding the reuptake of serotonin
in the synaptic cleft, thereby prolonging its presence and intensifying its
effects (Ford and Fong, 2016; Gould et al., 2021). The primary target of
the SSRIs, the SERotonin Transporter (SERT), is conserved in a wide
range of species (Ford and Fong, 2016; Gould et al., 2021). Since SSRIs
are designed to be biologically active, behavioural effects can also be
expected in non-target organisms. Effects of fluoxetine at relatively low,
environmentally relevant concentrations have indeed been observed for
a number of species and endpoints. For example, changes in amphipod
activity (De Lange et al., 2006) and phototaxis (Guler and Ford, 2010),
mussel serotonin expression (Franzellitti et al., 2014) and nematode
activity and chemotaxis (Van der Most et al., 2023) were observed upon
exposure to fluoxetine in the concentration range of ng/L. Interestingly,
several of these studies detecting effects at low concentrations have
found non-monotonic dose-response relationships (NMDRs) (Ford and
Fong, 2016; Van der Most et al., 2023).

In an NMDR, effects observed at low concentrations are no longer
present at higher exposures. This is defined by a dose-response rela-
tionship where the direction of the slope of the dose-response curve
changes along the range of tested concentrations (Beausoleil et al., 2016;
Lagarde et al., 2015; Vandenberg, 2014) (Fig. 1). NMDRs are most
frequently found for endocrine disrupting chemicals (EDCs), such as
17p-estradiol, bisphenol a, and PCBs, but also for pharmaceuticals, nu-
trients and vitamins (Hill et al., 2018; Lagarde et al., 2015; Varret et al.,
2018). However, there is a lot of debate about the existence and rele-
vance of NMDRs, since they are not detected in many studies, the effects
are often somewhat subtle and studies often fail to provide a mechanistic
underpinning. The read-across hypothesis for estimating effects in
non-target organisms states that effects are only to be expected in
non-target organisms when the concentrations are similar to therapeutic
concentrations in a target organism (Ford and Fong, 2016; Rand-Weaver
et al., 2013; Sumpter et al., 2014). The effects in the range of ng/L are
sometimes difficult to reconcile with this read-across hypothesis
(Rand-Weaver et al., 2013; Sumpter et al., 2014), because at those ex-
posures internal concentrations in exposed organisms are far below
therapeutic concentrations. However, critique on this hypothesis has

also been raised, particularly emphasizing that SSRIs were found to have
several secondary modes of action, such as effects on serotonin receptors
and CYP450 enzymes, and interspecies variability in affinities for mo-
lecular targets exists, so that the read-across hypothesis might not apply
(Ford and Fong, 2016; Kullyev et al., 2010; Ranganathan et al., 2001).
An increasing amount of scholars consider that there is a plausible
explanation for NMDRs, and they have lately been more frequently re-
ported in literature (Beausoleil et al., 2016; Lagarde et al., 2015).

There are various mechanisms potentially explaining NMDR re-
lationships, ranging from receptor selectivity/competition to DNA
repair and dose dependent metabolism (Lagarde et al., 2015). However,
the applicability of NMDRs in risk assessment is still under debate
(Lagarde et al., 2015; Vandenberg, 2014). Some of the detected NMDR
relationships are based on single outliers and a sound statistical analysis
is often lacking, which is problematic from a regulatory perspective
(Beausoleil et al., 2016; Chevillotte et al., 2017; Lagarde et al., 2015).
Not taking into account NMDRs can however result in an underesti-
mation of adverse effects of chemicals, since these non-monotonic ef-
fects are generally detected below no observed adverse effect levels
(NOAELSs) or in some cases even below reference doses, as shown by
(Hill et al., 2018). So, when NMDRs are a likely phenomenon, it is
important to take them into account in risk assessments in a regulatory
framework.

In order to provide some standardisation for the detection, charac-
terisation and interpretation of NMDRs, the European Food Safety Au-
thority (EFSA) released a supporting publication by Beausoleil et al.
(2016) reviewing non-monotonic dose-responses of substances for
human risk assessment. In that review, six checkpoints were defined
which can be used to evaluate NMDR datasets. However, this framework
has up to this point only be applied to chemicals relevant for food safety.
Pharmaceuticals and compounds related to environmental risk assess-
ment of chemicals were not taken into account in previous analyses
(Beausoleil et al., 2016), while NMDRs have also been frequently re-
ported for those compounds, as illustrated by the example of fluoxetine.
Therefore, the current study aims to take a targeted approach by
applying the EFSA-framework to datasets reporting NMDRs of fluoxetine
for environmentally relevant endpoints. An additional objective of the
study is to check the applicability of the framework for environmental
toxicological studies.

2. Materials and methods
2.1. Systematic literature review: study selection and data extraction

Peer-reviewed publications on experiments testing ecotoxicological
effects of fluoxetine were searched for in SCOPUS with the following
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Fig. 1. Examples of monotonic (linear and sigmoidal) and non-monotonic dose-response (NMDR) curves.
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search terms: (TITLE-ABS-KEY (fluoxetine) AND TITLE-ABS-KEY (eco-
tox* OR (environmental AND tox*) OR (aquatic AND tox*) OR (terres-
trial AND tox*) OR (ecological AND risk AND assessment) OR
(environmental AND impact))). The search was performed in September
2023 and 759 abstracts were obtained. Because of the width of the
search terms and the number of hits, a follow-up was not deemed
necessary. These abstract were further scrutinized for relevance. Ab-
stracts were included, if they were an eco-/environmental toxicological
study with original experimental toxicity data and included a dose-
response relationship with exposure to fluoxetine. Supplementary
Table S1 outlines reasons articles were excluded. The final study and
dataset selection is summarized in Fig. 2. The supporting Excel file in-
cludes all 211 studies for which the full-text and the corresponding
datasets were considered. We distinguished between studies (peer-
reviewed scientific articles) and datasets (the actual dose-response
curves), so one study could comprise of multiple datasets. In the end,
only studies with at least 4 experimental doses of fluoxetine (additional
to the reference dose) showing an NMDR were included. This criterium
was based on the EFSA supporting publication (Beausoleil et al., 2016)
suggesting to apply the framework to NMDR studies with at least five
dose-groups (additional to the control). The relevant datasets were
extracted from the selected studies using WebPlotDigitizer v4.6 (http
s://apps.automeris.io/wpd/), reporting the mean, the standard error
or standard deviation and the sample size per dataset, which were used
for further analysis. Data were transferred to a text document as is
required for an input in the PROAST software (see section 2.2.2).

2.1.1. Framework for NMDRs

The framework suggested in the EFSA supporting publication
(Beausoleil et al., 2016) suggests six checkpoints to apply to NMDR
studies with at least five dose-groups, which can be summarized as
follows:

1. Can the apparent NMDR be explained by random fluctuations around
a horizontal dose-response (= no effect at all)?

2. Can the apparent NMDR be explained by random fluctuations around
a monotone dose-response (MDR)?

3. Can the apparent NMDR be explained by one single potential
outlying dose-group?
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4, Is the effect size in one of the directions of the NMDR smaller than 5
%?

5. Is the steepness of the dose-response curve outside the range of
biologically plausible/realistic dose-response shapes?

6. Does the apparent NMDR consist of more (or less) than two
directions?

We applied these checkpoints to the selected datasets to assess the
potential for NMDRs for fluoxetine. Answering ‘no’ to these checkpoints
indicates a higher likelihood of NMDR and the respective checkpoints
were considered as fulfilled.

2.1.2. Statistical analysis (checkpoints 1 and 2)

Checkpoints 1 and 2 focus on a statistical assessment, comparing the
non-monotonic dose-response models to the null model (checkpoint 1)
and the monotonic model (checkpoint 2). Dose-response analyses were
performed on all selected datasets in PROAST version 70.3 (RIVM,
https://www.rivm.nl/en/proast). PROAST has 56 different models, but
as suggested by Beausoleil et al. (2016), models 1, 5, 31 and 33 were
applied, where 1 is the null model, 5 is the monotonic model and 31 and
33 are two types of non-monotonic models (formulas in SI A2). PROAST
reports log-likelihoods, AICs, fitted model parameters and confidence
intervals. Statistical differences between models were determined with a
critical difference in log-likelihood, based on differences in the degrees
of freedom related to the amount of parameters in each model (See SI
A3).

2.1.3. Checkpoints 3 to 6

Checkpoint 3, that aims at determining whether the NMDR is based
on one outlier, was checked by manually drawing a monotonic line
through all confidence intervals plotted by PROAST. If this monotonic
model could be drawn with the exemption of only one outlier, the
answer to checkpoint 3 is YES and checkpoint 3 is not fulfilled. Check-
point 4 was determined by checking the maximum change in the
response in both directions. The NMDR fitted by PROAST was used for
the assessment of the effect sizes for checkpoint 4, even when the model
was not deemed significant based on checkpoints 1 and/or 2. Check-
point 5 judges if the steepness of the dose-response curve is reasonable
by evaluating the steepness parameter d (reported by PROAST). A
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.
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Fig. 2. Overview of the literature search for ecotoxicological studies reporting a NMDR after exposure to the SSRI fluoxetine, s = study, d = dataset.
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d value between 0.25 and 4 was deemed reasonable (Beausoleil et al.,
2016) and in case the value was outside of that range, checkpoint 5 was
not fulfilled. In some cases of the current study however, a steep
dose-response curve was calculated by PROAST, while this was not
necessarily the only option based on the data. In such cases, the d was
constrained to 0.25-4 and the log likelihood was compared to the
log-likelihood of the fitted model without the constrained d parameter.
If the log likelihood did not change considerably and the new model was
also significant, checkpoint 5 was met. Checkpoint 6 evaluates the
number of directions in the dose-response curve. According to Beausoleil
(2016), only 2 directions are reasonable. A smooth curve was manually
regressed through the confidence intervals with a minimal amount of
directions needed and then the number of directions was counted.
Datasets with one direction or more than two directions did not fulfil
checkpoint 6.

3. Results
3.1. Number of included studies and how many were non-monotonic

759 studies were found based on the initial literature search (Fig. 2).
Of these publications, 138 studies were selected to be relevant envi-
ronmental toxicology papers studying the effect of fluoxetine based on
the inclusion criteria (section 2.1) after reading the full-text (Fig. 2). Out
of the 138 studies, 33% (46 studies) showed a non-monotonic pattern in
at least one of the datasets (Fig. 3). According to the framework
(Beausoleil et al., 2016), only studies with 5 or more doses (additional to
the control) showing a NMDR curve should be included. Fig. 3 indicates
that many of the studies with fluoxetine tested only 2, 3 or 4 doses in
addition to the control. Only 12 studies that showed an NMDR pattern
tested at least five doses (in addition to the control) and within those
studies, 36 datasets gave an indication of an NMDR (Fig. 2). To extend
the number of studies for inclusion, also studies and datasets with 4
doses in addition to controls were included, adding 9 studies with 17
datasets (Fig. 2). So in total, 53 datasets were analysed using the six
checkpoints.

3.2. Amount of datasets and how many checkpoints they fulfil

The analysis of to what extent the 53 datasets fulfil the six check-
points is summarized in Fig. 4. Out of the 36 datasets with 5 doses
(+control), four fulfilled all of the six checkpoints, while six satisfied five
checkpoints. Only one of the studies with 4 doses (+control) adhered to
all checkpoints and eight fulfilled five checkpoints. Datasets fulfilling 5

30
NMDR in at least
one dataset
» No NMDR
2 204
ge]
-]
b
7]
‘o
3 101
0‘ T T .l T T

Y hH 6 A D OO N0
# of doses (additional to control)
Fig. 3. The number of ecotoxicological studies testing the effect of fluoxetine,

plotted against the number of doses (in addition to controls) in the experiment
and the presence of an apparent NMDR in at least one dataset.
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Fig. 4. A histogram plotting the number of datasets against the number of
checkpoints fulfilled, for studies with 4 doses and studies with at least 5 doses
(in addition to the control).

or 6 checkpoints were considered to have the more robust evidence of an
NMDR, and the characteristics of these datasets are outlined in Tables 1
and 2 for further discussion.

Fig. 5 describes the percentage of datasets that fulfilled a specific
checkpoint. It is clear that most of the datasets (only 12%) did not fulfil
checkpoint 3 that states that an NMDR curve should not depend on just
one outlier, which implies that for 88% of the studies the NMDR depends
on just one outlier. Checkpoints 1 and 2 checking the significance from
the null-model and a monotonic model were met by more than 50% of
the studies and checkpoint 4 (stating that the effect size should be >5%)
by almost all studies. Checkpoints 5 analysed the reasonability of the
steepness of the dose-response curve and was only satisfied by around
40% of the datasets, but this checkpoints was only evaluated for datasets
that satisfied both checkpoints 1 and 2. Therefore, the number of
datasets evaluated for checkpoint 5 was only 28 out of 53 datasets and
out of those 28, 21 (75%) actually fulfilled checkpoint 5.

4. Discussion
4.1. Study selection and number of datasets as outcome

The total of 759 studies initially selected based on the search terms
covered a wide range of studies on fluoxetine, also including many studies
without an indication of an NMDR. Contrary to former review studies
focussing on non-monotonic dose-response curves (Beausoleil et al., 2016;
Lagarde et al., 2015; Varret et al., 2018), our search terms did not spe-
cifically include words such as non-monotonic/hormesis/U-shaped. A
significant benefit of this approach is that there was no search bias to-
wards studies already reporting NMDR patterns. This means that also
studies not specifically reporting an NMDR or hormesis were included in
the analysis. Most of the identified studies (Tables 1 and 2) mention
non-monotonicity somewhere in their discussion, but not in the abstract,
so those studies would have been missed. Furthermore, the limited bias
also allowed for an analysis of the total percentage of ecotoxicological
studies with fluoxetine showing a non-monotonic dose-response curves.
We could still have missed some fluoxetine studies that did not specif-
ically mention environmental toxicology or similar terms. As indicated,
around one third of the studies (46 out of 138) showed some kind of
NMDR in at least one of the endpoints (Fig. 3). This in itself already in-
dicates the importance of analysing the weight of evidence of these NMDR
curves for fluoxetine. However, since many of the toxicological studies
used only a few dose-groups, only 21 out of the 46 studies were selected
for further analysis of the NMDR, of which only 12 studies had 5 doses or
more in addition to the control.
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Table 1
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Studies with 5 or more doses (additional to the control) that met at least 5 of the checkpoints, cp = checkpoint.

Date Authors Species Endpoint # of Tested dose range Lowest sign. effect Shape  # of cps fulfilled (cp not
doses conc. fulfilled)
2021 Al Shuraiqi et al. Zebrafish Swimming speed 7 5-5000 ng/1 5ng/1 U 6
2016  Rivetti et al. Daphnia phototactic index 7 0.1mg/1-100pg/1 1 ng/l 1) 6
magna
2023  van der Most C. elegans Chemotaxis index 7 1 ng/1 - 100 mg/1 1 ng/1 U 6
et al.
2014  Franzellitti et al. Mussels pka activity mantle/ 5 0.03 ng/1 - 300 0.03 ng/1 U 5(3)
gonads ng/1
5-HT mRNA expression 0.03 ng/1 n 5(3)
5-HT mRNA expression 0.03 ng/1 n 5(3)
ABCB mRNA expression 0.3 ng/1 U 6
2015  Maranho et al. Amphipod DBF 5 0.01-100 ng/g 1ng/g U 5(3)
GST 0.1 ng/g 1) 5(3)
EROD 0.1 ng/g U 503)
Table 2
Studies with 4 doses (additional to the control) that met at least 5 of the checkpoints, cp = checkpoint.
Date Authors Species Endpoint # of Tested dose Lowest sign. effect Shape  # of cps fulfilled (cp not
doses range conc. fulfilled
2014  Bossus et al. Amphipod Gene expression - 4 0.001-1 pg/1 1 ng/1 U 503)
NEUC
2019  deFariasetal.  Zebrafish Swimming time 4 0.88-500 pg/1 0.88 pg/1 0) 5(3)
(embryos)
2019  Duarte et al. Common goby EROD 4 0.1-100 pg/1 0.5 pg/1 n 5(3)
GST 0.5 pg/1 n 5(3)
2004  Foran et al. Japanese Medaka Plasma estradiol 4 0.1-5 pg/1 0.1 pg/1 N 5(3)
females
2015  Oliveira et al. Springtail AChE activity 4 0.04-40 mg/kg 0.4 mg/kg 0) 5(3)
2010  Guler and Amphipod phototaxis index trial 2 4 0.01-10 pg/1 0.01 pg/1 N 5(3)
Ford geotaxis index trial 1 - n 5(3)
geotaxis index trial 2 0.1 pg/1 n 6
in-depth statistics, but the results indicate quite similar percentages,
1004 slightly higher for the current study. Notably, checkpoint 3, stating the
(o] NMDR should not solely rely on a single outlier, was only satisfied by
é 80- 12% of the datasets reporting NMDRs (Fig. 4). This implies that for 88%
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Fig. 5. The percentage of datasets (out of 53) fulfilling each spe-
cific checkpoint.

4.2. Weight of evidence of reported NMDR curves for fluoxetine based on
assessment of the checkpoints

Among the 53 datasets scrutinized, only 19 datasets met a minimum
of five checkpoints, as illustrated in Fig. 3. Tables 1 and 2 provide
additional details on these datasets. Among datasets including at least 5
doses, only 11% (4 out of 36) satisfied all six checkpoints, while 28% (10
out of 36) fulfilled at least five of the checkpoints. In a comparable
analysis focussing solely on chemicals relevant for food safety
(Beausoleil et al., 2016; Varret et al., 2018), the corresponding per-
centages were 6% and 20%, respectively. The total number of datasets
included in this previous and the current study are too small to perform

Even though the analysis excluded many NMDR datasets, a sub-
stantial number of datasets satisfying at least five checkpoints remained,
suggesting the potential occurrence of NMDR effects following exposure
to fluoxetine. However, to confirm this, an analysis of the biological
plausibility with a mechanistic explanation becomes pertinent, as dis-
cussed in the next section. Moreover, Beausoleil et al. (2016) state that
‘convincing evidence of NMDR always requires at least one other inde-
pendent study, performed in another laboratory and examining the same
substance-endpoint combination, which reproduces the non--
monotonicity.” This is not yet the case for the studies we selected and we
therefore recommend a repetition of those studies by different inde-
pendent laboratories, and applaud journals to publish such results.

4.3. Mechanistic explanations and biological plausibility
Of the 11 studies reporting the 21 datasets in Tables 1 and 2, only

seven provide a clear mechanistic explanation of the NMDR. Some
propose the potential involvement of the desensitization of G-protein
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coupled receptors (GPCR) (Bossus et al., 2014; Guler and Ford, 2010;
Rivetti et al., 2016; Van der Most et al., 2023). GPCR desensitization is a
process where receptors become less responsive to stimulation after
prolonged or repeated exposure to a ligand, such as serotonin. This type
of negative feedback prevents overstimulation, and can, for example,
also lead to a decrease in serotonin release (Guler and Ford, 2010). The
desensitization is more pronounced and rapid at higher concentrations
of the ligand, which could explain NMDR by reducing the sensitivity of
the system with increasing dose. Foran et al. (2004) do not specifically
mention GPCR desensitization, but emphasize the potential of regula-
tory biofeedback mechanisms to mitigate the increase in serotonin
levels. Other ways of biofeedback are also mentioned, such as an in-
crease in serotonin receptor expression to replace old receptors
(Franzellitti et al., 2014). The finite amount of endogenous serotonin
present could also lead to a saturation of the effect (Bossus et al., 2014;
Guler and Ford, 2010). Furthermore, serotonin and fluoxetine are both
known to have multiple molecular targets and if these have different
sensitivities or affinities and result in opposing effects, this could also
result in an NMDR (Van der Most et al., 2023).

Duarte et al. (2019) observed NMDR patterns for assays of the
detoxification enzymes CYP450 (EROD activity) and GST, examining
the metabolic activity in fish. They found an inverted U-shaped
dose-response relationship to the exposure of the common goby
(Pomatoschistus microps) to fluoxetine, with an increase in EROD and
GST activity at lower concentrations, but a return to baseline levels at
the higher concentration. The hypothesized mechanisms behind this
NMDR are different from the proposed modes of action for the NMDR for
other types of endpoints. The authors suggest the possibility of down-
regulating genes associated with detoxification pathways or direct
enzyme inhibition by fluoxetine and its metabolites (Duarte et al.,
2019). Since EROD and GST activity are different endpoints than the
behavioural and neurotoxic endpoints tested by the other studies, the
mechanistic explanation for the NMDR is also different. Interestingly,
Maranho et al. (2015) performed similar assays, but with amphipods
instead of fish, and actually observed the opposite result: a U-shaped
instead of an inverted U-shaped dose-response curve for EROD, GST and
DBF (biomarker for CYP3A4) activities in amphipods with increasing
concentration of fluoxetine. However, the authors acknowledge that the
physiological mechanism underlying this observation is still unknown
(Maranho et al., 2015). None of the studies from Tables 1 and 2 actually
performed follow-up experiments to elucidate the suggested mecha-
nisms for non-monotonicity of the observed dose-response curves.

Several studies have focussed on specific elements of the aforemen-
tioned theorized mechanisms. For instance, receptor internalization, a
process that often follows receptor desensitization, was observed in
human cells when exposed to exogenous serotonin (Bohn and Schmid,
2010). It is essential to note that this was specific to external serotonin
exposure rather than fluoxetine exposure, but similar effects could be
expected, since fluoxetine exposure results in an increase of serotonin in
the synaptic cleft. Another study, by Winder et al. (2009), looked at the
effects of fluoxetine on serotonin levels in sheepshead minnow Cypri-
nodon variegatus. They investigated the ratio between 5-hydroxyindole-
acetic acid (5-HIAA), a metabolite of serotonin, and serotonin (5-HT).
The 5-HIAA/5-HT ratio was increased for higher concentrations of
fluoxetine and the researchers suggested that this was linked to an
elevated biotransformation of serotonin at the higher dose levels. This
would confirm the negative feedback theory concerning serotonin
levels. Nevertheless, the potential influence of opposing molecular tar-
gets in these processes cannot be disregarded. For instance, in the
nematode C. elegans, two serotonin producing neurons were found to
exhibit opposing effects on the nematode’s locomotion (Churgin et al.,
2017). Through one neuronal pathway serotonin encourages explora-
tion (roaming), while via another neuronal pathway, it facilitates a
sedentary state (dwelling). Hence, serotonin can both enhance and
decrease locomotion in C. elegans, and if this is also the case for other
species, it could also be a potential explanation for an NMDR provided
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these receptors are activated at different concentrations. These examples
indicate that different mechanisms could be involved in the occurrence
of NMDRs, and might operate simultaneously. However, a specific study
validating this for fluoxetine exposure over a range of concentrations is
lacking. Furthermore, the studies did not measure internal concentra-
tions or discuss the read-across hypothesis, a commonly mentioned
criticism on the presence of NDMRs.

4.4. Studies not detecting NMDRs

Up to this point, we have focussed on the studies which reported
NMDR curves for which we evaluated the weight of evidence using the
six checkpoints. However, as indicated, two third (92 out of 138) of the
environmental toxicology studies with fluoxetine did not find an NMDR
relationship in any of their studied endpoints. To gain further insights
into these studies, this paragraph further discusses the 17 studies that
used at least six experimental concentrations in addition to the control
(see SI Excel 5). Of these 17 studies, 3 look at cell viability (Caminada
etal., 2006; Fernandez et al., 2013; Schnell et al., 2009), 3 focus on algae
or phytoplankton (community) growth or photosynthesis (Backhaus
et al., 2011; Bi et al., 2018; Grzesiuk et al., 2016), and 5 examined
endpoints such as mortality, development, and teratogenic effects (Di
Poi et al., 2014; Orozco-Hernandez et al., 2022; Richards and Cole,
2006; Schweizer et al., 2022; Van de Maele et al., 2021). The experi-
mental design of those studies was thus less aimed at measuring end-
points directly relating to the serotonin nervous system, which might be
a reason for the absence of NMDRs. However, 5 of the 17 studies actually
examined behavioural endpoints (Atzei et al., 2021; Fong and Molnar,
2008; Margiotta-Casaluci et al., 2014; Varano et al., 2017; Zindler et al.,
2020). An investigation of zebrafish visual motor response detected a
LOEC for fluoxetine of around 90 ng/L (Zindler et al., 2020) and
freshwater bivalve spawning was affected at 3 pg/L, reporting a
PEC/PNEC of 14.2 (Fong and Molnar, 2008). So, while these studies on
fluoxetine did not detect an NMDR, they did find behavioural effects at
low concentrations.

However, the three other studies detected effects only at higher
concentrations. The reported EC50 for chronic effects of fluoxetine on
D. magna reproduction was much higher (0.23 mg/L) (Varano et al.,
2017). It is worthy to note that the authors did not examine doses lower
than 0.05 mg/L, so the range of tested concentrations is limited. The
effect of fluoxetine on zebrafish embryos was tested through the
light-dark transition test at a wide range of concentrations (0.00001-10
pM) and a BMC5 of 0.05-0.2 mg/L was detected (Atzei et al., 2021). A
study using the fathead minnow tank diving test also examined a wide
concentration range (0.1-64 pg/L) and reported monotonic behaviour
with a LOEC of 38 pg/L (Margiotta-Casaluci et al., 2014). Interestingly,
the latter study also measured bioaccumulation and compared fish in-
ternal concentrations to Human Therapeutic Plasma Concentrations
(HtPCs). The results obtained showed that only internal concentrations
above the HyPCs induced anxiolytic response, which validates the spe-
cies read-across hypothesis (Margiotta-Casaluci et al., 2014; Rand--
Weaver et al.,, 2013). As mentioned previously, the effects at low
nominal concentrations in the range of ng/L are sometimes difficult to
reconcile with the read-across hypothesis, so it is relevant that Mar-
giotta-Casaluci et al. (2014) validated this hypothesis for read-across
from one species to another to obtain insight in adverse effects of
fluoxetine. However, bioaccumulation can still vary between species
and that SSRIs are also known to have multiple molecular targets, and
the presence, role, and affinity of the molecular targets can be
species-specific may hamper such read-across (Ford and Fong, 2016).
Furthermore, the therapeutic effects of fluoxetine are hypothesized to be
related to long-term neuroadaptive changes, such as changes in neuro-
plasticity, serotonin release and receptor gene expression (Harmer et al.,
2017). These neuroadaptive changes could also vary between species.
Therefore, these other modes of actions, neuroadaptive changes, and
species-specific bioaccumulation and target-affinities should first be
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established to further validate the read-across from one species to
another for fluoxetine.

The analysis in this section points out that the presence or absence of
NMDRs was not consistent among studies. Two of these studies tested
behavioural endpoints with a wide range of doses and did not detect
NMDRs. This inconsistency emphasizes the importance of replicating
previous studies, whether they are reporting NMDRs or not, in order to
gain further insights into these contradictions. The type of endpoint
measured or species studied appeared to be relevant for the detection of
NMDRs. However, it is also important to note that endpoints such as
behaviour have in some cases shown higher variability in their outcomes
and are context-dependent, making it difficult to detects subtle effects
(Agcrstrand et al., 2020; Butcher et al., 1979; Ford et al., 2021; Jirkof
et al., 2020; Pacholski et al., 2017). Therefore, standardization of
behavioural endpoints and characterization of intra- and interlaboratory
variability as well as of species variability is essential in improving the
reliability of studies reporting the presence but also of studies reporting
the absence of NMDRs (/D%gcrstrand et al., 2020; Ford et al., 2021).
Especially if an NMDR is dependent on a single outlier, the results should
be interpreted with care, and studies should be repeated.

4.5. The translation of NMDR effects to population level responses and
biodiversity impacts

For the datasets meeting at least five of the checkpoints, the con-
centrations at which significant effects occur are low and environmen-
tally relevant, often within the nanograms per liter range (Tables 1 and
2). This implies that these responses may have implications in the
environment and should therefore be taken into account in environ-
mental risk assessment. However, it is important to highlight that non-
monotonic dose-responses were mostly detected at the molecular
level, encompassing gene expression and enzyme activities (as delin-
eated in Tables 1 and 2). Additionally, certain NMDR curves were re-
ported for behavioural effects such as alterations in photo/geo/
chemotaxis and swimming speed/distance (Tables 1 and 2). Behaviour is
known to be a subtle endpoint, often characterized by high variability,
which makes the detection of NMDRs even more challenging. Moreover,
how these molecular, cellular and organismal responses translate into
responses on a population level or even impacts on biodiversity (as
shown in Fig. 6), remains to be determined (Committee et al., 2021).
None of the studies we identified found such NMDRs for population level
responses. This translational aspect to adverse effects is relevant for
emphasizing the importance of these NMDRs for environmental risk
assessment.

4.6. Suitability of the framework for ecotoxicological studies

The results of the present study reveal that the framework
comprising six checkpoints was straightforward to apply and instru-
mental in assessing the likelihood of NMDR curves for the fluoxetine
datasets. Nonetheless, working with this framework did raise some
questions regarding certain checkpoints that may require further
consideration. Checkpoint 3, that states that the presence of an NMDR
should not be based on one single outlier, also takes the control into
account as a potential outlier. However, when a control is well
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characterized, within normal physiological boundaries and has shown
limited variability in previous independent experiments, it could
potentially be deemed trustworthy and may not necessarily be consid-
ered an outlier. This is especially important for ecotoxicological studies,
where it is often not feasible to test many replicates and concentrations
in vivo. The validity of the control response may be verified with other
studies or experiments, which may provide further justification. If the
control would not be considered an outlier, three times more studies
would fulfil checkpoint 3 (SI A4), increasing the likelihood of NMDRs.

Furthermore, the usefulness of checkpoint 4, only including studies
with an effect size greater than 5%, can be questioned. Ecotoxicological
in vivo endpoints often display a relatively high variation compared to
in vitro endpoints. This also results in a higher standard deviation and an
effect size of 5% is therefore not likely to be reported as a significant
effect. Hence, in case in environmental studies effects are significant, the
study most likely meets checkpoint 4.

Finally, checkpoint 6 asserts that an NMDR curve should only have
two directions, as three directions are deemed biologically implausible.
However, it is worth noting that three-directional curves have also been
reported (Hill et al., 2018; Van der Most et al., 2023). At high concen-
trations, the feedbacks could be insufficient to counteract the effects, or
alternative mechanisms, such as mortality, could induce a third phase in
the dose-response curve’s slope trajectory. A few of the datasets from the
53 analysed datasets have shown these kind of three-directional NMDR
curves (as outlined in SI A5, Fig. S2 and Table S3). However, none of the
dose-response models in PROAST have the capability to analyse three
directions. To address this, we excluded the final doses of datasets that
produced the third direction, thus generating two-directional dose-res-
ponse datasets. Nevertheless, none of these adjusted datasets fulfilled at
least five of the checkpoints, so this was not deemed relevant for this
analysis (SI A5). Three-directional dose-response models are also
available and could be used for future analysis (Di Veroli et al., 2015;
Van der Most et al., 2023).

4.7. Future evaluation of non-monotonic dose-response curves

In summary, the framework suggested by Beausoleil et al. (2016) was
demonstrated to be useful in assessing NMDR curves in ecotoxicological
studies. Applying the six checkpoints through statistical analysis in
PROAST provided a straightforward method for evaluating the NMDRs.
While 19 datasets fulfilled at least five of the checkpoints, the majority of
studies lacked sufficient evidence for NMDRs. Many initially identified
NMDR curves were rejected due to factors such as a low number of
doses, insignificantly improved models compared to null or monotonic
models, or reliance on a single outlier. While the selected studies offered
insights into the occurrence of NMDRs, they did not provide clear
mechanistic explanations underlying the non-monotonic responses. As
discussed, the applicability of the read-across hypothesis for fluoxetine
also has to be further validated. We therefore suggest future studies
should focus on elucidating the mechanisms behind fluoxetine-induced
NMDR curves, and on determining the role of secondary modes of ac-
tion, and species-specific bioaccumulation, target-affinities, and neuro-
adaptive changes. Additionally, we recommend replicating some of the
studies listed in Tables 1 and 2 in different laboratories to verify the
reproducibility of the results. As indicated, NMDRs have been reported
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Fig. 6. Responses among different levels of biological organisation. How non-monotonic organismal responses translate to population level and biodiversity impacts

remains to be established.
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for a multitude of EDCs, pharmaceuticals, nutrients, and vitamins (Hill
et al., 2018; Lagarde et al., 2015; Varret et al., 2018). The framework
used in the present review to evaluate NMDRs has been applied before
by EFSA to evaluate for example bisphenol A, chlorpyrifos, and PCBs
(Beausoleil et al., 2016). The present study was a case-study applying
this targeted approach for a compound relevant for environmental risk
assessment, fluoxetine. The results obtained indicate that a similar
approach could be used to test the weight of evidence of the reported
NMDRs for other (groups of) compounds relevant for environmental risk
assessment.

Future studies should be designed to also include low-dose levels, to
be able to detect NMDR relationships at environmentally relevant con-
centrations. The absence of low-dose testing may lead to overlooking
NMDRs and severely underestimating environmental risks. However,
conducting experiments with extensive replicates at various concen-
trations in vivo is not always feasible, which may hamper applying this
framework for environmental risk assessment of chemicals. New
approach methodologies (NAMs) could offer a solution (Committee
et al., 2021). NAMs devoid animal testing, while using a wide range of
technologies, methodologies and approaches, such as in silico, in vitro
and ex vivo approaches (Stucki et al., 2022). These approaches could
both help in elucidating the mechanisms behind non-monotonic re-
sponses and could also allow for high-throughput screening to test for
the potential of NMDRs and the use of an adequate number of concen-
trations tested in addition to the control. However, in vivo experiments
are still relevant in confirming these responses at a whole organismal
level and to confirm the transfer to population level responses. To
conclude, the current evaluation of the existing datasets on ecotoxico-
logical effects of fluoxetine points out a few studies with considerable
evidence, but also shows that many studies fail to provide substantial
proof, due to a limited amount of tested concentrations or the reliance
on a single outlier. Consequently, the recommendations outlined for
future studies hold considerable importance.
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