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ABSTRACT

Wildlife can be exposed to human pharmaceuticals via prey that have accumulated the compounds from
wastewater, surface water, sediment and soil. One factor affecting internal absorption of
pharmaceuticals is bioaccessibility, the proportion of the compound that enters solution in the
gastrointestinal tract. Currently, the bioaccessibility of most pharmaceuticals in prey remains unknown
for most wildlife species. Here, we evaluate the potential of a two-compartment in vitro gastrointestinal
tract model to compare the bioaccessibility of the antidepressant fluoxetine from invertebrate prey for
birds and mammals. Samples of gizzard (or stomach) and intestinal phase digestive juices were obtained
from the in vitro models along with the residual solid material. HPLC analysis revealed that the
bioaccessibility of fluoxetine in the avian in vitro models (75.9% and 78.6%) was statistically
significantly lower than in the mammalian models (88.2-89.6%) as a percentage of what was recovered;
however there were no statistically or biologically significant inter-species difference in terms of the
amount recovered per gram of ‘food’ inserted at the start of the simulation. Nevertheless, this in vitro
model provides a useful method of comparing the bioaccessibility of pharmaceuticals in different prey
for species with different gastrointestinal conditions. There may be merit for ecological risk assessments

in further developing this in vitro approach to improve estimates of internal exposure for organics.
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INTRODUCTION

Over the last 15 years there has been increased attention on the dispersal and effects of active
pharmaceutical ingredients (APIs) into/in the natural environment [1], but the potential risks of
pharmaceuticals in the environment to mammalian and avian species are only just starting to be studied
(e.g.[2-6]). One approach that has been proposed for estimating the impacts of pharmaceuticals on
organisms in the natural environment is to read-across from the wealth of data that are available on the
safety and pharmacology of pharmaceuticals for humans and model mammals [7, 8]. The read-across
approach has already shown utility for evaluating the effects of selected pharmaceuticals on fish [9, 10].
As extensive in vivo testing is usually done on pharmaceuticals using laboratory mammalian species
(e.g. rodents), the read-across approach could be particularly helpful in understanding potential impacts

on birds and mammals in the environment.

One factor that will likely need to be considered in applying the read-across approach is
bioaccessibility [7, 11]. Bioaccessibility is defined as the percentage of the pharmaceutical that goes
from the ingested matrix (e.g. tablet, food or soil) into the digestive juices. While bioaccessibility does
not necessarily equate to bioavailability (the percentage of the dose that reaches systemic circulation),
an understanding of how much of the ingested contaminant is available for uptake is an important
stepping stone towards predicting internal concentrations in an organism. As digestive systems of
different species vary in terms of temperature, enzymatic composition, gastrointestinal tract transit time
and physical breakdown [12-14], the degree of bioaccessibility of a pharmaceutical will vary in different
species types. To add further complexity, it has also been demonstrated bioaccessibility will vary across
different ingested matrices (e.g. soil, plant, fish and meat) [15-17]. Given these many sources of
diversity in bioaccessibility, in vivo measurements of bioaccessibility relevant to ecologically relevant

exposure scenarios are impractical. However, the use of in vitro approaches may provide the solution.

In vitro test systems, such as the Physiologically based extraction test (PBET), that simulates gastro-
intestinal conditions, have already been developed and validated for assessing the bioaccessibility of

trace metals for several organisms including humans, [12, 14, 17-22], small mammals [23, 24] and birds



[13, 25, 26]. PBETs have been used in a variety of applications including testing the safety of children’s
toys containing metals [27], in the assessment of contaminated land [11, 28] and to assess the risks
presented by lead shot to wild birds [13]. Assessments for organics have largely been limited to poly-

aromatic hydrocarbons (PAHs) in humans [29, 30].

It has been suggested that PBETSs could play a wider role in the assessments of risks of chemicals
to wildlife by helping to adjust for differences in bioaccessibility [31, 32]. However, as yet the
approach has not been used for environmental risk assessment of pharmaceuticals. In this paper we
therefore describe the application of a PBET approach to develop an understanding of the differences
between humans and birds. We illustrate the approach using earthworms spiked with the selective
serotonin reuptake inhibitor fluoxetine. As a secondary amine, the uptake of fluoxetine across lipoidal
membranes is strongly affected by pH close to its pKa of 10.06 [33]. At a basic pH, the Log Dow
(Octanol water distribution coefficient) of fluoxetine reduces, fluoxetine becomes increasingly present
in its ionised form (AH+ is more easily dissolved in water than the non-ionised A species). The
ionised form is less soluble than the unionised form and cannot cross lipid cell membranes in the
intestine to reach the blood as easily. Thus the accumulation and toxicity of amines such as fluoxetine
varies considerably at pH values just below the pKa due to the reduction in hydrophobic non-ionised

species with decreasing pH [34].

While the present study has only investigated one pharmaceutical, food type and wildlife species,
in the future it could be applied to a wider range of active ingredients, food items and wildlife species.
Fluoxetine is the study compound in a series of in vivo uptake and effects studies we have performed
using starlings (Sturnus vulgaris) [Bean et al. submitted and 35]. In these studies, concentrations of
fluoxetine in plasma and tissues of the birds were much lower than anticipated based on uptake into
humans. The in vitro investigations conducted here provide us with an opportunity to explore whether
the differences observed in vivo are due to differences in bioacessibility or whether other factors are

at play.



MATERIALS AND METHODS

Test chemicals and soil

Fluoxetine (=98%), pepsin, pancreatin, malate, bile extract and sodium bicarbonate extract were
obtained from Sigma Aldrich (Dorset, UK). Lactic acid, citric acid, acetic acid and methanol (High
Performance Liquid Chromatography [HPLC] grade 99.9%) were obtained from Fisher Scientific

(Loughborough, UK).

A sandy loam (pH 6.47) soil was collected from an unpolluted site (N 53.957045, W -1.137880) for
use in the earthworm exposures. Roots and stones were first removed by hand. The soil was air dried
for 24 h before passing through a 2 mm sieve. Details of how moisture content and maximum water

holding capacity were determined are given in Supplemental Data.

Exposure of earthworms to fluoxetine

Earthworm prey were first exposed to fluoxetine: A colony of Eisenia fetida were obtained from
The Food and Environment Research Agency (FERA York, UK) and maintained at optimal conditions
[36], for 3 wk until a sufficient number of individuals weighed 0.5 g £ 0.1 g. Then, individuals were
removed from the colony, soil, which had adhered to the earthworm, was removed by holding the
earthworm with a pair of blunt ended forceps and pipetting deionised water. Earthworms were dabbed

dry on paper towels prior to inserting into their individual exposure jars.

To expose individual earthworms to fluoxetine, 50 g of moist soil was weighed out into individual
glass jars (approximate volume of jars was 100 mL). Soil was either spiked with 1 mL of fluoxetine
solution, (30 mg/mL fluoxetine dissolved in methanol) to give an expected fluoxetine concentration of
600 ng/g soil. A fluoxetine concentration of 0.37 ug/g is an environmentally relevant concentration in
treated sludge [1], while 0.019 pg/g is predicted for soil [37, 38]. The spiking concentration for soil was
based on previous work on uptake of fluoxetine into earthworms [37], and was selected to yield a
concentration of fluoxetine in earthworms of at least 60 pug per earthworm. The concentration in

earthworms after 21-d was required to be greater than an environmentally realistic level to ensure levels



in digestive juice and RSM samples were above the limits of quantification of the of the HPLC analysis
method (see Chemical analyses and Supplemental Data). The soil for the control group was spiked with
1 mL of methanol. After spiking, the soil was left for 2 h before stirring with a spatula. Jars containing

soil were left for 48 h prior to adding a single earthworm to each jar.

The soil in each jar was made up to 60% of Maximum Water Holding Capacity (MWHC) with
deionised water on a balance (Sartorius LL.4800P); the balance was then tared and the earthworm was
added. The earthworm weight was recorded to 0.01 g. Earthworms were provided with a small amount
of food, approximately 0.1 g of dried mashed potato powder, by sprinkling a thin layer on to the surface
of the soil. To prevent earthworms from escaping, jars were covered with a square of garden fleece held
in place by an elastic band. Earthworms were kept in a Controlled Environment room (20°C, 70%

humidity, 16 h light and 8 h dark).

To control for the effect of soil moisture content on uptake into worms, the soil moisture content
was maintained at 60% MWHC over the 21-day exposure period. This was achieved by adding the
required mass of deionised water daily to return the jar to its starting mass [36, 37]. A small amount of
food (<0.5 g) was also re-applied as necessary, approximately every other day. The start of the
experiment was staggered so that the PBETs were carried out on nine separate days (see Supplemental

data).

Physiologically based extraction tests (PBETs)

Relative bioaccessibilities for the mammalian and avian digestive systems were quantified by
inserting earthworms (Eisenia fetida), along with soil which had adhered to the worm, into the human
and avian PBETs. The earthworms were not cleaned first in order to mimic avian foraging behaviour

in the wild.

In total 5 PBETSs were conducted: 2 avian PBETS (siliceous (Si) grit gizzard and calcareous (Ca) grit
gizzard) and 3 for mammals (recently fed = pH 4, average = pH 2.5 and fasted (pH1.3). These PBETs
were designed to cover the broad range in digestive tract conditions for birds and mammals. To simulate

uptake of fluoxetine by wild birds, we inserted earthworms, which had been exposed to fluoxetine in



the soil, directly into each PBET. The mean mass of adhered soil was 0.155 g £ 0.042 g (determined by
rinsing the soil from 4 earthworms that did not go into a PBET). To humanely kill the earthworms, the
tubes containing the earthworm were placed in a -20°C freezer and brought back up to room temperature

prior to digestion in the simulated gastrointestinal tract.

In addition to the fluoxetine and control earth earthworms, we also ran blank PBET's containing no
food. All simulations were performed in triplicate as is widely used in PBETs (e.g., [12-15] (see

Supplemental Data for details of experimental structure).

From each PBET, samples of stomach (mammals) or gizzard (bird) and intestinal digestive juice
were obtained. Digestive juice samples were centrifuged and extracted with solvent, passed through a
0.2 um polytetrafluoroethylene (PTFE) syringe filter and analysed by HPLC with fluorescence
detection (see High Performance Liquid Chromatography and Supplemental Data). The residual solid
material (RSM) remaining at the bottom of the intestinal digestive juice sample was also extracted as
in Martinez-Haro et al. [13]. The fluoxetine recovered at the end of the intestinal phase was the total
bioaccessible amount and the total fluoxetine recovered was given by the sum of intestinal fluoxetine

and RSM fluoxetine.

Mammalian models based on Human PBET

The mammalian models (were adapted from the human PBETs of Li and Zhang [12], Ruby et al.
[14] and the mammalian adapted human PBETs of Moriarty et al. [24] and Kaufman et al.[23] (see
Figure la and Supplemental Data for further details). Mammalian PBETs were carried out in 50 mL
centrifuge tubes using stomach digestive juice at three different pHs, to account for the effect of time
since the last meal on stomach pH. Stomach digestive juices were prepared in conical flasks by adding
pepsin (1.25 g/L), malate, citrate (both 0.5 g/L), lactic acid (420 uL/L) and acetic acid (500 uL/L) to
deionised water. Stomach digestive juice was adjusted to one of three pH values using concentrated
(35%) HCI: pH 1.3 was used to represent fasted conditions, pH 2.5 represented average stomach

conditions and pH 4 recently fed conditions and then warmed to 37°C in a water bath [14].



To begin the mammalian PBET simulations, whole earthworms and any adhered soil were added to
tubes intact along with 20 mL of stomach digestive juice. The head space was purged with N, to create
a low oxygen environment. Tubes were placed in the shaking incubator at 37°C but were not shaken
for 10 min as in Ruby et al. [14], after which tubes were shaken at 250 rpm for 1 h in total. At three
time points (every 20 min) during this hour, shaking was stopped and a 1.5 mL aliquot of the stomach
digestive juice was taken from each tube and, and replaced with a fresh 1.5 mL of gastric solution. The
stomach digestive juice samples were transferred to a 1.5 mL sealed microcentrifuge tube and
immediately centrifuged (10 min at 11,000 x g). The supernatant was decanted into a fresh tube and

stored at -20°C.

Once the stomach simulation was complete, the digestive juice in each simulation tube was adjusted
to pH 7 with NaHCOs; powder (intestinal pH) [21]. For the pH 1.3 simulation, the worm had completely
disintegrated after 1 h, pH 2.5 had partially disintegrated but at pH 4 the worm could clearly still be
seen intact prior to the intestinal simulation. Once pH had been adjusted, 52.5 mg of bile extract and
15 mg of pancreatin were added to each replicate [12] before returning to the shaker. The 50 mL
centrifuge tubes were shaken on their sides at 100 rpm to mimic the slow intestinal passage of food.
After 1 h (data not presented here) and after 3.5 h of intestinal incubation, 1.5 mL aliquots were taken
from each centrifuge tube. Unlike the stomach phase, the intestinal 1.5 mL aliquots were not replaced
after sampling. The intestinal samples were centrifuged, the supernatant aliquoted into a new tube and

the RSM retained. All samples were stored at -20°C until extraction and analysis.

Avian PBETs

To capture the complexity of the avian digestive tract, a dynamic avian gizzard-intestine system
containing either 2 g of Si grit or 2 g of Ca grit was simulated following the methods of Martinez-Haro
et al. [13]. The method used for the avian PBET is summarised in Figure 1b and explained in full in the
Supplemental Data. Five samples of gizzard digestive juice were collected every 36 min and aliquoted
into two 1.5 mL microcentrifuge tubes during a 3 h incubation at 42°C on a mechanical shaker (full
details in Supplemental Data). At each of the 5 sampling time points, one aliquot was centrifuged and

the supernatant stored at -20°C prior to analysis. The other sample was adjusted to pH 6 with a



concentrated NaHCOs solution, one-tenth of the volume was then discarded and replaced with a 10 x
concentrated intestinal digestive juice containing bile and pancreatin (see Supplemental data). Intestinal
simulations were returned to the incubated mechanical shaker for 3 h, before being centrifuged. The
supernatant was aliquoted into a new 1.5 mL tube, the RSM was retained, and stored at -20°C until

extraction and analysis.

Chemical analyses

After the PBETs had been run, the samples of stomach (or gizzard) and intestinal digestive juice
were thawed and vortex mixed. A 500 pL aliquot was taken from each sample and combined with 500
puL methanol using a further vortex mix. Samples of RSM were extracted into 1 mL of methanol using
sonication for 3 min. Sample and methanol mixtures were centrifuged for 10 min at 11,000 x g and

filtered using a 0.2 pm PTFE filter.

Extracts were analysed by HPLC with fluorescence detection (excitation = 230 nm, emission = 305
nm). Separation was achieved using a C-18 column (Kinetex 5 um C18 150 x 4.6 mm, Phenomenex,
Macclesfield UK) and a gradient mobile phase comprising a mixture of water containing 0.1% H3PO4
and methanol ranging in concentration from 90% water/ H3PO, to 10% water/ H3PO4. The run time

was 23 min with a retention time of 11.7 to 11.8 min.

To validate the extraction procedure from digestive juice samples and faeces for each of the 5
PBETsS, blank digestive juice and faecal samples were generated by running the PBET simulations

without the addition of an earthworm (see Supplemental Data).

Data analysis and statistics

Effect of fluoxetine on earthworm growth during 21 d exposure via soil: To meet the assumption of
normality, earthworm body weights data were log-transformed and the effect of fluoxetine or control
on growth was assessed using a repeated measures model in R package nlme. The repeated measures

were body weight before and after the 21 d exposure period.



Effect of in vitro model type on percentage of fluoxetine in stomach or gizzard, intestine and faeces: An
explanation of how the amounts of fluoxetine (ug) recovered in the different PBET compartments is
presented in Figure 2. The relation between mass of solid material added and amount of fluoxetine
recovered was not linear (Pearson’s correlation: N=15, r=0.265, p=0.36). This was because there was a
significant inverse relationship between mass of solid material added and the percent of the total
fluoxetine that was bioaccessible (Pearson’s correlation: N=15, r=0.519, p<0.05). Therefore, the
bioaccessibility data were normalised in 2 ways for separate analyses: Data set 1) pug/g of solid material
(worm + soil) inserted at the start of the PBET and Data set 2) Percentage recovery, assuming the sum

of bioaccessible and RSM fluoxetine (ug) was the total fluoxetine added (Figure 2).

Normality was assessed from Q-Q plots for both data sets (ug/g solid material and in percentage
terms) and no transformation was applied. The effect of PBET model on fluoxetine recovered in the
different PBET compartments was initially assessed using a multivariate analysis of variance
(MANOVA). The response variables used in the MANOVA were the pg/g or percentage of the total
pg of fluoxetine recovered in the PBET compartments (1. stomach or gizzard, 2. the intestinal phase
minus the stomach or gizzard, 3. at the end of the intestinal phase [total bioaccessibility]). For the ug/g
analysis, the RSM remaining at the end of the intestinal phase and the total (intestinal fluoxetine +
RSM) were also included in the MANOVA. They were not included in the MANOVA for the analysis
of percentages as the total would always be 100% and %RSM is just 100% minus the intestinal %. As
we obtained an overall effect of PBET model in the MANOVAs, individual ANOVAs were used to
identify which of the response variables contained significant differences between models. Finally, for
the PBET compartments where there were significant differences in the individual ANOV As, Post-Hoc
Tukey’s HSD tests (all on 4 degrees of freedom) were used to identify which PBET models (i.e.
Mammalian pH 1.3, 2.5 or 4 and Bird Si grit and Bird Ca grit) these were for. MANOVA, ANOVA and

post-hoc analyses were performed in SPSS (Version 23) and significance was tested for at the 5% level.



RESULTS AND DISCUSSION

Earthworm uptake and growth

The mean concentration in earthworms (537.1 pg/g +47.3 ug/g) was 0.94 times the mean
concentration measured in soil 572.7 pug/g +9.4 ng/g. The biota-sediment accumulation factor (BSAF)
estimated by Carter et al. 2014 using radio-labelled fluoxetine and earthworms that had been given 24
h to depurate their gut was 0.3 [37]. Our value of 0.94 is the same order of magnitude as that of Carter
et al. [37], and would be closer had we depurated the earthworms prior to extraction. Earthworms
were not given a chance to depurate as the aim of the PBETs was to mimic how fluoxetine would be

encountered by a wild bird which in reality would consume both the worm and associated soil.

The fluoxetine and control earthworms had similar masses before the 21 d exposure period
(fluoxetine, N=20, mean +SE = 0.53 g+0.008 g; control, N=20, mean +SE = 0.51 g £0.008g). After 21
days exposure, the earthworms in the fluoxetine treated soil had lost weight, with mean body weights
+SE of 0.50 g + 0.024 g, while the control earthworms gained weight (0.70 g £ 0.030 g). There was a
significant effect of treatment on body mass change from pre to post-exposure time (F 33 = 33.49,
p<0.0001). Effects on growth have been observed in invertebrates exposed to fluoxetine in sediments
before with lowest observed effect concentrations (LOECs) of 1.3 and 5.6 mg/kg being reported for
Chironomus tentans and Hyalella Azteca respectively [33]. Our fluoxetine concentration was
measured at 572 mg/kg, two orders of magnitude higher than these LOECs. However we observed
weight loss and not just growth inhibition, which is the endpoint typically investigated. The findings
indicate that fluoxetine has the potential to affect invertebrate growth, the mechanism for which is
uncertain [33]. However all concentrations at which fluoxetine has been found to affect growth are
several orders of magnitude higher than predicted in the environment (0.019 mg/kg) based on Carter

et al. [37, 38] so these effects may not occur in reality.



Differences between PBETs

Concentrations of fluoxetine in samples from the control earthworms and blank treatments were
below the limit of detection (< 0.2 ug/mL) so no blank correction was applied. The masses of solid
material (worm + soil) and the amount of fluoxetine (ug) recovered in each PBET compartment are
reported for the avian and mammalian PBETs in Table 1. These data were used to compute the 2
versions of the bioaccessibility data analysed: Data set 1; pg/g of solid material added and Data set 2;
percentage of fluoxetine recovered. The MANOV As for both data set 1 and 2 indicated there were
significant differences between PBETs (ug/g: Pillai’s score = 2.41, F = 3.79, p < 0.001; for %: Pillai’s

score = 2.35, F=8.99, p < 0.001).

Data set 1, Micrograms/gram of solid material added: Figure 3a shows the amount of fluoxetine
recovered in each PBET compartment when the data were normalised in terms of the amount of solid
material added. There were no significant differences between any PBETS in the individual ANOV As
for the amount of fluoxetine pg/g of solid material added at the end of the intestinal phase (df=4, F=0.29,
p=0.88) nor in terms of the overall amount of fluoxetine recovered (sum of intestinal fluoxetine and
RSM) (df=4, F=1.41, p=0.30). Importantly, this means there were no inter- or intra species differences
in bioaccessibility relative to the amount of solid material added (and thus approximately the amount
of fluoxetine added due to differences in uptake into earthworms we cannot definitively give the amount
of fluoxetine inserted). Therefore the significant differences were only in terms of whether fluoxetine
entered solution in the first (stomach or gizzard: df=4, F= 11.66, P=0.001) or second compartment
(intestine — stomach or gizzard: df=4, F =24.43, P<0.001) of the PBET and the amount remaining in
the RSM (df=4, F=15.35, p<0.001). These differences are likely to be of less biological significance
than total bioaccesibility. Table 2 summarises where the differences occurred (inter-or intra species)
and the nature of the differences from post-hoc Tukey’s HSD tests, the mean pg/g values can be found
in Supplemental Data Table S2. In general terms, the PBETs with a more acidic stomach or gizzard
(mammal pH 1.3 and Bird Si), regardless of species, recovered more fluoxetine per g of solid material

added in the stomach or gizzard than the less acidic models (mammal pH 2.5, 4 and Bird Ca). The



reverse was true for the difference between the total bioaccessible fluoxetine recovered at the end of the

intestine and that which had already entered solution in the stomach or gizzard.

A greater amount of fluoxetine per gram of solid material was recovered in the RSM from both avian
models than in any of the mammalian models. It is believed this was due to sorption to the grit in the
avian models (absent from mammalian models) (see Supplemental Data Figure S1) which seemed to
produce RSM (Bird N= 30, mean +SE = 0.074 £0.002; mammal N=18, mean +SE = 0.043+0.002;

independent samples t-test: df =46, t=-10.64, p<0.001).

Data set 2, Percentage of fluoxetine recovered: Figure 3b shows the percentage of fluoxetine recovered
in the different compartments of the PBETs. Individual ANOVAs found that there were significant
differences between all PBET compartments. Importantly, this means looking in percentage terms, there
were significant differences in bioaccessibility (df=4, F=36.21, p<0.001). Table 2 shows that all
significant differences in terms of total bioaccessibility were inter-species rather than intra-species
differences (the mean percentages can be found in Supplemental Data Table S2). Percentage
bioaccessibility in mammalian models ranged from 88.1-89.6% but for the avian models they were
78.6% (Ca grit) and 75.1% (Si grit) respectively (Figure 3b, Table S2). For the avian models, the
percentage of fluoxetine in RSM was 21.6% and 24.9% which was significantly higher than the
mammalian models which ranged from 10.4-11.9% (Figure 3b Table S2). In terms of significant
differences in the area of the gastrointestinal tract where fluoxetine was recovered, (Table 2), the only
models with similarities were Bird Ca with mammalian pH 2.5 (intestine — stomach or gizzard) and 4
(stomach or gizzard) and Bird Si grit with mammalian pH 1.3 (intestine — stomach or gizzard).
Therefore in percentage terms, there were inter-species differences for bioaccessibility and RSM and
both intra and inter-species differences in terms of whether fluoxetine entered solution in the stomach

or gizzard or intestine.

How could PBETs be used to support read-across for ERA in wildlife

The bioaccessibility of fluoxetine in the avian system was actually very similar to the bioaccessibility

in the human system. The statistically significant lower bioaccessibility in the avian models (9.6 to



13.7%) is unlikely to be of significance for ecological risk assessment. When the data were normalised
based on the amount of solid material added, there were no significant inter-species differences, in fact
the avian models actually extracted 25.6 to 58.7 pg/g of solid material more than the mammalian
PBETs. Our data highlight the challenges of conducting in vitro assessments of bioaccessibility when
trying to introduce food items that have accumulated contaminants via an environmentally relevant

exposure route.

Regardless of whether the data were examined in percentage terms or relative to the amount of solid
material present, we found significant differences in the area of the gastrointestinal tract where
fluoxetine was extracted from the earthworm. We observed that in the stomach or gizzard, the lowest
pH models (human pH 1.3 and Bird Si grit) extracted both more fluoxetine/g-solid material and a greater
percentage of that recovered. These acidic models were observed to cause the worm tissues to break up
within 30 to 60 min. Worms in the less acidic models remained intact until the intestinal phase. This
finding follows what is expected based on the optimum pH for pepsin (pH 2), the main enzyme in the

stomach and gizzard [39].

It is possible that the region of the gastrointestinal tract where fluoxetine becomes bioaccessible
would be significant for risk assessment. Generally, the majority of pharmaceuticals are absorbed from
the intestine due to the presence of microvilli, with uptake from the stomach possible but less efficient
[40]. In some mammals, fluoxetine is reasonably well absorbed from the gastrointestinal tract with 72%
bioavailable in dogs but not in others with only 38% bioavailable in rodents [41]. Dogs excrete 10.9%
of a fluoxetine dose as fluoxetine, no data could be found for small mammals [42] our mean percentage
in vitro for mammalian RSM was 11.4%+0.45% which is interestingly close to that excreted by dogs

even if RSM is not exactly equivalent to faeces in vitro [40, 41].

Very little is known about the bioavailability and excretion of pharmaceuticals in the avian system.
There are a large number of in vitro gastro-intestinal tract simulations available to researchers, the
majority of which have been developed for inorganics based on a human/ child model to simulate

exposure via ingestion of lead from soil [18]. Relatively few models that have been developed for



organics (e.g. the FOREhST model used for PAHs [30]) or wildlife, and none that have been developed
specifically for the assessment of organics in wildlife. We would encourage future researchers to
integrate what is known about the gastrointestinal tract physiologies of wildlife species from the PBET's
used here [13, 23, 24] with what is known about in vitro bioaccessibility of organics from the FOREhST

model [30].

In terms of the suitability of the avian PBET used here (designed for uptake of lead by waterfowl),
[13], we found a good match between the percentage recovered in the RSM in vitro and excretion by
European starlings from a recent in vivo study (Bean et al. submitted). Starlings fed fluoxetine spiked
invertebrates excreted 19.3%=+15.9% of the dose as fluoxetine (n = 3) (methods in Supplemental Data).
In the avian Ca grit PBET, 21.4% * 0.9% of the fluoxetine inserted to the PBET was recovered in the
RSM (the diet of the starlings contained a calcium supplement). The good match between avian in vitro
and in vivo data was surprising but encouraging given the considerable number of parameters involved
in designing and validating a species and contaminant species in vitro model. For example, there is a
difference of approximately 5 h in gastrointestinal transit time between waterfowl and small passerines
such as starlings [13, 43]. Although the mammalian and avian in vitro RSM and in vivo excretion data
in vitro seem to match well, plasma and tissue residues of fluoxetine in starlings in vivo were found to
be up to 2 orders of magnitude lower than would be predicted from human kinetic data (Bean et al.
submitted). To properly validate the PBETSs, samples of digestive juice from the bird would have to be
collected after the drug has been administered. Not only would digestive juice be challenging to sample,
there is limited information on how much digestive juice is secreted by different species (and the timing
of secretions). Collecting blood plasma is another option for in vivo evaluation of organics, but this
relies on 1) the assumption that the bioaccessible contaminant is 100% bioavailable and 2) species

specific pharmacokinetic data, e.g. time to peak plasma concentration are similar [44].

Future research needs

Expanding the PBET approach from inorganic to organic chemicals is highly relevant to the needs

of ecotoxicology to help quantify differences, both between species and food types, in internal exposure



[32, 45]. This would enable the accuracy of ecological risk assessments could be improved, the scope
of inter-species read-across extended, and the number of animals used in routine ecotoxicology studies
could be reduced. However, there remain several challenges both in terms of developing and validating
PBETsS for new species and contaminants. We have identified 5 main challenges to expanding the PBET
approach. Firstly, there is a lack of complete data sets on gastrointestinal tract physiology and digestive
processes for a range of wildlife species. Secondly, our understanding of how bioaccessibility relates to
bioavailability, e.g. approaches for assessing the behaviour of bioaccessible fluoxetine in cell
membranes e.g. [46] is limited. Thirdly, it is difficult to obtain licences for in vivo validations and even
then, they are difficult to conduct and standardise. Fourthly, the impact of microbes in the
gastrointestinal tract is uncertain, but may well be important for organics that are less persistent than
fluoxetine [47]. Finally access to existing sensitive data from pre-clinical and clinical drug trials that
could be used to evaluate new PBETs is hard to obtain. Nevertheless, in vitro gastrointestinal tract
models such as PBETs are both economically feasible and ethically viable compared to the equivalent
in vivo assessments. They provide the potential to improve estimates of internal concentrations of
pharmaceuticals and other organic compounds when using read-across approaches to predict the

sensitivity of non-model species to environmental contaminants.

Expanding the PBET approach in terms of numbers of species and compounds included could help to
protect both wildlife, by setting safer threshold levels, and protect laboratory animals (from further
tests). We believe the incentives for expanding the PBET approach outweigh the challenges faced.
These challenges can be overcome through inter-disciplinary research across areas including, but not

limited to, ecotoxicology, physiology and bioaccessibility.

ACKNOWLEDGEMENT

We would like to thank all ASSIST staff at the Food and Environment Research Agency, R. Weaver,
G. Bryning, B. Hernout, J. Thomas-Oates and E. Bergstrom for their help with this project. We would

also like to thank W. Nelson Beyer, USGS Patuxent Wildlife Research Center, for comments on earlier



versions of the manuscript. T. Bean was funded by a PhD studentship from the Natural Environment

Research Council.

REFERENCES

[1] Monteiro SC, Boxall ABA. 2010. Occurrence and Fate of Human Pharmaceuticals in the
Environment. Reviews of Environmental Contamination and Toxicology, Vol 202 202:53-154. DOI:

10.1007/978-1-4419-1157-5_2

[2] Shore RF, Taggart MA, Smits J, Mateo R, Richards NL, Fryday S. 2014. Detection and
drivers of exposure and effects of pharmaceuticals in higher vertebrates. Philosophical Transactions

of the Royal Society B 369:1656: DOI: 10.1098/rstb.2013.0570.

[3] Arnold K, Boxall A, Brown A, Cuthbert R, Gaw S, Hutchinson T, Jobling S, Madden J,
Metcalfe C, Naidoo V, Shore R, Smits J, Taggart M, Thompson H. 2013. Assessing the exposure risk

and impacts of pharmaceuticals in the environment on individuals and ecosystems. Biology Letters 9.

DOI: 10.1098/rsbl.2013.0492.

[4] Cuthbert R, Taggart M, Prakash V, Chakraborty S, Deori P, Galligan T, Kulkarni M, Ranade
S, Saini M, Sharma A, Shringarpure R, Green R. 2014. Avian scavengers and the threat from
veterinary pharmaceuticals. Philosophical Transactions of the Royal Society B 369:1656. DOLI:

10.1098/rstb.2013.0574.

[5] Lazarus RS, Rattner BA, Brooks BW, Du B, McGowan PC, Blazer VS, Ottinger MA. 2015.
Exposure and food web transfer of pharmaceuticals in ospreys (Pandion haliaetus): Predictive model

and empirical data. Integrated Environmental Assessment and Management 11:118-129.

[6] Zorrilla I, Martinez R, Taggart MA, Richards N. 2015. Suspected flunixin poisoning of a wild

Eurasian Griffon Vulture from Spain. Conservation Biology 29:587-592.



[7] Rand-Weaver M, Margiotta-Casaluci L, Patel A, Panter GH, Owen SF, Sumpter JP. 2013.
The Read-Across Hypothesis and Environmental Risk Assessment of Pharmaceuticals. Environmental

Science & Technology 47:11384-11395. DOI: 10.1021/es402065a.

[8] Huggett DB, Cook JC, Ericson JF, Williams RT. 2003. A theoretical model for utilizing
mammalian pharmacology and safety data to prioritize potential impacts of human pharmaceuticals to

fish. Human and Ecological Risk Assessment 9:1789-1799. DOI: 10.1080/10807030390260498.

[9] Owen S, Giltrow E, Huggett D, Hutchinson T, Saye J, Winter M, Sumpter J. 2007.
Comparative physiology, pharmacology and toxicology of beta-blockers: Mammals versus fish.

Aquatic Toxicology 82:145-162. DOI: 10.1016/j.aquatox.2007.02.007.

[10]  Margiotta-Casaluci L, Owen SF, Cumming RI, de Polo A, Winter MJ, Panter GH, Rand-
Weaver M, Sumpter JP. 2014. Quantitative Cross-Species Extrapolation between Humans and Fish:

The Case of the Anti-Depressant Fluoxetine. Plos One 9. DOI: 10.1371/journal.pone.0110467.

[11] Button M, Watts M, Cave M, Harrington C, Jenkin G. 2009. Earthworms and in vitro
physiologically-based extraction tests: complementary tools for a holistic approach towards

understanding risk at arsenic-contaminated sites. Environmental Geochemistry and Health 31:273-

282. DOI: 10.1007/s10653-008-9208-3.

[12]  LiY, Zhang M. 2013. A comparison of physiologically based extraction test (PBET) and
single-extraction methods for release of Cu, Zn, and Pb from mildly acidic and alkali soils.

Environmental Science and Pollution Research 20:3140-3148. DOI: 10.1007/s11356-012-1234-0.



[13] Martinez-Haro M, Taggart M, Green A, Mateo R. 2009. Avian Digestive Tract Simulation To
Study the Effect of Grit Geochemistry and Food on Pb Shot Bioaccessibility. Environmental Science

& Technology 43:9480-9486. DOI: 10.1021/es901960e.

[14]  Ruby M, Davis A, Schoof R, Eberle S, Sellstone C. 1996. Estimation of lead and arsenic
bioavailability using a physiologically based extraction test. Environmental Science & Technology

30:422-430. DOI: 10.1021/es950057z.

[15] Laird B, Shade C, Gantner N, Chan H, Siciliano S. 2009. Bioaccessibility of mercury from
traditional northern country foods measured using an in vitro gastrointestinal model is independent of
mercury concentration. Science of the Total Environment 407:6003-6008. DOI:

10.1016/j.scitotenv.2009.08.014.

[16]  Ollson C, Koch I, Smith P, Knopper L, Hough C, Reimer K. 2009. Addressing arsenic
bioaccessibility in ecological risk assessment: a novel approach to avoid overestimating risk.

Environmental Toxicology and Chemistry 28:668-675. DOI: 10.1897/08-204.1.

[17] Ruby MV, Schoof R, Brattin W, Goldade M, Post G, Harnois M, Mosby DE, Casteel SW,
Berti W, Carpenter M, Edwards D, Cragin D, Chappell W. 1999. Advances in evaluating the oral
bioavailability of inorganics in soil for use in human health risk assessment. Environmental Science &

Technology 33:3697-3705. DOI: 10.1021/es990479z.

[18] Koch I, Reimer KJ, Bakker MI, Basta NT, Cave MR, Denys S, Dodd M, Hale BA, Irwin R,
Lowney YW, Moore MM, Paquin V, Rasmussen PE, Repaso-Subang T, Stephenson GL, Siciliano
SD, Wragg J, Zagury GJ. 2013. Variability of bioaccessibility results using seventeen different
methods on a standard reference material, NIST 2710. Journal of Environmental Science and Health
Part a-Toxic/Hazardous Substances & Environmental Engineering 48:641-655. DOI:

10.1021/es062443u.



[19] Oomen A, Hack A, Minekus M, Zeijdner E, Cornelis C, Schoeters G, Verstracte W, Van de
Wiele T, Wragg J, Rompelberg C, Sips A, Van Wijnen J. 2002. Comparison of five in vitro digestion
models to study the bioaccessibility of soil contaminants. Environmental Science & Technology

36:3326-3334. DOI: 10.1021/es010204v.

[20] Ruby MV, Davis A, Kempton JH, Drexler JW, Bergstrom PD. 1992. Lead bioavailability -
dissolution kinetics under simulated gastric conditions. Environmental Science & Technology

26:1242-1248. DOI: 10.1021/es50002a614.

[21] Ruby M, Davis A, Link T, Schoof R, Chaney R, Freeman G, Bergstrom P. 1993.
Development of an in vitro screening-test to evaluate the in-vivo bioaccessibility of ingested mine-

waste lead. Environmental Science & Technology 27:2870-2877. DOI: 10.1021/es00049a030.

[22]  Turner A, Ip KH. 2007. Bioaccessibility of metals in dust from the indoor environment:
Application of a physiologically based extraction test. Environmental Science & Technology 41:7851-

7856. DOI: 10.1021/es071194m.

[23] Kaufman C, Bennett J, Koch I, Reimer K. 2007. Lead bioaccessibility in food web
intermediates and the influence on ecological risk characterization. Environmental Science &

Technology 41:5902-5907. DOI: 10.1021/es062443u.

[24] Moriarty M, Koch I, Reimer K. 2012. Arsenic Speciation, Distribution, and Bioaccessibility
in Shrews and Their Food. Archives of Environmental Contamination and Toxicology 62:529-538.

DOI: 10.1007/s00244-011-9715-6.

[25] Kimball W, Munir Z. 1971. Corrosion of lead shot in a simulated waterfowl gizzard. Journal

of Wildlife Management 35:360-5. DOI: 10.2307/3799614.



[26] Levengood J, Skowron L. 2001. Use of a simulated gizzard to measure bioavailability of

metals and other elements to waterfowl. Ecotoxicology 10:299-304. DOI: 10.1023/A:1016763418647.

[27] Ruby M. 2004. Bioavailability of soil-borne chemicals: Abiotic assessment tools. Human and

Ecological Risk Assessment 10:647-656. DOI: 10.1080/10807030490484291.

[28] Collins C, Mosquera-Vazquez M, Gomez-Eyles J, Mayer P, Gouliarmou V, Blum E. 2013. Is
there sufficient 'sink' in current bioaccessibility determinations of organic pollutants in soils?

Environmental Pollution 181:128-132. DOI: 10.1016/j.envpol.2013.05.053

[29] Tilston E, Gibson G, Collins C. 2011. Colon Extended Physiologically Based Extraction Test
(CE-PBET) Increases Bioaccessibility of Soil-Bound PAH. Environmental Science & Technology

45:5301-5308. DOI: 10.1021/es2004705.

[30] Lorenzi D, Entwistle J, Cave M, Wragg J, Dean JR. 2012. The application of an in vitro
gastrointestinal extraction to assess the oral bioaccessibility of polycyclic aromatic hydrocarbons in
soils from a former industrial site. Analytica Chimica Acta 735:54-61. DOL:

10.1016/j.aca.2012.05.030.

[31] Hernout BV, Bowman SR, Weaver RJ, Jayasinghe CJ, Boxall ABA. 2015. Implications of in
vitro bioaccessibility differences for the assessment of risks of metals to bats. Environmental

Toxicology and Chemistry 34:898-906.

[32]  Saunders J, Knopper L, Koch I, Reimer K. 2011. Inclusion of soil arsenic bioaccessibility in
ecological risk assessment and comparison with biological effects. Science of the Total Environment

412:132-137. DOI: 10.1016/j.scitotenv.2011.10.037.



[33] Brooks BW, Foran CM, Richards SM, Weston J, Turner PK, Stanley JK, Solomon KR,
Slattery M, La Point TW. 2003. Aquatic ecotoxicology of fluoxetine. Toxicology Letters 142:169-183.

DOI: 10.1016/50378-4274(03)00066-3.

[34] Nakamura Y, Yamamoto H, Sekizawa J, Kondo T, Hirai N, Tatarazako N. 2008. The effects
of pH on fluoxetine in Japanese medaka (Oryzias latipes): Acute toxicity in fish larvae and
bioaccumulation in juvenile fish. Chemosphere 70:865-873. DOLI:

10.1016/j.chemosphere.2007.06.089.

[35] Bean TG, Boxall ABA, Lane J, Herborn KA, Pietravalle S, Arnold KE. 2014. Behavioural
and physiological responses of birds to environmentally relevant concentrations of an antidepressant.

Philosophical Transactions of the Royal Society 369:1656. DOI: 10.1098/rstb.2013.0575.

[36] OECD. 2010. OECD Guidelines for the Testing of Chemicals: Bioaccumulation in Terrestrial

Oligochaetes. Draft Report. OECD, DOI: 10.1787/9789264090934-en.

[37] Carter L, Garman C, Ryan J, Dowle A, Bergstrom E, Thomas-Oates J, Boxall A. 2014. Fate
and Uptake of Pharmaceuticals in Soil-Earthworm Systems. Environmental Science & Technology

48:5955-5963. DOI: 10.1021/es500567w.

[38] Carter LJ, Harris E, Williams M, Ryan JJ, Kookana RS, Boxall ABA. 2014. Fate and Uptake
of Pharmaceuticals in Soil-Plant Systems. Journal of Agricultural and Food Chemistry 62:816-825.

DOI: 10.1021/jf404282y.

[39] Degara C, Burget D, Sivakumaran T, Hunt R. 1986. The effect of temperature and ph on the
stability of human pepsin in stored gastric-juice - a method to prevent activity loss. Scandinavian

Journal of Gastroenterology 21:650-654. DOI: 10.3109/00365528609011096.



[40]  OhP.2002. Clinical Pharmacology. Accessed from University College London Website

(Cited 22™ April 2014) https://www.ucl.ac.uk/anaesthesia/education/Pharmacology.

[41]  Caccia S, Cappi M, Fracasso C, Garattini S. 1990. Influence of dose and route of
administration on the kinetics of fluoxetine and its metabolite norfluoxetine in the rat.

Psychopharmacology 100:509-514. DOI: 10.1007/BF02244004.

[42] EMA. 2008. European Medicines Agency website. EPAR-Scientific Discussion: [cited 2016

18 January]. Available from: http://www.ema.europa.eu/docs/en GB/document library/EPAR -

Scientific _Discussion/veterinary/000133/WC500068250.pdf.

[43] Levey DJ, Karasov WH. 1989. Digestive responses of temperate birds switched to fruit or

insect diets. Auk 106:675-686. DOI:

[44] Chiou W, Robbie G, Chung S, Wu T, Ma C. 1998. Correlation of plasma clearance of 54
extensively metabolized drugs between humans and rats: Mean allometric coefficient of 0.66.

Pharmaceutical Research 15:1474-1479. DOI: 10.1023/A:1011974226596.

[45] Boxall A, Rudd M, Brooks B, Caldwell D, Choi K, Hickmann S, Innes E, Ostapyk K,
Staveley J, Verslycke T, Ankley G, Beazley K, Belanger S, Berninger J, Carriquiriborde P, Coors A,
DeLeo P, Dyer S, Ericson J, Gagne F, Giesy J, Gouin T, Hallstrom L, Karlsson M, Larsson D,
Lazorchak J, Mastrocco F, McLaughlin A, McMaster M, Meyerhoff R, Moore R, Parrott J, Snape J,
Murray-Smith R, Servos M, Sibley P, Straub J, Szabo N, Topp E, Tetreault G, Trudeau V, Van Der
Kraak G. 2012. Pharmaceuticals and Personal Care Products in the Environment: What Are the Big

Questions? Environmental Health Perspectives 120:1221-1229. DOI: 10.1289/ehp.1104477.


https://www.ucl.ac.uk/anaesthesia/education/Pharmacology
http://www.ema.europa.eu/docs/en_GB/document_library/EPAR%20-Scientific_Discussion/veterinary/000133/WC500068250.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/EPAR%20-Scientific_Discussion/veterinary/000133/WC500068250.pdf

[46]  Vasiluk L. 2006. Development of an in vitro system to assess the oral bioavailability of

hydrophobic contaminants. Simon Fraser University, British Columbia.

[47]  White CR, Seymour RS. 2005. Allometric scaling of mammalian metabolism. Journal of

Experimental Biology 208:1611-1619. DOI: 10.1242/jeb.01501.

Table 1: Mass of solid material (g) and amount (ug) of fluoxetine recovered in avian and mammalian
PBETSs

Table 2: Inter- and Intra-species (B = bird, M =mammal) differences among PBETs and PBET
compartments in post-hoc Tukey’s tests at or below the 5% level

Figure 1: Schematics of (a) the mammalian in-vitro model adapted from a human PBET and (b) the
avian PBET. Earthworms which had accumulated fluoxetine from soil (or control earthworms which
were exposed to methanol spiked soil), plus any soil which adhered to earthworms, were inserted into
the PBETS. Initially earthworms went into the stomach (a) or gizzard (b) along with digestive juice at
a low pH. Simulations took place in 50 mL centrifuge tubes. Digestive juice samples were taken and
replaced with fresh digestive juice three times for the mammalian simulation (a) and five times for the
avian simulation (b) to simulate the dynamic nature of the digestive tract. The intestinal phase was
simulated by taking the samples from the stomach or gizzard simulation, raising the pH to 7 (a) and
6.2 (b) and adding bile extract and pancreatin. Digestive juice samples were centrifuged and the
residual solid material (RSM) at the bottom of the intestinal sample was also collected for extraction.

Figure 2: Simplified schematic illustrating how the fluoxetine concentrations (ug/mL) in samples of
digestive juice and solvent extracted residual solid material (RSM) collected throughout the avian and
mammalian PBETs were used to determine the amounts of fluoxetine (ug) recovered in the avian
gizzard or mammalian stomach, the intestine and RSM.

Figure 3: Mean £SE of fluoxetine extracted in the avian gizzard or mammalian stomach (gizz or
stom), intestine (int) and Residual solid material (RSM) for a) ug/g of worm + soil added to the
PBETs and b) as a percentage of the total mass of fluoxetine recovered at the end of the PBETs.



Table 1: Mass of solid material (g) and amount (ug) of fluoxetine recovered in avian and mammalian PBETs

PBET Solid material Gizzard or Intestine® (ug) Intestine-gizz RSM® (ug) Total (ug)
added to PBET? (g)  stomach” (ug) or stom* (ug)
mean SE mean SE mean SE mean SE mean SE mean SE
Bird Ca 0.64 0.04 105.82 15.85 25570 38.82 13294 2096 69.72 1135 32543 49.61
Bird Si 0.50 0.04 165.67 345 201.28 4.84 2260 781 6384 3.68 26512 642
Mammal pH 1.3 0.70 0.03 245.07 31.38 246.10 28.86 1.03 6.75 28.75 3.63 27485 32.45
Mammal pH 2.5 0.72 0.09 159.34 1895 26740 24.05 108.07 5.15 36.27 648 303.67 29.20
Mammal pH 4 0.61 0.02 71.42 342  226.89 11.51 15547 1343 3025 2.87 257.14 10.74

2The mass of solid material added included earthworm and an average of 0.155 g of soil which had adhered to the earthworm, the mean+SE
concentration of fluoxetine in worm tissue was 537.1 pg/g #47.3 pg/g, in soil 572.7 ug/g £9.4 ng/g.

b Gizzard for birds, stomach for mammals

¢ Total bioaccessible amount of fluoxetine

4 The difference between the amount of fluoxetine in the intestine and that which had already been extracted in the gizzard or stomach

¢ The residual solid material (RSM) remaining at the end of the intestinal phase,

f The total amount of fluoxetine recovered was given by the sum of fluoxetine in the intestine and RSM.



Table 2: Inter- and Intra-species (B = bird, M =mammal) differences among PBETs and PBET
compartments in post-hoc Tukey’s tests at or below the 5% level

PBET Difference ng/g solid material® % of total fluoxetine
compartment recovered”
Gizzard or Inter-species B&M 1.3>Ca*, Si>4+ 1.3>Caf, 2.5>Caf 1.3>Sif,
stomach® Si>2.5%, Si>4]
Intra-species B&B Si>Ca* Si>Caj
M&M 1.3>4+ 1.3>2.5%, 1.3>4%, 2.5>4%
Intestine (total Inter-species B&M None 1.3>Ca i, 2.5>Cat, 4>Cat
bioaccessibility)® 1.3>Si§,2.5>8Sif,4>Si ],
Intra-species B&B None None
M&M None None
Intestinal minus  Inter-species B&M Ca>1.31, Ca>1.3%, Ca>4t,
(gizzard or 2.5>Si* 4>Si § 2.5>Si}
stomach)* 4>Sif
Intra-species B&B Ca>Sit Ca>Sii
M&M 1.3>2.5,1.3>4 2.5>1.3%
4>1.3%, 4>2.5%
RSM* Inter-species B&M Ca>1.31, Ca>2.5*% and Ca> 1.3 , Ca>2.5t, Ca>4t;
Ca>4%*; Si> 1.3 i, Si> 2.5%, Si>4%
Si>1.3t, Si>2.57 and
Si>4+
Intra-species B&B None None
M&M None None
Total® Inter-species B&M None NA
Intra-species B&B None NA
M&M None NA

Data were normalised in 2 ways:

“ug of fluoxetine recovered relative to the mass (g) of solid material inserted to the PBET as worm and

soil

b as a percentage of the total amount of fluoxetine recovered (intestine + RSM)

PBETs:Ca= Bird Ca grit, Si = Bird Si grit, 1.3 = Mammal pH 1.3, 2.5 = Mammal pH 2.5 and 4 =
Mammal pH 4
‘PBET compartments: Gizzard or stomach, Intestine (total bioaccessible fluoxetine), Intestine minus
gizzard or stomach, Residual solid material (RSM) and Total (Intestine + RSM)

P<0.05 *,P<0.01 T, P<0.001}, NA = Not applicable, None = No significant differences
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Figure 1: Schematics of (a) the mammalian in vitro model adapted from a human PBET and (b) the avian
PBET. Earthworms which had accumulated fluoxetine from soil (or control earthworms which were exposed to
methanol spiked soil), plus any soil which adhered to earthworms, were inserted into the PBETS. Initially
earthworms went into the stomach (a) or gizzard (b) along with digestive juice at a low pH. Simulations took
place in 50 mL centrifuge tubes. Digestive juice samples were taken and replaced with fresh digestive juice
three times for the mammalian simulation (a) and five times for the avian simulation (b) to simulate the dynamic
nature of the digestive tract. The intestinal phase was simulated by taking the samples from the stomach or
gizzard simulation, raising the pH to 7 (a) and 6.2 (b) and adding bile extract and pancreatin. Digestive juice
samples were centrifuged and the residual solid material (RSM) at the bottom of the intestinal sample was also
collected for extraction.
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Fluoxetine extracted in stomach, gizzard and intestine
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Figure 2: Simplified schematic illustrating how the fluoxetine concentrations (ug/mL) in samples
of digestive juice and solvent extracted residual solid material (RSM) collected throughout the avian
and mammalian PBETSs were used to determine the amounts of fluoxetine (ug) recovered in the
avian gizzard or mammalian stomach, the intestine and RSM.
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Figure 3: Mean £SE of fluoxetine extracted in the avian gizzard or mammalian stomach (gizz or
stom), intestine (int) and Residual solid material (RSM) for a) ug/g of worm + soil added to the
PBETs and b) as a percentage of the total mass of fluoxetine recovered at the end of the PBETs.
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Supplemental Data

SUPPLEMENTAL DATA

These supplemental data provide additional information on the exposures of earthworms to fluoxetine

via soil, the experimental structure, QA/QC and the methods of the mammalian and avian PBETs.

1 Preparation of food for PBETs: Earthworm exposures

The uptake of fluoxetine into earthworms followed OECD Guideline 317 “Bioaccumulation in

Terrestrial Oligochaetes™ [1].

1.1 Determination of Soil moisture content
Twenty grams of soil was weighed out and placed in the oven at 105°C for 24 h. The percentage

moisture content was determined from the mean loss in mass from four replicates.

Equation 1

MC =100/ (Dry —Cont)*(Wet-dry)

Where: MC= moisture content of matrix sub sample (%)
Dry= The mass of container and dry matrix sub sample (g)
Wet= - The mass of container and wet matrix sub sample (g)

Cont= mass of empty container (g)

1.2 Determination of Soil Maximum Water Holding Capacity

A square of muslin was fixed to the bottom of each of five separate plastic rings (volume = 40.707 cm?)
with elastic bands. The weight of rings, muslin and elastic band were recorded for each of the 5
replicates. Soil was then packed into each of the 5 rings, tapping the rings carefully during the process

to ensure that the packing density fell in the range of 0.76-1 g cm™ (Equations 2 and 3).

Equation 2

Dsoil=[(RS-R)/(100+MC)]*100

Where: Dsoil= Dry mass of soil in ring (g)
RS= mass of ring and moist soil (g)

R= mass of empty ring (g)
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Equation 3 Den = Dsoil /RingVol
Where: Den= Packing density of soil in the ring (g cm™)

RingVol=Volume of ring (cm®). The ring used had external diameter of 5 cm and height of

2.3 cm giving a volume of 40.707 cm?®.

The rings containing the soil were weighed and if the packing density (Equation 3) fell in the range
0.76-1 g cm™ then it was acceptable, if the packing density was outside these limits then it was necessary
to re-pack and re-weigh until the packing density fell within the acceptable range. The soil rings were
then placed into a glass tray which was then slowly filled to a depth of approximately 3 mm with
deionised water. The soil rings were left for three hours to saturate with the water level checked every

hour and topped up as necessary.

Prior to preparation of the rings, a 4 cm deep quartz sand bed with average grain size 0.60 mm was
saturated in a bath of deionised water filled to just below the top of the surface of the sand for one hour.
The sand bed was prepared in a plant growth tray with a sheet of garden fleece in the bottom and holes
in the bottom of the tray that are partially closed with tape so that water can drain but the sand will not
fall out. After one hour in the water bath, the sand bed was removed from the water and left to drain in

a second tray for 2 h.

After three hours saturation time, the soil rings were placed muslin side down on the sand bath for 24 h
to drain. After which the soil rings were removed and the soil was scraped out from the ring into
individual pre-weighed foil dishes and re-weighed. The foil dishes containing saturated soil were oven
dried at 105°C for 24 h and reweighed. The maximum water holding capacity is the moisture content

of the saturated soil (Equation 3).

1.3 Determination of mass of moist soil for a certain dry mass content
We needed 50 g of dry soil for the earthworm exposures and this was maintained at 60% of MWHC

throughout the earthworm exposures.

Firstly, the mass of water in 50 g of moist soil was determined using Equation 4.
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Equation 4
Water50= (50*MC)/(100+MC)
Where: Water50= Mass of water in 50 g of moist soil (g)

MC= Moisture content (dry weight basis) of 50 g of soil (%)

Secondly, we determined the mass of water required in order for the soil to be at MWHC using Equation

5.

Equation 5
WCR= [(50-Water50)/100]*MWHC
Where: WCR= Mass of water required for moist soil to be at MWHC (g)

MWHC= Maximum water holding capacity of soil (%)

Finally, the mass of water to be added to soil to make up to 60% of MWHC was calculated using
Equation 6.

Equation 6
RW=[(WCR/100)*60]-Water50

Where: RW= Mass of Water to be added to 50 g of moist soil to make it up to 60% of MWHC (g)

For the soil used here, 4.75 g of water was added to the 50 g of moist soil to make it up to 60% of
MWHC. Earthworms were then exposed for 21 d, maintaining the moisture content at 60% MWHC
each day by adding deionised water, full details of the 21 d exposure are given in the main paper

‘Preparation of earthworms’.
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2 Structure of the experiment

The earthworm exposures were staggered so that one set of triplicates (maximum number of replicates
that could be dealt with by a single worker) plus an additional replicate to track pH change were entered
into the PBET on any one day; therefore the PBET was completed over six days with blanks (no
earthworm), controls and fluoxetine earthworms for 2 grit types. For the mammalian PBET, the
experiment was structured so that all simulations for blanks, control and fluoxetine earthworms took

place on separate days to avoid contamination from the pH probe.

3 Quality Assurance / Quality Control

3.1 Limits of quantification (LOQ) detection of analytical methods

The LOQof the high performance liquid chromatography method (ug/mL) and the percentage recovery
of the methanol extraction used to extract fluoxetine from the digestive juice samples are given in Table
S1. The LOQ was determined from a pilot study where sample obtained from PBETs were spiked with
fluoxetine at 1%, 10%, 50%, 100% and 200% of the levels we were expecting to see in the PBETs. The
lowest standard detected with recovery >85% (relative to solvent standard) and %RSD <10% between

triplicates was selected as LOQ.
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Table S1: Limits of Quantification (LOQ) of the High Performance Liquid Chromatography (HPLC) method (ug/mL), mean percentage recoveries and
percentage Relative Standard Deviations using methanol to extract fluoxetine spiked into blank digestive juice and faecal samples.

Avian Mammalian

Si grit Ca Grit pH 1.3 pH 2.5 pH 4

LOQ % % LOQ % % LOQ % %RSD LOQ % %RSD LOQ % %RSD
rec. RSD rec. RSD rec. rec. rec.

Gizzard/ 076 943 7.7 4.8 1059 7.5 0.55 1219 3.5 058 1142 25 0.14 117.7 9.5
Stomach

Intestine | 0.48 1123 7.0 0.57 108.1 2.8 0.045 116.1 6.0 035 1132 34 0.095 1182 3.1

Faeces 075 926 1.7 1.42 859 24 1.5 106.0 2.3 2.1 915 28 5.1 919 19
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3.2 Extraction of fluoxetine from earthworms as a QA/QC

To determine the amount of fluoxetine inserted to each PBET replicate, we used the mean concentration
per gram of earthworm as determined from the QA/QC and corrected for the mass of the earthworm.
The four replicates of fluoxetine and control worms that were exposed under the same conditions as the
earthworm samples were rinsed of soil with deionised water. Earthworms were then dabbed dry on
paper towels. The weight was recorded (+ 0.1g) and earthworms were extracted by homogenisation
(Turrax) with 6 mL of methanol. Extracts were ultrasonicated in an ultrasonication water bath for 10
minutes, centrifuged for 10 minutes at 4500 x g before analysing by HPLC. The mean concentration in

earthworm tissue was 537.1 ug/g (RSD =17.6 %).
3.3 Extraction efficiency of fluoxetine from earthworms

To validate the earthworm extraction, we extracted earthworms spiked with 0, 0.6, 6, 30, 60, 120 ug of
fluoxetine. Earthworms were left for 2 h to absorb the spiked fluoxetine prior to extraction. Earthworms
were homogenised (Turrax, UK) in 6 mL methanol. Samples were ultrasonicated for 10 min,
centrifuged for 10 min (4500 x g, 20°C) before passing through a 0.2 um PTFE syringe filter into an
amber glass vial with a crimp cap. Analysis was performed by HPLC with fluorescence (Recovery =

75.3%, LOQ = 0.6 ug/mL, RSD between triplicates = 10.0%).
3.4 Soil extractions

To determine the amount of fluoxetine contained in soil that adhered to earthworms, we determined the
concentration in the soil that earthworms were exposed in. Five grams of soil (at 60% maximum water
holding capacity) was taken from each jar of the QA/QC earthworms and placed into a 50 mL centrifuge
tube. Soil was extracted twice using 10 mL of 70:30 acetonitrile:water (HPLC fluorescence grade).
Samples were shaken on their side at 420 rpm, they were then ultrasonicated for 10 min before
centrifuging for 10 min (4500 x g, 20°C). The supernatant was decanted into a second 50 mL centrifuge
tube before adding a fresh 10 mL of the 70:30 acetonitrile:water mixture and repeating the extraction
process. After centrifuging for the second time, the two 10 mL aliquots were combined in the second
falcon tube, vortex mixed before taking an aliquot and passing through a 0.2 um PTFE filter into a vial
and analysing by HPLC (See main paper). The mean fluoxetine concentration in soil was 572.7 pg/g
(RSD = 3.3 %). The mean mass of adhered soil was 0.155 g, i.e. this soil contained on average 0.88 ug

of fluoxetine.
3.5 Extraction efficiency of fluoxetine from soil

We validated the extraction method for soil by spiking at 0, 1, 10, 50, 100 and 200% of the expected
concentration. Five grams of soil was extracted on a wet weight basis. Mean percentage recovery was

77.2% (RSD =5.2%).
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3.6. Validation of chemical analyses

To validate the extraction procedure from digestive juice samples and faeces for each of the five PBETs,
blank digestive juice and faecal samples were generated by running the PBET simulations without the
addition of an earthworm. The samples collected were spiked with 0, 1, 10, 50, 100 and 200% of the
expected fluoxetine concentration (based on a pilot study) using stock solutions of fluoxetine in
methanol. To extract fluoxetine from samples, 500 uL aliquot was taken, spiked with 100 uL of the
stock and extracted with 400 uL methanol. Faecal samples were spiked with 100 pL. methanol, vortex
mixed before adding 900 uL. methanol. Samples were then vortex mixed for 5 secs, centrifuged for 10
minutes at 11,000 x g before passing through a 0.2 um PTFE filter and analysing by HPLC (see
Chemical analyses). The percentage recoveries of the methanol extraction are presented in Table S1
along with the limits of quantification. The limits of detection were below the levels detected in all of

the real samples. PBET

3.7 Fluoxetine inserted into PBETs

To maintain environmental relevance, the earthworms inserted to PBETs accumulated fluoxetine from
soil, rather than being spiked with a known amount. As a result, the exact concentration of fluoxetine
in each earthworm and adhered soil was unknown and so we normalised data in terms of mass of solid
material added (worm + adhered soil). Nevertheless, as a quality assurance/control, we exposed eight
additional earthworms for 21-days, four fluoxetine earthworms and four control earthworms. Exposure
conditions exactly replicated that of the earthworms that were inserted to the PBET. Prior to extraction,
earthworms were weighed, rinsed of soil with deionised water using a pipette and paper towels and then
re-weighed. The weight difference before and after rinsing was used to quantify the mass of soil adhered
to the earthworms. We extracted the earthworms using the same method as above and analysed the
extract using HPLC to quantify the mass of fluoxetine per gram of earthworm on a wet weight basis.
The concentration in the earthworm extract was corrected for a 75.3% recovery (as found in the
earthworm validation) and the mean concentration was found to be 537.1 ug/g, RSD = 17.6%. No

fluoxetine was detected in the control earthworms.

Additional information on the mammalian PBET
The mammalian PBETs were adapted from the human PBETsS of Li and Zhang [2] and Ruby et al. [3].

Mammalian PBETs were run using digestive juice at three different timings since the consumption of
food. In conical flasks, gastric digestive juice was prepared by adding pepsin (1.25 g/L), malate, citrate
(both 0.5 g/L), lactic acid (420 uL/L) and acetic acid (500 uL/L) to deionised water. Gastric juice was
adjusted to the desired pH with concentrated HCI (pH 1.3 was used to represent fasted conditions, pH
2.5 represented average gastric conditions and pH 4 recently fed conditions [3]) and then warmed to

37°C in a water bath.
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To begin the PBET simulation, earthworms and any adhered soil were added to tubes along with 20 mL
of gastric digestive juice. The head space was purged with N, to create a low oxygen environment.
Tubes were placed in the shaking incubator at 37°C but were not shaken for 10 minutes as in [3], after
which tubes were shaken at 250 rpm for one hour in total. At three time points (every 20 minutes) during
this hour, shaking was stopped and a 1.5 mL aliquot of gastric juice was taken from each tube and, and
replaced with a fresh 1.5 mL of gastric solution. The gastric juice samples were transferred to a 1.5 mL
sealed microcentrifuge tube and immediately centrifuged (10 min at 11,000 x g). The supernatant

decanted into a fresh tube and stored at -20°C.

Once the intestinal simulation was complete, the digestive juice in each simulation tube was adjusted
to pH 7 with NaHCO3 powder (intestinal pH) [4]. Once pH had been adjusted, 52.5 mg of bile extract
and 15 mg of pancreatin were added to each replicate [2] before returning to the shaker. Tubes were
shaken on their sides at 100 rpm to mimic the slow intestinal passage. A 1.5 mL aliquot was taken from
each sample and not replaced after 1 hour intestinal incubation with a final aliquot of 1.5 mL taken after
a total of 3.5 hours of the intestinal incubation. The intestinal samples were centrifuged and stored as
the gastric phase samples, the only exception being that the remaining solid material was considered to

be faeces.

5. Additional information on the avian PBET
The avian gizzard digestive juice was prepared in a 1 N NaCl solution, as in [5], and contained either 2

g of siliceous (Si grit) or 2 g of calcareous grit (Ca grit) (obtained from a local pet shop), as in [5], to
account for the distinct geo-chemistries and the influence on gastrointestinal tract pH experienced by
wild birds [6]. The intestinal digestive juice was made up in deionised water containing bile extract
(3.5%) and pancreatin (0.35%), as in [5]. To begin the simulation, 12 mL of gizzard digestive juice [5]
was added to a 50 mL centrifuge tube containing grit and an earthworm. Tubes were placed in the
shaking incubator on their sides for a total of three hours (350 rpm, 42°C) following a PBET validated
for waterfowl [5]. Gizzard digestive juice changes took place as in the mammalian PBETs, but at 36
minute intervals to give a total of five changes in the three hour gizzard simulation. At each change of
digestive juice two 1.5 mL aliquots were removed and replaced with 3 mL of fresh digestive juice. The
first aliquot (the gizzard sample) was centrifuged; the supernatant was transferred to a fresh tube and

stored at -20°C.

The second aliquot (which became the intestinal simulation) went into a separate 1.5 mL centrifuge
tube. The pH was adjusted to 6.2 using a NaHCOs3 solution (9 g/100 mL deionised water) as outlined in
[5], however we encountered a number of issues with their approach. Firstly, when adjusting the pH of
the gizzard digestive juice samples to intestinal pH (6.2), the initial pH of the siliceous grit samples was
approximately pH 3.6 for the first gizzard digestive juice change, and had fallen to pH 2.8 by the fifth
change, meaning that a stronger base was required to raise the pH to 6.2. We added 10 pL of a 5%

38



Supplemental Data

NaOH solution to each, and made the remaining adjustments to pH with the NaHCOs3; solution
(approximately 15-25 uL). For the Calcareous grit, the initial pH was actually above 6.2 (approximately
6.7); we still added 10 uL of NaHCO; and made the residual change with 0.2 M HCI. An issue we
experienced was that the method of Martinez-Haro et al. [5] used triplicates for each grit simulation and
a fourth replicate was used to monitor pH change (to speed up the procedure). Martinez-Haro et al. [5]
noted down the amount of NaHCO3 added to the fourth replicate and then added the same amount to
the other three samples so that pH only had to be measured once for each digestive juice change time
point (instead of three times). However when we was validating the methods, we found that using the
approach of Martnez-Haro [5] to speed up digestive juice changes led to variable pHs in the triplicates,
which we suggest could be due to differences in earthworm weight added to each PBET. Subsequently,

the pH of each replicate was changed individually.

Once the pH had been adjusted to 6.2, one 10" of the volume in the tube was removed and replaced by
the 10 x concentrated intestine solution. The intestinal simulations were shaken on their side (150 rpm,
42°C), as an end over end shaker as used in Martinez-Haro et al. [5] was not available to us. After three
hours of the intestinal simulation, samples were removed from the shaking incubator and processed as

in the mammalian PBETs.
6 Differences between PBETSs

Table S2: Mean and SE of fluoxetine extracted in stomach or gizzard, intestine, from RSM and total in
terms pg/g of solid material added and percentage of the total (Intestinal ug + RSM pg). The mass of

fluoxetine added to each PBET and recovered at the various phases are given in Table 1 in the main

paper.

PBET Data set | Stomach or Intestinal RSM Total

gizzard

mean SE mean SE mean SE mean SE
Bird Ca ug/g 168.8 344 4071 80.7 110.5 21.0 517.6 101.0
Bird Si ugl/g 336.9 345 406.8 27.0 1287 8.4 5356 329
Mammal pH 1.3 ug/g 346.3 323 3484 314 40.6 3.8 389.0 35.1
Mammal pH 2.5 ugl/g 226.9 329 3812 47.0 50.2 5.9 4314 50.2
Mammal pH 4 ug/g 118.5 10.3  373.8 8.6 50.0 4.8 4238 39
Bird Ca % 32.7 1.3 78.6 0.9 21.4 0.9 100.0 0.0
Bird Si % 62.6 2.6 75.9 1.1 24.1 1.1 100.0 0.0
Mammal pH 1.3 % 89.6 2.1 89.6 0.2 10.4 0.2 100.0 0.0
Mammal pH 2.5 % 52.6 1.5 88.2 1.3 11.8 1.4 100.0 0.0
Mammal pH 4 % 28.2 2.4 88.2 1.2 11.8 1.2 100.0 0.0
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7 Sorption of fluoxetine to grit

For each grit type (Ca and Si), we weighed out 2 g of pre-rinsed (deionised water) and dried grit into
six sets of triplicate 50 mL centrifuge tubes (50 mL, BD UK). For each set of triplicates, 1 mL of
fluoxetine solution (1:7 methanol:water) was added along with 11 mL of deionised water so that total
volumes were 12 mL as they were for the PBET. Samples were shaken at 200 rpm on their side for 48
hours, after which they were centrifuged for 10 minutes (4500 x g, 20°C). An aliquot from each sample
was filtered (0.2 um PTFE) and analysed by HPLC.

We found sorption of fluoxetine to be particularly high with approximately 85% of fluoxetine adsorbing
to Ca grit and 45% to Si grit at the concentration used in the experiment (Figure S1). Therefore sorption
could potentially explain why a greater percentage of fluoxetine was recovered in the faeces for birds

than mammalians.
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Figure S1: Percentage of fluoxetine adsorbed to 2 g of Si grit (diamonds) and Ca grit (Crosses) between 0 and 30

pg/mL fluoxetine after 48 hours shaking at 250 rpm.

8 In vivo evaluation: Excretion of fluoxetine by starlings

The avian PBET we used was designed and validated for waterfowl [5]. Here, the PBET was evaluated
for passerines, specifically the European starling; a species that forages on invertebrates at wastewater
treatment works and on fields fertilised with sewage sludge throughout the year [7-11]. Wild caught

starlings were dosed in captivity [12] with lesser wax worms spiked with fluoxetine (1300 ng/worm 5-
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d/wk, i.e. average dose of 928 ng/day) or carrier medium (n = 12 per treatment group). After 22 weeks
of dosing, three birds from each treatment group were placed in an individual test cage for 2 hours after
the final dose. Immediately prior to euthanasia, a sample of faeces was collected and placed in a 1.5
mL microcentrifuge tube using a swab and placed on dry ice while post-mortem dissections took place.
Approximately three hours later, samples were placed in the oven at 40°C until dry. Drying faecal
samples were weighed daily until there was no further change in mass. The mean dry weight of faeces
was (0.169 g + 0.022). Dried samples were then ground and stored in small glass vials at -20°C until

analysis.

To extract fluoxetine from dried faeces, each sample was first spiked with 100 uL of 25 pg/mL of
internal standard (fluoxetine-dS in methanol, >99.4% purity purchased from TLC Pharmachem,
Vaughan, Canada) before adding 1 mL of methanol. Faeces and solvent were shaken on their sides at
420 rpm for 30 min, ultrasonicated for 5 minutes before centrifuging for 10 min in a microcentrifuge at
11,000 x g. The supernatant was transferred to a glass tube containing 100 uL of 9:1
Methanol:ethylacetate to prevent analytes from sticking to the glass during the concentration phase.
Glass tubes were transferred to a Turbovap set at 45°C and blown until dry under a steady flow of

nitrogen (typically 5-10 psi).

Samples were reconstituted first with 0.5 mL of methanol and vortex mixed for 10 seconds before
adding 0.5 mL of deionised water and vortex mixing again. Samples were passed through a PTFE filter
into a clear glass total recovery vial. Vials were sealed using a crimp cap containing a PTFE/Silica

septa. Samples were analysed following the method outlined in [12].

The percentage of the dose excreted unchanged was determined using LC-MS/MS. The percentage of
the dose excreted unchanged was compared between in vivo and in vitro data to provide an indication
as to how well the avian PBET predicted the percentage excretion of fluoxetine by passerines. We
compared the in vivo data with the Ca grit model as the in vivo starling diet included a calcium

supplement.
8.1 Ethics statement

In vivo evaluations were carried out under Home Office Licence (PPL 60/4213) and was approved by
the ethics committees of FERA and the University of York. Birds were captured under licences from

the British Trust for Ornithology and Natural England
8.2 LC-MS/MS

The concentrations of fluoxetine in faecal samples were determined using liquid chromatography
coupled to a triple quadrupole mass spectrometer. Liquid Chromatography was performed using a

Dionex Acclaim® RSLC C18 Polar Advantage II column (2.2 um 120A 2.1 x 100 mm). The triple
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quadrupole mass spectrometer was an Applied Biosystems/MDS Sciex API 3000 triple quadrupole in
positive ion mode for LC-MS/MS analyses. Multiple reaction monitoring (MRM) transitions using the
Applied Biosystems/MDS Sciex API 3000 triple quadrupole in positive ion mode were Fluoxetine:
310.2>147.9 (time = 200 msec); CV/CE = 13 and Fluoxetine-d5: 315.2>153.2 (time = 100 msec),
CV/CE = 13.

For the Liquid Chromatography a Dionex Acclaim® RSLC C18 Polar Advantage II column (2.2 um
120A 2.1 x 100 mm) was used. A ramp gradient method was used consisting of A: H20 0.1% formic
acid, B:Acetonitrile 0.1% formic acid was used at a flow rate of 200 uL/min with a total run time of 9
min. The gradient was as follows 1 min 15% B, 1.5 min, 40% B, 5.5 min 45% B, 5.6 min 95% B, 7 min
95% B, 7.2 mins 15% B, 9 mins 15% B. Retention times were 5.5 min for both analytes and internal
standard. The LOD was 1.78 ng/g of dry faeces, the LOQ was 5.92 ng/g of dry faeces and the percentage
recovery was 135.743.2%.
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