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ABSTRACT

The contamination of the environment by some veterinary medicines and their impact on wild animals is of
increasing concern. However, there is a lack of information about their residues in wildlife. The sentinel animals
most commonly used for monitoring the level of environmental contamination are birds of prey, and information
on other carnivores and scavengers scarce. This study examined the livers from 118 foxes for residues of a range
of 18 veterinary medicines (16 anthelmintic agents and 2 metabolites) used on farm livestock. The samples were
collected from foxes, primarily in Scotland, shot during legal pest control activities conducted between 2014 and
2019. Closantel residues were detected in 18 samples, and the concentrations found ranged from 6.5 pgkg ™! to
1383 pgkg 1. No other compounds were found in significant quantities. The results show a surprising frequency
and level of closantel contamination, raising concerns about both the route of contamination and the potential
impacts on wild animals and the environment, such as the potential for significant wildlife contamination to
contribute to the development of closantel-resistant parasites. The results also suggest that red fox (Vulpes vulpes)
could be a useful sentinel species for detecting and monitoring some veterinary medicine residues in the

environment.

1. Introduction

The use of veterinary medicines such as antimicrobial and anthel-
mintic agents is common in livestock farming (Lemus et al., 2008;
McKellar, 1997; Pedersen and Fenton, 2015; Zhao et al., 2020). Residues
of medicines can remain in the tissues of treated animals and be excreted
in their urine and faeces, there is also a spillage risk associated with
some formulations, all of which could contaminate other fauna, soil and
water (both surface and groundwater) (Cooke et al., 2017; McKellar,
1997; Mooney et al., 2021; Perkins et al., 2021). Such contamination
could have impacts on non-target species or even find its way into the
human food chain.

Prolonged or repeated contact with some toxic substances may lead
to accumulation in the internal organs of animals (Heltai and Markov,

2012). This has for example been observed with contaminants such as
heavy metals, organochlorides and anticoagulant rodenticides in foxes
and birds of prey (Heltai and Markov, 2012; Gomez — Ramirez et al.,
2014).

Although evaluation of the ecotoxicity of veterinary medicines is
part of their legislative approval process, it may be difficult to predict
indirect impacts on non-target animals and to the wider ecosystem
(plants, invertebrates and others). An example of such unpredicted
impact on non-target species is the toxicity of diclofenac (a non-steroidal
anti-inflammatory drug) residues to vultures (Cuthbert et al., 2014;
Galligan et al., 2021) and its subsequent impact on vulture populations,
particularly in India. This illustrates the potential importance of drug
residue monitoring, and of fully identifying and assessing environmental
risk (Kuster and Adler, 2014). Concerns have been recognised for many
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years and some jurisdictions have acted to improve environmental
assessment and monitoring processes, for example EU regulation
2019/6 (Regulation EU, 2019/6, 2018) which came into force on 28
January 2022 and replaced Directive 2001/82/EC (Directive,
2001/82/EC, 2001): efforts to improve processes will likely continue
(Fabrega and Carapeto, 2020; Casa-Resino et al., 2021).

Wild animals can be a useful bioindicator of changes taking place in
the environment (Egwumah et al., 2017; Espin et al., 2016), and sentinel
animal species may provide early warning signals about the presence of
contaminants and their potentially harmful effects, both directly to the
environment, and indirectly to humans (Reif, 2011; Van der Schalie
et al., 1999).

Monitoring, using wild animals, of a wide range of chemicals (e.g.
organochlorine insecticides, PCBs, metals/metalloids, fungicides, flame
retardants, anticoagulant rodenticides) has been widely practised
around the world, particularly in Europe (Gjershaug et al., 2008;
Gomez-Ramirez et al., 2011; Helander et al., 2008; Jaspers et al., 2006;
Kenntner et al., 2003; Koskimies, 1989; Movalli et al., 2008; Sell et al.,
2022; Van den Brink et al., 2003; Walker et al., 2008). The main subject
of such studies has often been birds of prey, which hold a position in the
food chain that can help to identify bioaccumulative contaminants, and
due to their conservation importance individuals found dead are often
collected and examined (Gomez-Ramirez et al., 2014; Badry et al.,
2020).

In the UK, the Wildlife Incident Investigation Scheme (WIIS) in-
vestigates the deaths of wildlife and companion animals, primarily in
situations where pesticide poisoning may have been a factor or where it
is suspected that pesticides may be present. WIIS provides an opportu-
nity to examine wild animals found dead, and to test for chemical res-
idues. The results of these investigations in Scotland are published
quarterly (Animal Poisoning Reports), they provide information about a
range of substances that wild animals may have been in contact with and
can detect low levels of contamination as well as levels with potentially
harmful effects. However, WIIS may not be completely representative of
the true extent of contamination in wild animals because a sampling bias
for animals found dead makes it difficult to be confident about extrap-
olation of the findings to the whole population (Ruiz-Suarez et al.,
2016). For this reason, the additional monitoring of selected species
which are abundant in the environment, and which are sampled by a
potentially less biased approach could provide valuable additional in-
formation about the extent of chemical exposure. A good example of
such a potential species is the red fox.

The red fox occupies a diverse range of habitats, and has a very
varied diet, because of this the fox population is potentially exposed to
many toxic substances and thus may be a valuable source of information
about environmental contamination. It has previously been used to
monitor substances such as anticoagulant rodenticides and metals
(Geduhn et al., 2015; Heltai and Markov, 2012; Tosh et al., 2011) and
for similar reasons, it has also been used as a sentinel animal in the case
of disease monitoring (Nemeth et al., 2016). Moreover, as animals at the
top of the food chain, foxes may accumulate chemical residues from
trophic levels below them through prey and scavenging. Foxes are
commonly shot and trapped in Scotland and the rest of the UK for pest
control purposes and thus there is an existing potential source of samples
that could be used for environmental monitoring that may be less biased
than the sourcing of samples for WIIS.

The aim of the current study was to examine fox livers for exposure to
arange of anti-ecto- and endoparasitic agents which are used on farms in
Scotland. There are no reports relating to the presence of veterinary
drugs in wild animal tissues in Scotland and for that reason the results
are potentially valuable and provide new information in that field.
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2. Materials and methods
2.1. Sample sources

Foxes are regularly shot throughout the year by farmers, pest con-
trollers and other land managers in the UK to protect both livestock and
game animals. Carcasses of foxes shot for this purpose were donated by
shooters for use in disease and pesticide monitoring. Between 2014 and
2019 foxes were collected from shooters in Scotland, the livers were
removed in a laboratory, and a subsample taken and frozen at — 20 °C
until required. Overall, 118 livers were sampled, 116 of these originated
in Scotland and a further two were from a site in the North of England.
These latter two were not intended to be tested but were processed due
to a miscommunication, however we have included them in the results
for completeness (see Fig. 2).

2.2. Analytes of interest

The analytes included in the examination were veterinary medicines
from the group of anthelmintic and antiparasitic drugs for endoparasites
(albendazole, clorsulon, closantel, doramectin, flubendazole, levami-
sole, mebendazole, moxidectin, oxfendazole, praziquantel, thiabenda-
zole, triclabendazole), their metabolites (albendazole sulfoxide, fipronil
sulfone) as well as for ectoparasites (avermectin Bla, coumaphos,
dicyclanil, fipronil). Certified reference standards (purity > 98%) of
veterinary medicines were purchased from Qmzx, Thaxted, England UK,
Greyhound Chromatography & Chemicals, Birkenhead, Scotland UK,
Sigma-Aldrich Company Ltd., Gillingham, England UK or LGC Ltd,
Teddington, England UK.

2.3. Preparation of standard solutions

Stock standard solutions of all of the veterinary medicines were
prepared in-house in methanol at concentrations of approximately 400
pgml ™!, purely as a convenient starting point to prepare the subsequent
intermediate mixed stock solutions. Appropriate amounts of each stock
were taken to make composite standard mixtures at concentrations of
approximately 5 ugml™! which could be stored at 4-7 °C for one year.
From this, a mixed intermediate standard solution at 1 pugml™' was
prepared. The intermediate solution was used to prepare a series of
solvent standards (ranging from 0.001 to 0.1 pgml™!). The solvent
standards were diluted 2-fold into 1 ml volumetric flasks using chicken
liver matrix blank extract (extracted as described in Section 2.4) to
obtain matrix standards from 0.0005 to 0.05 pgml~': The intermediate
standard solution at 1 pgml ™, the solvent and the matrix standards were
stored at 4-7 °C and were available for use for up to 1 week.

2.4. Sample preparation

The samples were prepared according to the method described pre-
viously by Taylor et al. (2019). The liver samples were defrosted,
chopped and 1.0 ( & 0.1) g of each was weighed into a plastic centrifuge
tube. Then 5 ml of acetonitrile was added for extraction and the samples
were vortex mixed for 1 min. Thereafter the commercial QuEChERS
extraction salt packet (containing 4 g NaSOy4, 1 g NaCl) was added to
the tube and after shaking for 1 min, the tubes were centrifuged for
5 min at approximately 2500 x g at room temperature. After that, a 3 ml
aliquot of the supernatant was transferred to a 15 ml dispersive SPE tube
(containing 50 mg of PSA, 150 mg of C18EC and 900 mg of anhydrous
NayS04), the tube was vortex mixed and then centrifuged for 5 min at
3000 x g. The supernatant was filtered through 0.45 pm PTFE syringe
filters into glass vials ready for LC-MS/MS examination.

2.5. LC-MS/MS analysis

Chromatographic analyses were performed using a Nexera X2 UPLC
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Fig. 1. The concentrations of closantel found in positive samples.

system coupled to a Shimadzu LCMS 8050 triple quadrupole mass
spectrometer (Shimadzu UK Ltd., Milton Keynes). The chromatographic
separation was performed using a Kinetex C18 UHPLC analytical column
(2.6 ym, 50 x4.6 mm) at 35 °C (Phenomenex, Torrance, USA),. The
flow was set at 400 plmin . The injection volume was 5 pl. The total run
time was 17 min and the gradient was programmed as in Table 1.

The limit of detection (LOD) was set at 5 pgkg ™" for all of the ana-
lytes. The samples were diluted in order to fit within the limits of the
calibration curve. Acceptable recoveries fell within the range 60-140%
with the mean being between 70% and 90% at low and high levels.

3. Results

Only one of the 18 medicines and metabolites being tested for was
detected. The veterinary medicine Closantel was found above the limit
of detection (LOD) in 18 (15.3%) of the examined samples (n = 118).
The average concentration was 219 pgkg™!, with the minimum con-
centration found being 6.5 pgkg™' and the maximum level detected
1383 pgkg ™. However the majority of the positive samples (55,6%)
were in the range of 20 < 100 pgkg ! (Fig. 1).

Positive samples were distributed widely across the country and
came from 13 different geographic locations (Fig. 2) and between two
and six positives were detected from each of the five study years.

4. Discussion
4.1. Closantel residues

Closantel was the only veterinary medicine detected in this study, to
our knowledge it is the first time that closantel has been detected in wild
animals in Scotland and we are not aware of similar results being found
elsewhere Closantel is an anthelmintic veterinary drug from the salicy-
lanilide group, which is used (often in combination with other active
ingredients) in sheep and cattle to control liver fluke (Fasciola hepatica),
roundworms such as Haemonchus spp and other endoparasites; it can also
be used to treat some larval arthropod infestations such as nasal bot fly
(Oestrus ovis) or mange mites such a Psoroptes spp. Although widely used
in sheep and cattle in the UK it is not typically used on other livestock,
pets or humans. Application to sheep and cattle in the UK is usually by
oral ‘drench’ or parenterally by intramuscular or subcutaneous injec-
tion. There are also some ‘pour on’ products for external application on
cattle (SCOPS, 2018; EMA, 2019).

Closantel was detected in 15.3% (n = 18) of the tested samples, and

they were well distributed both through time and geographically, indi-
cating that the occurrence was not due to a single incident. The fre-
quency with which closantel was detected in the samples is notable
relative to the other compounds tested for, none of which were detected,
and raises questions about whether there is some factor unique to clo-
santel, or the way it is used, that might account for this. However, we
have no information on the relative levels of use of each compound.
Liver concentrations of closantel averaged 219.3 pgkg !, however the
range was wide and in two samples exceeded 1000 pgkg . Given that
the drug was not directly administered to foxes, > 1000 pgkg ! could be
considered high. For comparison, the maximum residue limit (MRL)
imposed by the EU for closantel residues in the liver are 1000 ugkg ! for
cattle and 1500 pgkg ™! for sheep, however, these are limits below which
it is considered acceptable to permit human consumption of the tissue
and the concentrations in the immediate aftermath of treatment could
be significantly higher. The most recent EU guidance is that a period of
107 days should be applied post-treatment to ensure that residues are
below the MRL (EMA, 2014; EMA, 2019), implying a much higher
starting point during typical treatments. Closantel has a relatively long
biological half-life and is poorly metabolised, leading to much of a dose
being excreted unchanged (Michiels et al., 1987).

Closantel is typically administered at a rate of 5 mgkg™" via intra-
muscular injection to sheep and cattle and at a higher rate of 10 mgkg !
via oral drench. If the absorption of closantel by the liver of a fox is
similar to that of the ruminants then this could imply that some of the
sampled foxes had a significant initial intake of closantel in the order of
several mgkg~!. Unfortunately, the time between ingestion of the clo-
santel and sampling of the foxes tested is unknown and probably varied
considerably. It is also likely that some foxes ingested closantel on
several occasions and at different concentrations prior to the samples
being taken. Thus, it is not possible to estimate the initial dosage that the
foxes received.

4.2. Contamination routes

The red fox, while predominantly a hunter of small mammals, can
exist on a very varied omnivorous diet, this allows it to be highly
adaptable to many habitats and circumstances (Harris and Yalden,
2008). In some parts of Scotland sheep may form a significant compo-
nent of the diet of foxes. This may comprise of lambs that have been
predated, but mainly of scavenged lambs and adult sheep that have died
of other causes (Hewson, 1984). Studies suggest that the overall impact
of fox predation on lambs is likely to be low (<10% of overall mortality)
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Fig. 2. Map of Scotland showing the origin of fox samples and in which sam-
ples closantel was detected.

Table 1

The chromatographic elution profile. Composition of mobile phase in channel A:
methanol/H,0 5/95 (5 mM ammonium acetate) and in channel B: methanol
(5 mM ammonium acetate).

Time % of mobile phase in channel A % of mobile phase in channel B
(minutes)

0.1 75 25

0.7 40 60

12.0 2 98

13.9 2 98

14.0 75 25

17.0 75 25

but can vary widely from farm to farm (Harris and Yalden, 2008). The
scavenging of sheep and lamb carcasses, and the predation of lambs, are
possible direct routes by which veterinary medicines could find their
way into foxes. However, another potential direct route is medicines
that have been spilled and which have contaminated either water or
food items. Medicines might also be indirectly ingested as secondary
contamination by the consumption of animals other than treated
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livestock that have themselves ingested the compounds, for example
rodents in the vicinity of a farm.

Closantel is not classed as bioaccumulative Veterinary Medicines
Directorate, 2019(defra.gov.uk) United Kingdom Veterinary Medicines
Directorate, 2016., although it can persist in tissues of treated animals
for many weeks, typically having an elimination half-life of 2-3 weeks
(Michiels et al., 1987). A large proportion of administered Closantel is
bound in blood plasma and quickly excreted; for oral dosing, this can be
around 43% in the first 48 h (10% for intramuscular injection) and
around 80% in total over several weeks (https://inchem.org/docume
nts/jecfa/jecmono/v27je02.htm), in this situation the consumption of
a treated animal in the first day or so after treatment seems likely to
deliver the highest levels of contamination.

Alongside accidental spillage, the excretion of significant amounts of
the chemical from treated livestock raises another possible route: i.e.
eating or drinking from a source contaminated by faecal or urine de-
posits of livestock in the aftermath of treatment, or the direct con-
sumption of such deposits. It is widely noted that the faecal matter of
closantel treated animals is toxic to dung and soil invertebrates Veteri-
nary Medicines Directorate, 2019(defra.gov.uk) indicating significant
levels of the active ingredient can be present. Foxes could conceivably
drink contaminated water or consume some contaminated soil while
foraging for various food stuffs, however, the extent to which foxes
might be directly coprophagic towards the faeces of sheep or cattle is
unknown as we are unaware of any studies on this. Research has indi-
cated that in some situations, foxes may be coprophagic on the faeces of
domestic dogs (Waggershauser et al., 2022) however given the signifi-
cant differences in composition between carnivore and herbivore faeces
it is not certain that foxes would find adult ruminant faeces attractive.
Macdonald (1987) reports observing a fox consuming the faeces of a
young lamb, and it is known that some domestic dogs will eat ruminant
dung, so the possibility exists that some, perhaps many, foxes may also
exhibit this behaviour. Nevertheless, the consumption of faeces is likely
to be difficult to detect by conventional dietary analysis and therefore
could be significantly under-recorded, or even completely missed if it
occurs.

Visual problems, up to and including blindness are a potential
outcome of overdosing with closantel (Gill et al., 1999). In the case of
sheep and lambs this and other sub-lethal effects of closantel poisoning
could make them more susceptible to predators such as the fox. The
consumption of tissue from livestock that have been excessively dosed is
perhaps a route by which a fox could consume a high secondary dose.
Negative effects may occur when the dose is from 2 to 6 times higher
than recommended for kg body weight (Barlow et al., 2002). However,
while accidental closantel poisoning of sheep has been recorded in some
countries (Neha Rao et al., 2018; Rivero et al., 2015) the extent of clo-
santel contamination found in foxes might imply a high frequency of
overdosing by farmers if this were the cause, and there would likely be
other evidence of such practices such as significant numbers of veteri-
nary reports of closantel poisoning.

4.3. Impact of contamination

The toxic implications of closantel for foxes may be different than for
ruminants; visual ailments are a common symptom of closantel
poisoning among various species, including dogs (McEntee et al., 1995),
however concentrations would likely have to be much higher than those
detected to have significant negative impact on the animal. For example,
tests on beagles determined that the ‘no observable effect limit (NOEL)
for closantel was a dosage of around 2.5 mgkg ™' per day and even at
rates of 10 and 0 mgkg ! per day it did not lead to any significant toxic
outcomes in the animals (https://inchem.org/documents/jecfa/je
cmono/v27je02.htm).

Carcasses in this study were not subject to detailed examination for
signs of closantel (or other vet medicine) toxicity as they were primarily
collected for other unrelated reasons. As previously noted, closantel
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poisoning in various animals is often associated with blindness and
vision problems (Bacellar-Galdino et al., 2020; Essabar et al., 2014;
McEntee et al., 1995) and while nothing was observed during this study
that suggested any of the animals sampled were suffering any visual
impairments there were no specific examinations undertaken either, so
effects such as characteristic ocular lesions that might be found with
anatomopathological investigation would not have been detected.

It is worth considering that at certain levels, the presence of closantel
in foxes may not be negative in terms of the outcome for the fox; there is
even a possibility that at some concentrations it may be beneficial,
helping to control or prevent some parasitic infections. However, the
levels we detected varied considerably and while this may partly be due
to different time periods since ingestion of the closantel, it is almost
certainly also due to different levels of intake. It would seem reasonable
to assume that some foxes will receive doses which are insufficient to
significantly impact on parasite levels but which, along with higher
doses in other individuals could help to select for closantel resistant
parasites. Also, depending on the route of contamination the presence of
the closantel in foxes may be indicative that other species could also be
contaminated at levels where parasites may be subject to selection for
resistant individuals. Parasite resistance to closantel has so far not been
widely recorded, but possible signs of it have been detected in Barber’s
pole worm (Haemonchus contortus) and liver fluke (Fasciola hepatica)
(Fairweather et al., (2020, 2015)).

5. Conclusion

Our results show that monitoring of veterinary drugs in the envi-
ronment is potentially important (Boxall et al., 2004; Kiimmerer, 2004)
and the finding of widespread closantel residues illustrates that
increased wildlife monitoring efforts should be considered (Kuster and
Adler, 2014). This is the first time a veterinary medicine has been
detected in the livers of wild foxes in the UK, and the number and dis-
tribution of positive samples suggests that it may not be an uncommon
occurrence for closantel. The monitoring of birds of prey in various
countries (Gomez-Ramirez et al., 2014; Badry et al., 2020) has been
helpful in highlighting pollutant threats to wild animals; similar moni-
toring studies on red foxes which are also one of the main predators and
scavengers and are similarly at the top of food chain in the UK could be
of additional value. Red foxes inhabit a wide range of habitats and
potentially encounter many different substances, and this could make
them good sentinel animals, in addition carcasses are readily available
as a by-product of pest control activities.

The contamination pathway of closantel and the effect of the
contamination on foxes, the wider environment and parasite pop-
ulations warrants further investigation.
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