PHILOSOPHICAL
TRANSACTIONS

OF
THE ROYAL
SOCIETY

rsth.royalsocietypublishing.org

|ntr0dUCt|0n CrossMark

click for updates

Cite this article: Arold KE, Brown AR,
Ankley GT, Sumpter JP. 2014 Medicating
the environment; assessing risks of
pharmaceuticals to wildlife and ecosystems.
Phil. Trans. R. Soc. B 369: 20130569.
http://dx.doi.org/10.1098/rsth.2013.0569

One contribution of 18 to a Theme Issue
“Assessing risks and impacts of pharmaceuticals
in the environment on wildlife and
ecosystems’.

Subject Areas:
behaviour, environmental science, ecology

Keywords:

pharmaceuticals, ecotoxicology, sewage,
population ecology, contaminants,
environmental risk assessment

Author for correspondence:
Kathryn E. Arnold
e-mail: kathryn.arnold@york.ac.uk

%’Royal Society Publishing

Medicating the environment: assessing
risks of pharmaceuticals to wildlife
and ecosystems

Kathryn E. Amold', A. Ross Brown??, Gerald T. Ankley* and John P. Sumpter®

LEnvironment Department, University of York, York, UK

ZpstraZeneca Safety, Health and Environment, Brixham Environmental Laboratory, Brixham, UK
SUniversity of Exeter, Biosciences, College of Life and Environmental Sciences, Exeter, UK

“4US Environmental Protection Agency, Duluth, MN 55804, USA

Sinstitute for the Environment, Brunel University, Uxbridge, UK

KEA, 0000-0002-6485-6065; ARB, 0000-0002-3892-8993

Global pharmaceutical consumption is rising with the growing and ageing
human population and more intensive food production. Recent studies have
revealed pharmaceutical residues in a wide range of ecosystems and organisms.
Environmental concentrations are often low, but pharmaceuticals typically are
designed to have biological effects at low doses, acting on physiological systems
that can be evolutionarily conserved across taxa. This Theme Issue introduces
the latest research investigating the risks of environmentally relevant concen-
trations of pharmaceuticals to vertebrate wildlife. We take a holistic, global
view of environmental exposure to pharmaceuticals encompassing terrestrial,
freshwater and marine ecosystems in high- and low-income countries. Based
on both field and laboratory data, the evidence for and relevance of changes
to physiology and behaviour, in addition to mortality and reproductive effects,
are examined in terms of the population- and community-level consequences of
pharmaceutical exposure on wildlife. Studies on uptake, trophic transfer and
indirect effects of pharmaceuticals acting via food webs are presented. Given
the logistical and ethical complexities of research in this area, several papers
focus on techniques for prioritizing which compounds are most likely to
harm wildlife and how modelling approaches can make predictions about
the bioavailability, metabolism and toxicity of pharmaceuticals in non-target
species. This Theme Issue aims to help clarify the uncertainties, highlight
opportunities and inform ongoing scientific and policy debates on the impacts
of pharmaceuticals in the environment.

1. Introduction

The number and density of humans and livestock requiring healthcare is escalat-
ing. This problem is further exacerbated, particularly in high-income countries, by
expanding cohorts of obese and elderly people with chronic health problems [1].
With this comes an increase in the quantity and diversity of pharmaceuticals con-
sumed and subsequently excreted. Significant quantities of pharmaceuticals can
be emitted to the environment from manufacturing sites (particularly, but not
exclusively, in lower income countries, reviewed by Larsson [2]), in addition to
those released via inadequately treated sewage [3]. Different types of pharmaceu-
ticals also are commonly used to enhance livestock production in both high- and
low-income countries, sometimes without strong regulatory controls for use or
discharge. While the health benefits of medication are important, it is only in
the past 10-15 years that the potential environmental risks of these substances
have been considered in any detail [4,5]. Currently, there are a number of uncer-
tainties associated with the environmental risk assessment of pharmaceuticals
due to lack of knowledge concerning their fate in wastes and the environment,
their uptake, metabolism and excretion (pharmacokinetics) in wildlife, and their
target affinity and functional effects (pharmacodynamics) in non-target species
[6]. This Theme Issue focuses on risks posed by pharmaceuticals (principally
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Figure 1. Pharmaceuticals can disperse through the environment via multiple and potentially complex pathways some of which are shown here. Sources of pharma-
ceuticals in the environment (yellow boxes) indude pharmaceutical manufacturing, livestock, aquaculture and pets, and human patients. Pharmaceuticals can then
disperse directly into the environment or via sewage treatment plants and landfill (red ovals). The fate of pharmaceuticals in aquatic (boxes with blue waves) and
terrestrial (green boxes with white dashes) environments can result in uptake of pharmaceuticals into wildlife. Simple food webs are shown to illustrate the

potential for pharmaceuticals to bioaccumulate. (Online version in colour.)

hydrocarbon-based small molecules, as opposed to larger bio-
pharmaceuticals) in the environment to vertebrate wildlife
which share the greatest level of orthology for mammalian
drug targets important to human and veterinary medicine
[7-9]. Both laboratory and field-based evidence of pharma-
ceutical exposure and effects are considered [10-15]. Some of
the papers and ideas developed here derive from a Royal Society
International Scientific Seminar held in April 2013, with the title
“Assessing the exposure risk and impacts of pharmaceuticals in
the environment on individuals and ecosystems’ [16].

A number of key questions and uncertainties will be inves-
tigated in this Theme Issue: first, we explore exposures to
wildlife occupying a range of ecosystems; most pharmaceut-
icals are emitted continuously to the environment (figure 1),
dispersing within aquatic and terrestrial habitats and in some
cases bioaccumulating in ecological food chains, potentially
affecting organisms at higher trophic levels [17-19]. Second,
several papers explore the nature of pharmaceuticals as con-
taminants and how we can prioritize research based on the
potential risk they pose. Pharmaceuticals can be more potent
than many historical environmental contaminants because
they are designed to elicit specific biological effects at relatively
low concentrations. These specific effects can be expressed as
behavioural, physiological and histological alterations, which
potentially can be triggered at environmentally relevant con-
centrations of pharmaceuticals. Importantly, some alterations
caused by pharmaceuticals in non-target species have not
been commonly used or interpreted in environmental risk
assessments; therefore, their reliability as predictors of adverse
effects on non-target species needs to be explored. Moreover,
pharmaceutical effects can act indirectly on populations
through the food chain, for example, if a key prey species is
negatively affected [13]. Finally, we examine the prospective
interactions of pharmaceuticals in environmental mixtures
[20] and begin to explore their relative impacts on wildlife com-
pared with the other environmental stressors, both natural and
anthropogenic [21].

2. How we are medicating the environment

Over 4000 pharmaceuticals are used across the globe for
medical and veterinary healthcare, as well as growth promo-
tion of livestock [6]. When most medications are consumed,
parent compounds and metabolites are excreted into the
wastewater system or directly into the environment [22]
(figure 1). Depending on their physico-chemical properties,
compounds can be degraded, partition to water or solid
phases including biosolids (such as sewage sludge), enter the
aquatic or terrestrial environment, or all of the above [22].
Ironically, some policies designed to improve the quality of
aquatic environments and sustainability of water resources
might contribute to the contamination of terrestrial ecosystems.
For example, biosolids previously dumped in the ocean are now
sent to landfills, incinerated or applied to agricultural land as
fertilizer. In the USA, 5-7 Mt of dry sewage biosolids are esti-
mated to be produced annually [23] with approximately 60%
being applied to land [24]. There is a very similar situation in
parts of Europe [25]. Aqueous sewage effluent is also being
used increasingly for irrigation, particularly in water-stressed
regions of the world [26]. Agricultural applications of sewage-
derived biosolids containing human pharmaceuticals are
currently dwarfed by the use of livestock manure (dung and
urine) containing veterinary drugs, as fertilizer [27]. Veterinary
drugs also may be released into the environment both directly
(e.g. anthelmintic ‘worming’ treatments excreted in dung and
antibiotics from the aquaculture industry) and indirectly via
predation or scavenging of medicated animals [12,22,28-32]
(figure 1). Recycled raw sewage, municipal wastewater and bio-
solids are also being applied increasingly to urban green spaces
such as parks and golf courses, which is likely to result in
increased environmental exposure to organisms occurring
across a range of habitats [14,33,34]. Pharmaceuticals also
have been detected at high concentrations near drug pro-
duction facilities, particularly in countries with developing
economies [2].
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Using modern analytical techniques pioneered by some of
the authors featured in this Theme Issue, a range of pharma-
ceuticals, including synthetic hormones, anti-inflammatories
and antidepressants have recently been detected in soils,
surface waters, sediments, groundwaters and in marine eco-
systems [12,22,32]. A number of pharmaceuticals have been
shown to be persistent in the environment [22,35]. The
anticonvulsant drug carbamazepine, for example, can persist
in soil unchanged for at least 40 days and be taken up into
crop plants, accumulating particularly into leaves [36]. Simi-
larly, the antidepressant fluoxetine (the active ingredient in
Prozac) excreted by humans is only partially metabolized,
incompletely removed by current wastewater treatment
plant (WWTP) processes, and exhibits minimal degradation
or transformation in sewage or soil over many months
[35,37]. While such compounds truly are persistent, most
human- and veterinary-use pharmaceuticals released to sur-
face waters are regarded as ‘pseudo-persistent’ in that they
are used continuously and released to the environment, result-
ing in constant exposures of organisms, even to relatively
degradable compounds [22].

3. How can we predict environmental risk?

Risk is a concept common across many disciplines and
depends both on exposure (e.g. frequency, timing and level
of contact with a stressor) and effects (e.g. the nature and mag-
nitude of the response to the stressor). The often relatively low
concentrations of pharmaceuticals in many ecosystems have
led some researchers, regulators and industry stakeholders to
debate whether or not they pose significant risk to humans
or wildlife [7] (also see [38]). However, there are large numbers
of drugs with little or no environmental data and, due to their
biological potency, even comparatively low concentrations of
some pharmaceuticals could cause adverse effects. A number
of prioritization schemes have been proposed based on the
intrinsic properties of drugs (hazard) and their scale of use
(exposure) [39-41] (also see [42]), but environmental risk
assessors still face several uncertainties.

Predicting the exposure of organisms to pharmaceuticals
depends on a number of environmental and ecological factors,
including exposure pathway (aquatic or terrestrial) and uptake
route (direct or indirect, internal dietary or uptake via external
‘exchange’ surfaces, e.g. gills and cuticles). There is evidence
that some pharmaceuticals can bioconcentrate and bioaccumu-
late in aquatic food chains; for example, the antidepressant
fluoxetine has a bioconcentration factor (BCF) of over 1000
in freshwater mussels Elliptio complanata, which are consumed
by many vertebrate predators [43]. However, predicting
uptake can be complex: by assessing the relative importance of
uptake route for drugs with a range of lipophilicities (log Koy)
including carbamazepine (1.5), diphenhydramine (3.4) and
sertraline (5.3), Du et al. [44] demonstrated that direct uptake
in fish via the gills was more important than dietary exposure,
due to trophic dilution (i.e. lower bioaccumulation in fish com-
pared with their invertebrate prey) [44]. Substantial direct
uptake (bioconcentration) from water into vertebrates is also
indicated for other pharmaceuticals. For example, in effluent
contaminated waterways in North America diltiazem (used
to treat hypertension) concentrations in fish plasma were 21.6
times greater than those in water, and osprey plasma concen-
trations were 4.71 times higher than those of fish. However,

these figures varied between sites, fish species and also indi-
viduals within species [45]. Such studies illustrate the
uncertainties associated with predicting exposure and uptake
in ‘the real world’.

In the terrestrial environment, pharmaceuticals can also be
taken up into plants [36,46] or remain bound to the external sur-
faces of leaves following biosolids or waste water application,
thus potentially exposing herbivores to associated contami-
nants [47]. Predicting bioavailability of drugs in soils and also
sediments is complicated by the fact that many compounds
are ionizable and those that form cations may become bound
to negatively charged clay particles [35,36]. Nevertheless,
some pharmaceuticals might still be available to soil- or
sediment-ingesting organisms and could potentially accumu-
late in terrestrial and benthic food webs (reviewed by Shore
et al. [14]). Consequently, wildlife across diverse ecosystems
are likely to be exposed to pharmaceuticals in the environment
either directly or indirectly. However, the extent of exposure
remains unknown for most taxa and ecosystems.

Following their uptake, many medical compounds are
metabolized to Phase I metabolites that can sometimes be
more reactive or more toxic than the parent pharmaceutical
[48]. There are fewer data concerning subsequent Phase II
and III metabolism of drugs in non-target organisms, but
zero-order metabolism and consequent increased suscepti-
bility to harmful pharmaceutical effects, or side effects,
have been shown for the non-steroidal anti-inflammatory
drug (NSAID) diclofenac in raptors [12,49]).

A key assumption in the environmental risk assessment of
pharmaceuticals is that effects and associated blood plasma
concentrations in non-target organisms will be comparable to
therapeutic effects and concentrations in patients. Furthermore,
this ‘read-across’ hypothesis predicts that pharmacological
(therapeutic) effects will occur before adverse toxicological
effects [50], potentially providing sensitive biomarkers of
exposure or an early warning of possible adverse effects [42].
However, it should also be noted that adverse effects in non-
target organisms can differ from therapeutic effects or even
the side effects in humans (table 1). Moreover, it is also quite
possible that the therapeutic effects of some pharmaceuti-
cals themselves could be harmful [11,50,51]. For example,
environmental exposure to painkillers could lead animals to
over-exert themselves during chases and fights, thus risking
exhaustion or injury.

Predicting the effectiveness of a molecule as a therapeutic
medicine in patients, let alone its effect on non-target organisms,
is not straightforward [53]. First of all, it is necessary to assess the
potential for the active pharmaceutical ingredient (API) to reach
its protein target (e.g. an enzyme or receptor), taking into
account its adsorption, distribution, metabolism and excretion.
Of course, this assumes that we know the identity of the target
receptor, that the wildlife species has the target receptor and
that the pharmaceutical binds to it rather than a non-target recep-
tor. Then one needs to determine how well the molecule’s active
site (ligand) binds and interacts with the target. Some useful pre-
dictors of uptake and distribution in the body are molecular size
and lipophilicity [54]. However, API binding and potency may
be more difficult to gauge, depending on the shape and size of
its ligand [8], and the structure and biochemistry of the drug tar-
get’s ligand-binding domain, as well as the physiological
function of the target [7,9]. In this Theme Issue, several papers
discuss in more detail the uncertainties associated with risk
assessment [20,38 42].
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Table 1. Five of the most heavily prescribed and used human pharmaceuticals in high-income countries that are known or predicted to disperse into the
environment. For each pharmaceutical (UK trade name in brackets), the class and intended action of the pharmaceutical in humans are listed. Some of the
common side effects in humans of these compounds are described along with suggested potential analogues of behavioural and physiological responses that

could be measured in wildlife.

compound

fluoxetine® SSRI antidepressant sexual dysfunctlon
(Prozac) ” anX|ety and sumdal thoughts -
R vwelght Ioss I
”feelmg restless B
* fenofibrate” Iivpid reguvlator (Fibrate) v ”dlarrhoea v
e pam . weakness B
otlistat® antiv-obesity ” vlnfectlon of the upper resplratory tract o
(Xenical) ” Iowered blood sugar o
' v0|Iy d|scharge from the rectum
' itregular menstrual periods -
N gastromtestmal problems SR
(Voltarol)
e
T, problems B
* loratadine® antihistamine v ”feellng nervous - v
Gy . et g B

ha|r Ioss

common side effects in humans

analogue traits to measure in non-model animals

— reproductive success

— behawoural and hormonal stress responsweness -

— mass and body condltlon o

act|V|ty Ievels S

— defaecatlon rate and mass Ioss v v ;

o Iocomotory performance e

' — immune functlon

. ._ blood glucose e

o b .

“ .— fur/feather 50|I|ng

— timing of ‘breeding - - ' '

—foodmtake

o body condltlon OO

. _ vy IeveIs e

- - escape speed

- colour and quallty of sexuaI ornaments -
— nsk responsiveness

o body i changes e

— moult rate and t|m|n'g

ahttp //www nhs uk/medlcme gu|des/pages/Med|C|neSldeEffects aspx7cond|t|on Depresswn&medlcme Prozac&preparatlon Prozac 20 mg capsules
http://www.nhs.uk/medicine- -guides/pages/MedicineSideEffects.aspx?condition=Cholesterol&medicine=Fenofibrate&preparation=.
“http://www.nhs.uk/medicine-guides/pages/MedicineSideEffects.aspx?condition=0besity&medicine=Xenical&preparation=.
dhttp://www.nhs.uk/medicine-guides/pages/MedicineSideEffects.aspx?condition:Pain&medicine:DicIofenac%ZOSodium&preparation=DicIofenac%ZOsodium%

2025mg%20gastro-resistant%20tablets.

*http:/www.nhs.uk/medicine-guides/pages/MedicineSideEffects.aspx?condition=Allergic conditions&medicine=Loratadine&preparation=Loratadine 10 mg tablets.

4. Pharmaceutical exposure and dose in
non-target species

To assess uptake and thus exposure for wildlife, we need to
integrate data on the physico-chemical properties and behav-
iour of pharmaceuticals and their metabolites with existing
ecological and life-history data. An emerging topic discussed
in this issue is how the probability of exposure of wildlife to
environmental contaminants can be influenced by fitness-
related traits such as foraging range, feeding behaviour and
reproductive strategy, including spawning and dispersal
patterns [9,14].

Freshwater taxa have been relatively well studied in terms of
exposure to pharmaceuticals [9,10,45,52,55] compared with ter-
restrial [14,15,56—58] or marine [9,32] species. In many aquatic
taxa uptake of soluble, hydrophilic compounds occurs mainly
via the gills or dermally (particularly in small organisms such
as larvae), whereas uptake of less soluble, hydrophobic com-
pounds more often occurs via a dietary route [59]. Regardless
of uptake route, it is necessary to consider internal processes
such as metabolism, distribution and excretion when assessing
effective pharmaceutical dose (blood plasma or tissue con-
centrations) [49] and bioaccumulation potential [45,59]. Both
external exposure and internal dose can be used to derive indi-
ces of the comparative vulnerability of different wildlife species

to environmental contaminants [42,49,60,61]. The majority of
exposure and uptake data are derived from laboratory organ-
isms, while there are only a limited number of studies that
quantify variation in the environmental uptake of pharmaceut-
icals in the wild [44]. With the aid of established environmental
surveillance schemes focusing on well-characterized classes
of persistent or bioaccumulative historical contaminants,
Shore et al. [14] examine the sources, pathways and food webs
in terrestrial and freshwater systems that potentially result in
the greatest exposure. Using data extrapolation, they identify
the likely factors that should also mediate the degree of
uptake of pharmaceuticals. A key observation is that exposure
studies would in general be enhanced by more routine mea-
surement of pharmaceutical concentrations in blood plasma,
which can provide an indication of possible effects in wildlife,
based on pharmacologically active, i.e. therapeutic, doses in
humans [44,45,50].

Pharmaceutical exposure and uptake within marine and
estuarine ecosystems remains relatively understudied, but a
number of chemical and biological markers suggest that
marine and estuarine biota have been exposed to human
and livestock waste, from which we might extrapolate that
they also are being exposed to pharmaceuticals (reviewed
by Gaw et al. [32]). There are also data from laboratory studies
indicating the potential for pharmaceuticals to move through
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marine food chains; for example, at environmentally relevant
concentrations in the laboratory, diclofenac (an NSAID) and
propranolol (a beta-blocker) have BCFs of 10-180 in blue
mussels Mytilus edulis trossulus [62].

Exposure of terrestrial vertebrates to pharmaceuticals has
also been less well studied than for freshwater species. In one
study, it was demonstrated that some WWTPs provide rich
sources of emergent insects that attract bats at numbers compar-
able to favoured riparian foraging habitats [56]. Thus, exposure
of bats, birds and other insectivores [63] to human pharmaceu-
ticals derived from WWTPs could be unexpectedly large. In
general, however, more studies of uniquely marked or tagged
individuals are required in order to monitor foraging and dis-
persal behaviours to better estimate terrestrial exposures to
pharmaceuticals via dung, biosolids or WWTPs. This would
also enable an assessment of possible age or sex biases in
exposure if, for example, subordinates or breeding females are
particularly drawn to contaminated food sources at stressful
times of year (e.g. during winter) [64]. In turn, this could
result in differential selection pressures acting on exposed
individuals or sub-populations, for example higher predation
rates on emboldened fish exposed to antidepressants [11].

Specific, and unexpected, exposure routes also need to be
explored. Scavengers, for example, can be reliant on carcases
of livestock or companion animals for food, often from land-
fills or provided as a conservation measure. This brings with
it the potential for exposure to veterinary drugs used to treat
domesticated animals [14,65]. For example, residues of bar-
biturates in carrion of euthanized pets have been found to
exceed the lethal dose for a spectrum of scavengers and
there have been reports of secondary barbiturate poisoning
[14]. The foraging mode of Asian vultures and their sensitivity
to certain NSAIDs resulted in the near extinction of three
keystone species [12,49]. The management of both species
important for conservation (e.g. supplementary feeding) and
the waste from rural and urban communities (e.g. carcases
from livestock, feral animals and pets) needs to be considered
when assessing exposure risk to scavenging animals [12,14].

5. Pharmaceuticals as environmental
contaminants of concern

Pharmaceuticals differ from other bioactive chemical pollu-
tants, such as pesticides or biocides, because they are
generally not intended to kill organisms or regulate popu-
lations (with some exceptions, e.g. anthelmintics, antibiotics
and fungicides). Instead, many pharmaceuticals are intended
as modifiers of physiology and, in some cases, also behav-
iour. One widely studied physiological response likely to
impact individual fitness in wildlife is vitellogenin induction.
This has been observed in fish at environmental concen-
trations of the birth control and hormone replacement drug
17a-ethinylestradiol (EE2) as low as 1 ngl*1 (reviewed in
[66]). Vitellogenin is required for egg-yolk provisioning
essential for developing embryos and larvae, but overproduc-
tion in females can lead to impaired liver and reproductive
function, and in males reduces kidney function and survival
[66—-68]. However, there is still some argument as to whether
it is more applicable as a biomarker of oestrogen exposure
rather than effect [69]. There is also a growing concern over
psychoactive drugs because they are designed to alter
(human) behaviour and have side effects that could also

influence fitness-related traits animals
[11,15,55,70] (table 1 and §6).

Recalling the ‘read-across’ hypothesis (§3), there are a

in free-living

number of reasons why compounds designed to have thera-
peutic effects in humans and livestock could impact non-
target animals and ecosystems: there is strong evolutionary
conservation of drug targets across phyla; pharmaceuti-
cals are generally highly potent, and long term, low-level
exposure due to their continual release to the environment
is likely to lead to chronic effects; for some pharmaceuticals,
mode of action is associated with a potentially harmful effect
(e.g. cytostatic or endocrine modulating); taxonomic variation
may lead to inadequacy in metabolic, excretory or detoxi-
fication systems in some species; age, sex, population and
species-specific differences may affect susceptibility; direct
and indirect effects may occur (the latter via the food
chain); there may be additive or synergistic ‘cocktail” effects
from mixtures of pharmaceutical and other stressors.

Molecular predictors offer the potential for read-across
between compounds and drug targets in different species,
as reviewed in Madden et al. [8]. Assessing the downstream
effects of target activation on physiological function in non-
target species via adverse outcome pathways (AOPs) is also
an important area of research that will help further validate
species read-across, as highlighted by several papers in this
issue [8,9,42,44]. Interestingly, Brown et al. [9] conclude that
while most drug targets are conserved in fish, evolutionary
divergence in drug target activation, physiology, behaviour
and ecological life history make it extremely difficult to pre-
dict population-level effects from one fish species to
another [9].

Another reason why some non-target species might be
particularly susceptible to pharmaceuticals is if they do not
possess the metabolic, excretory or detoxification systems
present in the, primarily mammalian, target species, includ-
ing humans; the physiology and anatomy of renal systems
in Gyps vultures and cats, for example, appear to be particu-
larly susceptible to accumulation of uric acid and occurrence
of visceral gout, following exposure to diclofenac [12,49].
Genetic variation among populations of the same species
might also incorporate the loss of polymorphisms or allo-
zymes associated with altered drug target sensitivity or
increased uptake versus loss rate of environmental chem-
icals, including pharmaceuticals, in a range of wildlife,
humans and model species (reviewed in [71]). This presents
a potential challenge for read-across which is based on the
(often true) premise that related species react similarly to
pharmaceuticals [66], as it appears that certain species can
be susceptible to pharmaceuticals, even when closely related
taxa are not [9]. Returning to vultures, some species appear to
be able to tolerate the NSAID diclofenac while others
succumb at relatively low doses, which suggests that differen-
tial sensitivity among avian species is a hallmark of
cyclooxygenase-2 inhibitors [72] (table 1). Thus, predictive
models based solely on evolutionary relationships may not
be sufficient to assess risk.

Finally, wildlife can be exposed to pharmaceuticals
throughout their whole lives, and at any stage of development.
Life stage can also determine susceptibility to pharmaceutical
exposure and effects, as ecological niche and feeding strategy
often differ between juveniles and adults, as does meta-
bolic capacity for coping with chemical or pharmaceutical
exposure [9,14,49]. Just as many medicinal compounds are
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contraindicated for human infants, pregnant and lactating
women, or people with certain health conditions, combinations
of drugs are also known to have additive or synergistic effects
that might exacerbate the likelihood of adverse health out-
comes [20]. In the environment, individuals will rarely be
exposed to a single compound but a cocktail of pharmaceuti-
cals and other contaminants, which can have interactive
effects, as reviewed by Backhaus in this Theme Issue [20]:
for example, quinolone antibiotics can cause effects on the
central nervous system which are exacerbated by NSAIDs,
resulting in seizures in humans [73]. This Theme Issue will
review and extend our current understanding of pharma-
ceuticals as environmental contaminants and highlight the
complex, multifaceted approaches required to investigate
the ecological and evolutionary impacts of pharmaceuticals
in the environment.

6. Pharmaceutical effects at individual and
population levels

With exception of the few studies noted below (including
some in this Theme Issue), little research has been conducted
on wildlife species under natural conditions in the receiving
environment or simulated environmental exposures to phar-
maceuticals. Significant milestones have recently been
reached in some key studies and they are reviewed or in
some cases reported here for the first time.

One of the clearest cases of pharmaceuticals causing
population-level effects occurred on the Indian subcontinent,
where the consumption of carcases of livestock that were medi-
cated with diclofenac resulted in over 95% of Gyps vultures
dying of kidney failure [28]. Cuthbert et al. [12] present data
on the effectiveness of mitigation measures mediated by con-
servation organizations and the Indian government designed
to reverse the dramatic declines in populations of scavenging
raptors. Fundamental to this has been to understand why the
LDs of diclofenac to vultures is 0.1 mg kg™ ' [74] compared
with 9.8 mgkg ' for the domestic chicken [75] and up to
1500 mg kg~ ' for some mammals [76] (which also highlights
the taxonomic diversity in responses to pharmaceuticals). In
this issue, Hutchinson et al. [49] investigate how some taxa,
such as Gyps vultures, possess low metabolic competency,
which can lead to zero-order metabolic (pharmacokinetic)
profiles and thus high pharmaceutical toxicity.

Probably the most well-publicized example of pharmaceu-
ticals affecting free-living animals involves the feminization
of male fish exposed to effluent containing the synthetic oestro-
gen EE2 discharged by WWTPs (reviewed in [59]). Signs of
feminization can vary from the presence of vitellogenin in
blood plasma to the presence of developing oocytes and/or
oviducts in the testes of otherwise male fish (the intersex con-
dition). Such effects have been demonstrated both in the wild
and laboratory (reviewed in [77]). Knowledge in this area has
been greatly enhanced by the large-scale lake experiment in
Canada [78] in which EE2 levels were experimentally elevated
(5-6ng17"), leading to the collapse of the lake’s population
of fathead minnows, Pimephales promelas [78]. In this issue,
Kidd et al. [13] present, for the first time, long-term data on
responses of the lake’s foodweb which showed strong indirect
effects from EE2 acting though the foodweb. For example,
although not previously reported to be particularly sensitive
to EE2, the lake’s top predator declined significantly in the

years following the experimental dosing, most probably due
to the loss of its primary prey species [13]. Although Kidd
et al’s work demonstrates the potential for EE2 to cause
changes to populations, and many studies have shown individ-
ual-level effects, it is unknown whether hormonally active
pharmaceuticals have caused significant population declines
in the wild.

Intersex frogs have recently been found in urban ponds
contaminated with wastewater; however, so far the exact
mechanism through which this occurs remains unknown
[79]. Laboratory experiments reviewed and reported in this
Theme Issue by Safholm et al. [10] suggest that, as with
fish, exposures to environmentally relevant concentrations
of synthetic steroid hormones, such as oestrogens and proges-
tagens, can impair the reproductive functions of amphibians,
for example, through their effects on vitellogenesis and repro-
ductive behaviour. Given the catastrophic declines in
amphibian populations globally, this is clearly an area for
further research.

Death and severe reproductive malfunction are not the
only population-relevant endpoints from an ecological
perspective. Animals that fail to forage efficiently, avoid pre-
dators or attract mates will have low or zero relative fitness
[5,11,15,30,57,59]. Such ‘subtle’ effects of pharmaceuticals
on fitness-related traits will often be less dramatic and there-
fore less obvious than death, but could have similar, if
somewhat delayed impacts on populations. For example,
manipulative experiments on wild starlings (Sturnus vulgaris)
showed that consumption of a mixture of endocrine-active
chemicals, including EE2, resulted in immunosuppression
in adults and nestlings, as well as changes in behaviour
and brain structure in adult males [57,58]. In this Theme
Issue, Bean et al. [15] simulated the exposure of starlings to
the antidepressant fluoxetine (Prozac) via foraging directly
on invertebrates living in the trickling filters of WWTPs.
Such chronic exposure to fluoxetine in captivity induced
changes in birds’ foraging behaviour and physiological
responses [15]. While populations of starlings and other
avian species have declined across much of Europe [80], it
is unclear whether exposure to pharmaceuticals is involved,
for example, via foraging directly on WWTPs or fields
amended with sewage sludge or ‘grey water’.

Antidepressants and other psychoactive drugs have also
been the focus of a burgeoning number of research studies of
aquatic ecosystems (reviewed in [11,70]). Such compounds
are designed not only to alter behaviour as well as physiology
but also have a range of side effects in humans (table 1), are
heavily prescribed, and in many cases slow to degrade in the
environment [22]. Thus, they are interesting and potentially
significant in terms of their capacity to affect changes to behav-
iour and other ecologically important traits in wildlife (table 1;
e.g. [44,81-83]). Carbamazepine, for example, which is used to
treat epilepsy and bipolar disorder, seems to be ubiquitous
in sewage-contaminated ecosystems, dominating samples
taken from different matrices, species and at all trophic
levels examined [44,45]. In this Theme Issue, Brodin et al. [11]
explore how behavioural modification in predators and prey
exposed to psychoactive medication can result in altera-
tions to aquatic food chains and ecosystems under different
environmental scenarios.

The possible ecological fitness consequences of physiologi-
cal or behavioural effects of pharmaceuticals are explored in
this issue by several authors [10-15,49]. Some of the endpoints
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discussed by these authors include responses not typically
assessed in routine tests use for regulatory ecotoxicology. In
addition to these types of physiological and behavioural end-
points, there might be other relevant (possibly very subtle
and sensitive) endpoints in wildlife that are considered tolerable
side effects in humans, e.g. lethargy or loss of libido (table 1).
The relevance of these effects may be revealed by systematic
analysis of AOPs, which can be applied to pharmaceuticals
and other environmental chemicals [42].

7. Prioritizing research effort

Thousands of compounds are used in human medicine [6],
translating into a worldwide consumption of active com-
pounds that amounts to over 100 000 tonnes. It is, therefore,
essential to identify the priorities to be addressed in order to
increase the effectiveness of research [84] and regulation [38].
Environmental regulation of pharmaceuticals is recognized as
being important in China [85], Europe [86,87], North America
[88], Canada [37] and Japan [89]. Despite environmental risk
assessment procedures being established as part of the regis-
tration and approval of pharmaceuticals, there is a legacy of
existing, untested products in use globally. There is also a
lack of environmental monitoring and regulation, in both
developed and developing countries, with regard to the release
of APIs from manufacturing and also via effluent and sewage
sludge from WWTPs [2]. This Theme Issue has the potential
to provide much needed evidence for improving or tailoring
the environmental risk assessment of pharmaceuticals by
considering the vulnerability of wildlife to exposure and
adverse effects, based on their ecology and physiology [16].
Studies of non-model and free-living species, such as those
included here, can help guide both prospective (pre-
registration testing) and retrospective risk assessment (i.e.
ecopharmacovigilance) [16]. Of course this is not a straight-
forward process. For example, the growing evidence for the
persistence of steroids in the environment and their ability to
induce biological effects at low concentrations in a wide
range of taxa, including humans, have made them one of the
first classes of pharmaceuticals in the environment to attract
attention from legislators [30]. However, in the absence of
clear population-level effects, the case for identifying EE2
and E2 (17B-oestradiol) as priority substances and setting
statutory environmental quality standards is challenging. The
paper by Kuster & Adler [38] from the German Federal
Environment Agency discusses the links between scientific
evidence of pharmaceuticals in the environment and the regu-
lation of pharmaceuticals. Our hope is that the science
presented here will help to inform future policy debates on
the risk posed by pharmaceuticals in the environment.

Given that several thousand legacy pharmaceuticals lack
environmental testing data, some form of prioritization is
required to deal with them, as well as identify optimal testing
options for new compounds. Several ways to approach this
have been proposed [39,40]. Options could include identification
of potentially sensitive non-target wildlife species based on
cross-species conservation of molecular drug targets (e.g. recep-
tors and enzymes), in conjunction with estimates of exposures,
which could be indexed to predicted internal blood plasma con-
centration, and compared via read-across to known human
therapeutic concentrations [39,90]. From a practical standpoint,
public databases such as Drugbank and NCBI contain much

of the necessary data for applying read-across to generic,
legacy compounds. In this Theme Issue, a paper by LaLone
et al. [42] discusses the use of these types of databases in the con-
text of an integrated framework to prioritize pharmaceuticals for
testing and monitoring, based both on considerations related to
dose (absorption, distribution, metabolism and excretion) and
potential effects in non-target species.

The number and diversity of pharmaceuticals in existence
is exceeded by the number and diversity of animals and eco-
systems. For most species of wildlife, empirical toxicity and
effects data are unlikely ever to become available. In this con-
text, Madden et al. [8] discuss how the AOP concept can be
employed to allow evidence from both in silico and in vitro
studies to be rationally combined to fill gaps in knowledge
concerning toxicological events [8]. Fundamental to this para-
digm is a greater understanding of the mechanisms of
toxicity and their potential conservation across taxa, such as
between model animals and related wild species [8]. Thus,
we have the opportunity to make predictions across diverse
species and potentially identify taxa at risk from pharmaceu-
ticals in the environment, but need to be aware of the
uncertainties and exceptions prevalent in applying such
approaches in the ‘real world’ [42].

8. Medicating the environment: future
challenges

Given that populations of many species living in human-
altered landscapes are declining for reasons that cannot be
fully explained, we believe that it is time to explore emerging
challenges to individual fitness, population dynamics and
ultimately ecosystems. As with other environmental stressors,
pharmaceuticals in the environment should be investigated in
a holistic fashion.

Pharmaceutical impacts, where they occur, need to be
teased apart from variation in fitness-related traits due to natur-
al and also anthropogenically-mediated fluctuations in food
and habitat availability, competition and parasitism or disease,
as discussed by Johnson & Sumpter [21]. All these ecological
factors, as well as prescribing patterns for pharmaceuticals,
may also be influenced by climate change.

One advantage in studying pharmaceuticals over other
contaminants is that there are comparatively large amounts of
information available on pharmaceuticals, at least in terms of
their intended actions in target organisms. Using preclinical
and clinical safety data, read-across to vertebrates should be
more straightforward than for invertebrates due to phylogenetic
conservation of drug targets, but there is still considerable
variation in susceptibility between species [9,49]. Moreover,
pharmaceuticals can break down into numerous metabolites
within patients and transformation products in WWTPs and
the environment, but their risks remain poorly understood.
For most wildlife, exposure to pharmaceuticals in the environ-
ment could be long term, potentially occurring via multiple
exposure routes (figure 1) and involving mixtures of com-
pounds [20]. Making predictions based on such complex
scenarios poses substantial and multi-disciplinary challenges
to researchers.

While there is evidence of ecosystems and free-living
animals being exposed to pharmaceuticals and laboratory
studies showing potential effects on individuals, there are
few studies showing effects in the wild (but see [12,13]).
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Ideally, ecotoxicological studies on the field impacts of
chemical contaminants would (but generally do not) incor-
porate data from marked individuals over ecologically
relevant time periods [91]. While they can provide important
information, population- or group-level studies will often
struggle to identify the mechanistic cause of any alteration
in population size unless the effects are sudden and cata-
strophic [28,91]. For example, laboratory studies have
shown that embryonic or larval stages can be particularly
sensitive to environmentally relevant concentrations of phar-
maceuticals [92]. However, there are still some regulatory
concerns that long-term chronic impacts on fitness-related
traits in adults may not be detected in these early life-stage
laboratory studies [93]. Subtle chronic effects are also diffi-
cult to detect in the wild unless known-age individuals
can be compared. Similarly, by following identifiable individ-
uals that might already be compromised by disease,
inadequate resources, and so on, we can test whether species
already of conservation interest are particularly vulnerable to
pharmaceutical-mediated impacts. In reality, this will only be
practical for a few relatively large, long-lived species for
which there is considerable economic interest. In the future,
approaches that can integrate new technologies, which are get-
ting ever smaller and cheaper, for following individuals in time
and space with sensors revealing exposure to focal contamin-
ants could allow us to realize the goal of linking exposure
with effects in the wild.

One limitation in realizing this goal is that much of our cur-
rent knowledge about pharmaceuticals in the environment,
and indeed animal ecology, is based on research in Europe
and North America. However, Kookana et al. [3] suggest that
a number of factors, such as climate, culture, ecology and
also existing regulatory frameworks, mean that the risks in
Asia and other developing economies may require different
research approaches and management solutions [3]. Trans-
national collaborations will be immensely profitable in terms
of knowledge exchange and development.

As highlighted by this Theme Issue, we need better and
more standardized methods for assessing sublethal, e.g. be-
havioural, effects of contaminants [11,13,15,44]. In addition
to its ecological and evolutionary relevance, behaviour can
provide a non-lethal biomarker of physiological, molecular
and neurological responses to contaminant exposure. Hope-
fully, ecologically relevant endpoints will be increasingly
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