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Abstract: Marine waters have been poorly investigated for the occurrence of pharmaceutical contamination. Recent data confirm that
pharmaceuticals occur widely in marine and coastal environments; therefore, assessment of potential risk to marine species needs further
efforts. The present study represents the first extensive review of pharmaceutical contamination in marine environments addressing the
effects on the marine biota analyzed at the molecular, cellular, and individual levels. Because pharmaceuticals differ from conventional
pollutants, being designed to interact with specific physiological pathways at low doses, the most recent evidence on modes of action and
physiological alterations on marine animal species are discussed. Data on spatial distributions of pharmaceuticals in waters and
sediments, as well as bioaccumulation rates, are also presented. The present review also seeks to expand knowledge of how the quality of
coastal and marine environments could be efficiently monitored to anticipate possible health and environmental risks. Environ Toxicol
Chem 2016;35:799–812. # 2015 SETAC
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INTRODUCTION

Human and veterinary pharmaceuticals are a large class of
chemicals widely discharged into water bodies on a continual
basis, mainly from domestic sewage [1,2]. Poorly removed by
treatment plants and slowly degraded, they become pseudo-
persistent ubiquitous contaminants [3].

In addressing anthropogenic threats to the coastal marine
environment, Crain et al. [4] included pollution within the most
widespread and pressing threats, together with overexploitation,
habitat loss, invasive species, and intrinsic factors, based on
species-level assessments. The relative importance of pharma-
ceuticals among other environmental pollutants cannot be stated
at the moment; however, pharmaceuticals can induce profound
biological effects [5,6] and thus may act as additional stressors
on marine ecosystems already impacted by other factors.
Modifications of pH and temperature associated with climate
change influence the chemical properties of most pharmaceu-
ticals, which therefore may contribute differently to the global
effect [7,8]. Furthermore, the impact of pharmaceuticals on
coastal environments is expected to increase with the increasing
number of inhabitants in such areas [9,10] and the increasing
pressures attributable to human activities such as aquacul-
ture [11], posing relevant implications for marine risk
assessment and the determination of potential consequences
for ecological and human health that cannot be neglected.

Unlike conventional pollutants, pharmaceuticals are biolog-
ically active compounds designed to interact with specific
physiological pathways in the target organism. Thus, they
represent a class of emerging compounds able to affect specific
animal functions (e.g., development, growth, and reproduction)
at environmentally relevant concentrations [6].

Although several studies have addressed the occurrence and
fate of pharmaceuticals in surface waters [2,12,13], marine
waters have long been neglected, under the assumption that
dilution would represent a safety factor, per se. Thus, data
determining the potential ecosystem and health risks posed by
pharmaceuticals are urgently needed. Indeed, there has been a
rapid increase in investigations into marine environments,
which have shown that pharmaceuticals are present at low but
consistent concentrations anywhere they were assessed.

A recent literature review by Gaw et al. [14] focused on the
sources, concentrations, and ecotoxicological impacts of the
human and veterinary pharmaceuticals most frequently detected
in seawater, addressing knowledge gaps and suggesting
priorities for future research. After examining pharmaceutical
distributions in waters and sediments and their bioaccumulation
potential, the present review aims to expand on the review of
Gaw et al. [14] by addressing animal responses to pharmaceu-
ticals assessed at different levels of biological complexity, from
the molecular to the cellular and organism levels.

We examine effects triggered through conserved targets
related to a drug’s therapeutic mode of action (MOA),
demonstrating that pharmaceuticals are potentially able to alter
crucial mechanisms of an organism’s homeostasis at concen-
trations as low as those documented in marine waters, acting in
some cases as endocrine-disrupting chemicals. At the same
time, physiological, biochemical, or behavioral alterations
consistently measurable at environmental concentrations of
pharmaceuticals, and potentially applicable as biomarkers for
biomonitoring approaches, are highlighted.

OCCURRENCE OF PHARMACEUTICALS IN MARINE
ENVIRONMENTS

The available literature shows that the fate and occurrence of
pharmaceutical compounds in marine water, sediment, or biota
are still largely underestimated, and investigations are mostly
limited to spot data from both a spatial and a temporal point of
view (Supplemental Data, Tables S1– S3).
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As shown by the summary of literature data reported in
Figures 1 and 2, these compounds have been detected in seawater
and sediments of different coastal environments worldwide, with
concentrations ranging from 0.01 ng/L to 2.4mg/L (seawater;
Supplemental Data, Table S1) and from 0.1 ng/g dry weight to
820mg/g wet weight (sediments; Supplemental Data, Table S2).
Most of the data collected are from coastal areas with dense
populations and intensive industrial and agricultural activities
(including animal husbandry and aquaculture), which produce
large amounts of domestic, industrial, agricultural, and aquacul-
ture wastes resulting in various anthropogenic impacts. There-
fore, they must be regarded as hotspots of pharmaceutical
occurrence.

In the following section, we summarize the most recent
reports on the occurrence and behavior of pharmaceuticals when
released in natural marine environments, with a particular focus
on the possible routes of exposure to marine organisms.

Fate and dispersion processes controlling the occurrence of
pharmaceuticals in seawater

Despite the general assumption that low pharmaceutical
concentrations would result from the relevant dilution rates of
freshwaters into seawater bodies, several pharmaceuticals
have been detected in seawater at concentrations exceeding
the safety threshold for predicted environmental concentrations
in surface waters (0.01mg/L [15]). For example, the analgesic
acetaminophen was reported in coastal waters of Costa Rica
at concentrations of up to 1952 ng/L, and the lipid regulator
gemfibrozil and the nonsteroidal anti-inflammatory drug
ketoprofen at levels ranging from 77 ng/L to 758 ng/L and
from 185 ng/L to 805 ng/L, respectively [16]. Therefore,
physical–chemical processes other than dilution occurring in

the marine environment must be considered. Recent studies
have highlighted how hydrodynamism of water masses may
have a major impact on defining routes of pharmaceutical
dispersion in coastal environments. Using the Delft 3D
hydrodynamic model, Bayen et al. [17] investigated the
dispersion of 40 pharmaceuticals and endocrine-disrupting
chemicals in the Singapore coastal marine system. Their results
showed that proximate distance to source emissions had little
influence on the water concentrations of these contaminants and
that those levels greatly depended on coastal mixing patterns
and residence times (i.e., levels were highest at sampling sites
having the lowest flushing potential). Fenet et al. [18] applied
the MARS 3D model to achieve refined predicted concen-
trations of the antiepileptic drugs carbamazepine and oxcarba-
zepine and their metabolites in a wastewater treatment plant
(WWTP) and in the vicinity of its submarine outfall located in
the FrenchMediterranean coastal area ofMontpellier.Modeling
of carbamazepine diffusion and advection just above the
submarine outfall and in surface seawaters showed the relevant
influence of thermocline during summer, with very low
diffusion of carbamazepine from the bottom to the surface,
thus suggesting a major influence of stratification of water
masses. Both studies [17,18] recognize that hydrodynamic
models implemented on a regional scale are promising tools that
are useful in multidisciplinary approaches to investigate the
fate, distribution, and exposure risks of pharmaceuticals in
complex coastal systems.

Changes in pH and salt burdens in the transition from
freshwater to seawater greatly influence the electrostatic
properties of the chemicals, which may have multiple ionizable
functional groups with substantially different acid dissociation
constant (pKa) values. The degree of ionization and its

Figure 1. Classes of pharmaceuticals reported in seawater from different locations worldwide. The dataset summarized represents detection of classes of
pharmaceuticals reported in detail in Supplemental Data, Table S1. NSAID¼ nonsteroidal anti-inflammatory drug.
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properties depend on the pH of the medium, thus influencing
their environmental partition. For example, log octanol–water
partition coefficient (KOW) values for the b-blocker propranolol
and the antidepressant fluoxetine were found to increase linearly
with pH [19,20]. Therefore, at the typical pH 8.0 of seawater, the
pharmaceuticals are predicted to have enhanced lipophilicity,
being more effectively adsorbed onto particulated matter or
bioaccumulated by organisms. With a pKa of 6.6, trimethoprim
is not completely ionized in marine surface waters at pH 8.0;
the small portion of un-ionized compound remaining in the
aqueous phase has a greater affinity for lipophilic matter,
leading to a significant bioaccumulation by marine bi-
valves [21]. Triclosan and carbamazepine exhibit relatively
high log octanol–water distribution coefficients (DOW) at pH 8
(5.06 and 3.52, respectively). The DOW accounts for both
neutral and ionized compound fractions at a given pH and is a
good predictor of the bioaccumulation potential of ionizable
compounds [22]. High logDOW values indicate a relatively high
potential for accumulation of these compounds in marine
organisms because of the anticipated bioconcentration of freely
dissolved neutral compounds via lipid–water equilibrium
partitioning [17]. Pharmaceuticals including risperidone, sim-
vastatin, sertraline, fluoxetine, paroxetine, bisphenol A, estro-
gens, and triclosan, which are characterized by a relatively high
organic carbon partition coefficient (KOC> 104), are likely to be
more influenced by sorption to suspended solids and subsequent
sedimentation/resuspension processes [17]. McEneff et al. [21]
showed that measured concentrations of gemfibrozil and
mefenamic acid dropped below detectable levels soon after
release of WWTP discharges into marine surface waters,
possibly because the high salt content of seawater caused these
pharmaceuticals to become less soluble and, ultimately, “salt

out” of solution [23]. The above evidence shows that
transitional environments facing salinity and pH gradients
may play a critical role as natural filters for pollutants, including
pharmaceuticals. Indeed, Wille et al. [24] and Bayen et al. [17]
reported low transfer rates of selected pharmaceuticals from
estuaries to the open sea in Belgian and Singapore coastal areas.

Occurrence of pharmaceuticals in marine sediments

Given that pharmaceutical affinities for suspended solids are
further enhanced at the typical pH and salinity conditions of
seawater, it is likely that marine sediments represent a sink for
these compounds [25]. Sediment partitioning of pharmaceuti-
cals in the marine environment has been poorly investigated;
however, at least 62 pharmaceuticals have been searched
and detected in marine sediments worldwide (Supplemental
Data, Table S2). Estrogens are the most widely present, at
concentrations up to 130 ng/g (ethinyl estradiol [26]). As
expected, the greatest occurrence was reported in coastal areas
dominated by sewage treatment plants [27]. Caldwell et al. [28]
analyzed vertical profiles of the antimicrobial agent triclosan in
dated sediment cores from 4 urbanized estuaries along the East
Coast of the United States. Under estuarine conditions, triclosan
is likely to be rapidly removed from the water column and to
accumulate preferentially in sediments, because it is relatively
hydrophobic (logKOW¼ 4.8), and it exhibits a high potential for
sorption to organic matter (log KOC¼ 4.26). The reported
temporal sediment profiles showed that once sequestered in the
sediment, triclosan exhibits long-term stability. Interestingly, its
presence in dated sediments has been documented back to its
patent date in the 1960s. There is also evidence that the amount
of triclosan in sediments is increasing at the estuarine sites
analyzed despite improvements in WWTPs. These findings

Figure 2. Classes of pharmaceuticals reported in marine sediments from different locations worldwide. The dataset summarized frequencies of detection of
classes of pharmaceuticals reported in detail in Supplemental Data, Table S2. NSAID¼ nonsteroidal anti-inflammatory drug.

Fate and effects of pharmaceuticals in marine environments Environ Toxicol Chem 35, 2016 801
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show the potential impacts of sediment processes in defining
the fate of pharmaceuticals in aquatic systems. Indeed,
sediments may act as a secondary pollution source from which
pharmaceuticals can be released upon changes in environmental
salinity and pH [29], or during tidal changes or storm events.

Occurrence of pharmaceuticals in marine biota

Accumulation of pharmaceuticals in biological tissues is
related to a small portion of un-ionized species, with a high
affinity for lipophilic matter, remaining in the aqueous phase.
However, benthic species, as marine bivalves that are active
filter feeders, may bioaccumulate pollutants present in the
dissolved phase (through the gills) or adsorbed onto colloids
(through the digestive tract) [30–32]. Although the lack of
reliable analytical methods limited the investigations on
accumulation of pharmaceuticals in marine biota [14], several
studies reported that pharmaceutical residues have been
detected in wild animal populations worldwide, showing the
occurrence and bioavailability of these compounds in natural
environments (Supplemental Data, Table S3). Li et al. [33]
reported that antibiotics, including quinolones, sulfonamides,
and macrolides, were commonly found in wild mollusk species
collected from 9 coastal cities along the Chinese Bohai Sea.
Quinolones, which were the major compounds reported at
concentrations as high as 0.71mg/kg to 1575.10mg/kg [33],
were strongly adsorbed onto sewage sludge and sediments, with
negligible biodegradation [34]. In addition, quinolones were
stable in edible animal tissues [35], thus representing a potential
health risk for inhabitants consuming high amounts of mollusks
in their diet [21].

Antibiotic occurrence in ediblemarine organisms and human
exposure through the diet is particularly high in China, where
mariculture production accounts for approximately 80% of
the total world amount [36]. Twenty-two of 37 antibiotics were
detected in fish, mollusks, shrimp, and crabs collected from
Hailing Island (South China [36]). Antibiotics were signifi-
cantly accumulated in fish muscle and to a lesser extent in
mollusks. Only bioaccumulation of erythromycin in adult
shrimps was estimated to represent a potential risk to human
health [36]. According to a further study carried out in the field
(coastal environment of Dalian, China [37]) tetracyclines were
the predominant antibiotics in seawater, whereas sulfonamides
were the dominant antibiotics in both sediments and aquatic
organisms (up to 63.87mg/kg). The average bioaccumulation
factors showed that sulfamethazine, sulfamethiazole, sulfamo-
nomethoxine, and doxycycline were potentially bioaccumula-
tive, whereas sulfadiazine, sulfameter, sulfamethoxypyridazine,
and chloramphenicol were bioaccumulative (bioconcentration
factor> 5000L/kg). Overall, antibiotics in the marine environ-
ment represent an underrated health risk, and the need for long-
term monitoring of both resistance development and transmis-
sion to other bacterial species, as well as human risk through the
diet, is underlined.

Wild ribbed horse mussels (Geukensia demissa) collected
from 5 nearshore sites in San Francisco Bay (CA, USA) were
analyzed for the presence of 104 residues of pharmaceuticals
and personal care products (PPCPs) [38]. Several compounds
frequently detected in the Bay surfacewaters (atenolol, caffeine,
gemfibrozil, sulfamethoxazole, meprobamate, valsartan) were
not found in mussels. By contrast, the mussels showed high
concentrations of nonylphenol, nonylphenol diethoxylate,
nonylphenol monoethoxylate, digoxigenin, carbamazepine,
triclocarban, and sertraline in their tissues. The different
physical–chemical properties of the compounds investigated

(e.g., KOC, ionization fraction, pH stability) may account for the
observed differences in bioaccumulation, along with different
detoxification rates. Moreover, the authors also reported highly
variable bioaccumulation factors for the compounds, whichmay
have been influenced by a number of factors. In particular, the
extent to which the chemical concentration in the discrete,
surface water grab sample collected at each site represented
the actual, long-term exposure to the mussels is unknown. In
the same study, the illicit drugs amphetamine and cocaine
were found in approximately 60% of the samples analyzed, at
maximum concentrations in mussel tissues of 40 ng/g wet
weight (amphetamine) and 0.3 ng/g wet weight (cocaine) [38].
More recently, Antarctic coastal waters have been assessed for
pharmaceutical occurrence and exposure risks to wildlife.
Clams (Laternula elliptica), sea urchins (Sterichinus neu-
mayeri), and Antarctic fish (Trematomus bernachii) collected
from wild populations in the Erebus Bay showed accumulation
of benzophenone-3, estradiol, ethinylestradiol, methylparaben,
octylphenol, and propylparaben, related to 2 research base
stations (Scott Base and McMurdo) with sewage treatments
plants [39]. Interestingly, fish sampled at distances up to 25 km
from the research stations’ WWTP discharges contained up to
14.1 ng/g, 19.2 ng/g, and 5.0 ng/g dry weight of benzophenone-
3, methylparaben, and octylphenol, respectively, indicating that
PPCPs from the research stations continuously circulate in the
seawaters within Erebus Bay. As already reported for other
classes of emerging contaminants [40], the authors postulated
that the unique climatic conditions occurring in Antarctica—
principally the cold ocean temperatures, the extended periods
of darkness, and the presence of sea ice covering coastal sea
waters—may reduce microbial degradation processes and
photodegradation, and therefore enhance the persistence of
pharmaceuticals, allowing for sufficient exposure time to
bioaccumulate and likely to enter the trophic chain up to top
predatory species [39].

Caged mollusks are increasingly employed to investigate
pharmaceutical occurrence in coastal environments, because
they allow the measurement of exposure levels as a function of
time. In this regard, marine bivalves are excellent sentinels for
in situ monitoring of organic micropollutants. Bivalves are
sessile organisms living at the sediment–water interface or
burrowed into sediments and filtering large volumes of water,
suspended materials, and colloids [41]. Caging experiments
with blue mussels (Mytilus edulis) monitored pharmaceutical
occurrence off the Belgian coast over a 6-mo period [42]. Five
pharmaceuticals were detected in mussel tissues, including
salicylic acid up to 490 ng/g dry weight, whereas lower and
fluctuating concentrations of other pharmaceuticals, including
carbamazepine, ofloxacin, propranolol, and paracetamol, were
found. A recent study by McEneff et al. [21] reported the
occurrence of 5 pharmaceuticals (carbamazepine, diclofenac,
gemfibrozil, mefenamic acid, trimethoprim) in marine mussels
during a 1-yr-long caging experiment along the Irish coastline.
All selected pharmaceuticals were continuously detected in
surface waters at average concentrations in the mid to high ng/L
range, except for gemfibrozil, which was detected sporadically.
Three of the 5 compounds were also bioaccumulated by
transplanted mussels, with trimethoprim measured at concen-
trations up to 9.22 ng/g dry weight.

PHARMACEUTICAL INTERACTIONS WITH MARINE FAUNA

For many years, ecotoxicological standard tests led
researchers to conclude that no harmful effects were expected

802 Environ Toxicol Chem 35, 2016 E. Fabbri and S. Franzellitti
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from pharmaceuticals at the concentrations routinely found in
rivers and lakes [12]. Thus, no effects were expected in marine
waters, where dilution was higher. However, recent evi-
dence [43] shows that standard tests proposed by current
guidelines are not sensitive enough to detect adverse effects
provoked by the low environmental concentrations of pharma-
ceuticals; furthermore, these tests are not sensitive enough to
detect the effects of long-term exposures.

Bioluminescence response from Vibrio fischeri, and growth
inhibition testing with the marine microalga Isochrysis galbana
showed caffeine, ibuprofen, carbamazepine, and novobiocin
toxicity at concentrations well above 1mg/L, but all compounds
were extremely toxic to Paracentrodus lividus embryo–larval
development at concentrations as low as 0.000001 mg/L to
0.015 mg/L [43]. In previous experiments, Schmidt et al. [44]
showed that biomarkers assessed in marine mussels were
approximately 3 orders of potencymore sensitive to gemfibrozil
and diclofenac than toxicity tests. Biomarkers represent
physiological, biochemical, or behavioral alterations consis-
tently measurable in living organisms after exposure to
contaminants. Thus, it is not unexpected that pharmaceuticals,
which are formulated to resist inactivation before exerting their
intended therapeutic effects, are able to bioaccumulate and
generate stress responses in marine animals. At the same time,
animals may possess conserved targets related to the drug’s
therapeutic MOA. Thus, pharmaceuticals are potentially able to
alter crucial mechanisms on the basis of organism homeostasis
also at concentrations as low as those documented in marine
waters.

Biological effects related to pharmaceutical modes of action

The main inherent feature of pharmaceuticals that makes
them peculiar pollutants is that they are specifically designed to
be biologically active at low doses and to target specific
metabolic, enzymatic, or cell signaling mediators to produce
their desired therapeutic effects and reduce the potential for off-
target interactions. The evolutionary conservation of molecular
targets in a given species potentially increases the possibility
that these compounds will be pharmacologically active in
organisms unintentionally exposed to the chemical in their
natural environment, thus raising the risk of ecotoxicological
effects [45,46]. A conceptual model defined MOA approach
was developed to address the issue of environmental risk posed
by pharmaceuticals [46–48]. The suggested approach assumes
that all the relevant information about a pharmaceutical’s
therapeutic effect and toxicity in mammals must be taken
into account and integrated with knowledge of the physiology of
the species used as the experimental model. In particular, the
degree of evolutionary and functional conservation of drug
targets between mammals and the model species should
be assessed, together with the physiological pathways poten-
tially affected [45,48]. This background knowledge is then
used to make predictions on the MOA and the toxicity of a
pharmaceutical in the nontarget species showing a conserved
drug target, and to tailor the experimental design of the
ecotoxicity tests, for example, by selecting specific endpoints
that are relevant to the MOA, or by choosing an appropriate
duration of exposure to the drug [48–50].

Recent investigations have confirmed that some specific
targets of human pharmaceuticals are conserved during evolution
and may interact with drugs in marine animals [51,52]. With an
awareness that conservation of therapeutic targets does not
necessarily translate to conservation of their function across
species, several investigations based on MOA corroborate the

proposed biological read-across hypothesis [53]. The read-across
hypothesis stipulates that a drug will have an effect on nontarget
organisms only if themolecular targets (e.g., receptors, enzymes)
have been conserved, resulting in a specific effect when plasma
concentrations are similar to human therapeutic concentrations.
Although discrepancies are discussed for invertebrates [54], the
read-across hypothesis appears readily applicable to fish [53]. If
this holds true for different classes of pharmaceuticals, it should
be possible to predict the potential environmental impact from
information obtained during the drug development process, to
identify those pharmaceuticals of major environmental concern,
and to develop predictive models for protection of the
environment [55].

Studies based on MOAs provide a unique opportunity to
develop an understanding of the relationship between molecular/
cellular and ecologically relevant endpoints. A conceptual model
of the MOA approach applied to the evaluation of fluoxetine
effects in some marine organisms is shown in Figure 3. As
extensively discussed below, the MOA of fluoxetine targets the
serotonin (5-HT) signaling pathway. Because 5-HT is a high-tier
physiological controller in aquatic organisms, alterations of the 5-
HT pathway by fluoxetine are predicted to have many adverse
outcomes on key physiological functions, including reproduc-
tion, metabolism, locomotion, and others (Figure 3). It is worth
noting that such effects occur in wildlife at concentrations
approaching or even below environmental levels (reviewed in
Ford and Fong [54]). Therefore, although not directly supporting
the definition of guidelines, investigations on MOA should
always be included in programs that address pharmaceutical
impacts on ecosystems.

The use of an oligo-DNA microarray representing 11 906
transcripts allowed a deeper investigation of the MOA of
the anti-inflammatory drug ibuprofen in the digestive gland of
Ruditapes philippinarum [56]. The functional analysis of
differentially transcribed genes suggested that ibuprofen can
interfere with various signaling pathways in clams. In particular,
ibuprofen altered the expression of several transcripts
involved in the arachidonic acid signaling pathway, which is
specifically targeted by ibuprofen acting as a cyclo-oxygenase
inhibitor [57]. The effects of ibuprofen in clams included
overtranscription of phospholipase A2, a key enzyme that
catalyzes the hydrolysis of cellular phospholipids to liberate
arachidonic acid in one of the first steps of eicosanoid
metabolism, which may indicate a potential recruitment of
arachidonic acid to increase the substrate availability as a result
of cyclo-oxygenase inhibition.

The pharmacological mechanisms by which carbamazepine
exerts its therapeutic effects are not entirely clear, although
its molecular basis of action has been ascribed to voltage-
dependent inhibition of Naþ and Ca2þ channel currents.
Carbamazepine induces part of them by interacting with the
adenylyl cyclase system and lowering the intracellular levels of
the second messenger cyclic adenosine monophosphate
(cAMP) in mammalian brain [58,59]. Therefore, the significant
reduction in cAMP levels and the activity of the cAMP-
dependent protein kinase (PKA) in all tissues of Mediterranean
mussels (Mytilus galloprovincialis) exposed in vivo to
carbamazepine indicated that the specific molecular target of
the drug found in mammals is also conserved in mussels [60].

Propranolol is a prototypical b-adrenergic receptor antago-
nist used in human therapies to counteract cardiovascular
pathologies [61]. It is effective on different organs and tissues at
low concentrations both in mammals and in lower verte-
brates [62]. In addition, propranolol is an effective antagonist

Fate and effects of pharmaceuticals in marine environments Environ Toxicol Chem 35, 2016 803
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for type 1 5-HT receptors, and 5-HT affects invertebrate
physiology at many levels [63].

The identification of transcripts encoding a putative b-
adrenergic receptor (AR) in the oyster Crassostrea gigas [64]
provided direct evidence on the occurrence of AR-mediated
signaling pathways in bivalve tissues (reviewed in Fabbri and
Capuzzo [62]). Furthermore, studies on different bivalve
species found that b-AR occupancy is coupled to increased
cAMP concentrations in tissues [65–68], highlighting a

substantial conservation of the b-AR–mediated transduction
pathway in bivalves [62]. Accordingly, in vivo exposures of
mussels to a range of environmentally realistic concentrations of
propranolol resulted in a significant decrease in cAMP levels
and PKA activity in digestive glands consistent with proprano-
lol acting as a b-AR blocker [51]. Nevertheless, the increases in
cAMP levels and PKA activities in the mantle/gonads of
propranolol-exposed mussels observed in same study [51]
support an indirect stimulation of propranolol by acting as a 5-

Figure 3. Conceptual model of the mode of action (MOA) approach in marine species considering fluoxetine as a case study. The mode of action of fluoxetine
(FX) is to increase serotoninergic neurotransmission by blocking serotonin (5-HT) reuptake at the presynaptic terminal [62]. Physiological functions of 5-HT are
mediated by multiple membrane receptors coupled to the stimulation of phospholipase C (PLC) or to the induction/inhibition of adenylyl cyclase (AC) in
mammals as well as in bivalves, although pharmacological profiles of invertebrate andmammalian 5-HT receptors are difficult to compare, considering the large
phylogenetic distances involved [54,62]. The cyclic adenosine monophosphate (cAMP) pathway has a critical role in invertebrate physiology [62], and high-
level physiological effects of FX related to the alterations of the cAMP/cAMP-dependent protein kinase (PKA) system in marine species are reported.
AChE¼ acetylcholinesterase; IP3¼ inositol triphosphate; G¼ guanine nucleotide-dependent proteins.

804 Environ Toxicol Chem 35, 2016 E. Fabbri and S. Franzellitti
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HT1 receptor antagonist. It is worth noting that transcripts
encoding 5-HT1 receptors have been detected in several mussel
tissues, including mantle/gonads [5,52,69]. Furthermore, Gar-
nerot et al. [70] showed that serotoninergic fibers are apparently
absent or scarce in bivalve digestive gland, whereas a high
concentration of these fibers is detected in gonads.

The 5-HT–mediated transduction pathway has also been
investigated in mussels and related to the possible biological
effects of fluoxetine or further selective serotonin reuptake
inhibitors. The therapeutic action of fluoxetine is to increase
serotonergic neurotransmission at mammalian synapses by
blocking 5-HT reuptake transporters [71]. Thus, fluoxetine
mimics the action of a continuous exposure to increased
extracellular levels of 5-HT [71]. Consistent with its therapeutic
effects andwith the expression of putative type 1 5-HT receptors
in mussel tissues, mussel in vivo exposure to fluoxetine at
environmental concentrations reduced cAMP levels and PKA
activity below control values in several tissues, according to the
inhibition of adenylyl cyclase activity by a putative increase in
5-HT extracellular levels induced by fluoxetine, and the
consequent occupation of 5-HT1 receptors by the agonist [5].

Pharmaceuticals such as fluoxetine and propranolol affecting
the same molecular target or targets mediating the same
biological process may also interact consistently with their
MOAs when released as complex mixtures in natural environ-
ments. Specifically, because both fluoxetine and propranolol
may affect the 5-HT–mediated pathway indirectly (fluoxetine)
by increasing the availability of the agonist molecules or
directly (propranolol) by binding to the receptor and preventing
its occupation by the agonist, the degree of serotonergic
regulation of mussel tissues would play a significant role in
determining the net effect of the combined exposure to the
pharmaceuticals. As reported by Franzellitti et al. [52], the main
effects of mussel coexposure to fluoxetine and propranolol on
cAMP-related parameters measured in the digestive gland were
ascribed to propranolol, supporting the idea of a prevalent
adrenergic control in this tissue over a 5-HT–mediated
regulation. In contrast, antagonistic effects of the compounds
were observed in the mantle/gonads, consistent with the action
of propranolol as a pharmacological antagonist of 5-HT1
receptors, and with a prevalent serotonergic control in this
tissue.

The alterations in the cAMP-dependent pathway described
above would interfere with neuroendocrinological modulation
of important functions in bivalves. As recently reviewed [62],
the cAMP-dependent pathway is well known for regulating
several functions in mollusks and, among others, the nucleotide
modulates the availability of mantle glycogen as fuel for gonad
maturation. Furthermore, recent investigations have suggested
a role of cAMP in the control of key cytoprotective mechanisms
providing an adaptive advantage for marine bivalves to
cope with environmental challenges [69,72]. Therefore,
conservation of therapeutic effects of pharmaceuticals targeting
cell-signaling mediators may impair the ability of organisms to
copewith environmental stressors, thus potentially undermining
their fitness.

Biomarkers of exposure

In addition to specific effects, further biological alterations
more related to the unwanted side effects of pharmaceuticals
are documented in exposedmarine organisms. The link between
exposure and a contaminant, its interaction with cells and
organs, and the final adverse outcome at the individual,
population, or community level have been established in the

framework of adverse outcome pathways [50]. As widely
discussed by Hutchinson et al. [73], adverse outcome pathway
information could provide a valuable guide for selecting
bioassays and biomarkers to be used for effects-based analysis
of pharmaceuticals in the marine environment.

The available reports on marine animal exposures mainly
rely on laboratory studies under controlled conditions, provid-
ing convincing evidence of sublethal effects of pharmaceuticals
observed in marine organisms also at environmentally relevant
levels (Table 1). Field studies have been neglected, despite their
relevance in setting guidelines. This is mainly related to the fact
that more knowledge has to be acquired on the possible effects
of pharmaceuticals on nontarget organisms, and we are not
yet ready to interpret complex effects after in situ exposures
and to discriminate the contribution of pharmaceuticals within
a combination of stressors. In addition, studies have focused
mainly on invertebrates, whereas pharmaceutical effects on
marine teleosts have been poorly evaluated.

Lysosome membrane stability. Carbamazepine is used to
treat epilepsy and other diseases related to neural hyperexcit-
ability. Humans who are treated at relatively high doses and for
prolonged periods aremonitored for hepatotoxicity [74].Marine
mussels (M. galloprovincialis) exposed to 0.1 mg/L or 10mg/L
carbamazepine for 7 d showed 60% and 80% reductions in
hemocyte lysosome membrane stability (LMS), respec-
tively [60], indicating harmful effects of carbamazepine even
at the lowest concentration found in coastal habitats. A
significant concentration-dependent reduction in LMS also
was observed after a 7-d mussel exposure to propranolol in the
environmental range of 0.3 ng/L to 30 ng/L [51]. Moreover,
fluoxetine reduced LMS by approximately 40% in mussels
exposed for 7 d at a concentration as low as 0.03 ng/L, with a
dose-dependent effect [5]. Significant reductions in LMS have
been observed in the marine mussel Perna perna exposed to
the antibacterial compound triclosan at 1.2mg/L and 12mg/L.
The decrease in LMS was time-dependent, from 24 h, to 48 h,
and up to 72 h [75]. Reduction in LMS after exposure to
pharmaceuticals is not limited to mussels; indeed, it was
observed in the clam R. philippinarum after a 7-d exposure to
0.1 mg/L to 50mg/L ibuprofen [76]. In the crab Carcinus
maenas, caffeine (15mg/L), ibuprofen (5mg/L), carbamaze-
pine, and novobiocin (1mg/L) reduced LMS by 50% compared
with control individuals after 28 d of exposure [77,78]. Among
other examples, LMS was also greatly reduced in the colonian
ascidian Botryllus schlosseri after in vitro exposure to ibuprofen
(100mg/L and 1000mg/L for 60min) [79].

Lysosomal membrane stability is a sensitive biomarker of
cellular health directly correlated with mussel scope for growth
and survival [80], thus providing a consistent early warning
signal for pharmaceutical harmfulness. Nevertheless, lyso-
somes may also be potential targets for toxic effects of some
pharmaceuticals. As a weakly basic drug with an amino group,
fluoxetine was reported to be effectively sequestered by
lysosomes of mammalian cells, leading to drug accumulation,
increased lysosome volume, and loss of lysosomal functional-
ity [81]. Accordingly, the LMS reduction observed in marine
mussels after exposure to fluoxetine by Franzellitti et al. [5] was
also accompanied by a significant dose-dependent increase in
the lysosomal/cytoplasm ratio and in neutral lipid lysosomal
accumulation in digestive glands; these parameters were also
correlated with fluoxetine bioaccumulation within the tissue.

Antioxidant responses. Because a major side effect of
prolonged or high-dose treatment with pharmaceuticals is the
generation of reactive oxygen species (ROS), a large body of

Fate and effects of pharmaceuticals in marine environments Environ Toxicol Chem 35, 2016 805

 15528618, 2016, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/etc.3131 by N

ational Institute O
f B

iology, W
iley O

nline L
ibrary on [09/11/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



T
ab
le

1.
Su

m
m
ar
y
of

th
e
m
os
t
co
m
m
on
ly

de
te
ct
ed

bi
om

ar
ke
r
re
sp
on
se
s
to

ph
ar
m
ac
eu
tic
al
s
in

m
ar
in
e
an
im

al
s

B
io
m
ar
ke
r

O
rg
an
is
m

Ph
ar
m
ac
eu
tic
al

E
xp
os
ur
e
co
nd
iti
on
s

E
ff
ec
t

R
ef
.

L
ys
os
om

al
m
em

br
an
e

st
ab
ili
ty

M
an
ila

cl
am

(R
ud
it
ap
es

ph
il
ip
pi
na
ru
m
)

C
af
fe
in
e,

ca
rb
am

az
ep
in
e,

ib
up
ro
fe
n,

no
vo
bi
oc
in

35
-d

in
vi
vo

ex
po
su
re

at
0.
1–
50

m
g/
L

R
ed
uc
tio

n
in

he
m
oc
yt
es

[7
6]

M
ed
ite
rr
an
ea
n
m
us
se
l

(M
yt
il
us

ga
ll
op
ro
vi
nc
ia
li
s)

C
ar
ba
m
az
ep
in
e

7-
d
in

vi
vo

ex
po
su
re

to
0.
1
m
g/
L
an
d
10

m
g/
L

(c
ar
ba
m
az
ep
in
a)
,
0.
03
–
30
0
ng
/L

(f
lu
ox
et
in
e)
,
or

0.
3–
30

00
0
ng
/L

(p
ro
pr
an
ol
ol
)

R
ed
uc
tio

n
in

he
m
oc
yt
es

[5
,5
1,
60
]

O
xy
te
tr
ac
yc
lin

e
4-
d
in

vi
vo

ex
po
su
re

at
1
m
g/
L
an
d
10
0
m
g/
L

R
ed
uc
tio

n
in

di
ge
st
iv
e
gl
an
d

[7
]

M
us
se
l

(P
er
na

pe
rn
a)

T
ri
cl
os
an

24
-h
,
48
-h
,
an
d
72
-h

in
vi
vo

ex
po
su
re

to
1.
2–
12

00
0
ng
/L

R
ed
uc
tio

n
in

he
m
oc
yt
es

(1
20
–
12

00
0
ng
/L
)

[7
5]

C
ra
b

(C
ar
ci
nu
s
m
ae
na
s)

C
af
fe
in
e,

ca
rb
am

az
ep
in
e,

ib
up
ro
fe
n,

no
vo
bi
oc
in

28
-d

in
vi
vo

ex
po
su
re

at
0.
1–
50

m
g/
L

R
ed
uc
tio

n
in

he
m
oc
yt
es

(1
5–
50

m
g/
L
)

[7
8]

C
ol
on
ia
n
as
ci
di
an

(B
ot
ry
ll
us

sc
hl
os
se
ri
)

Ib
up
ro
fe
n

60
-m

in
in

vi
tr
o
ex
po
su
re

at
10
0
m
g/
L

an
d
10
00

m
g/
L

R
ed
uc
ed

[7
9]

Ph
as
e
I
m
et
ab
ol
is
m

C
ra
b

(C
.
m
ae
na
s)

C
ar
ba
m
az
ep
in
e

28
-d

in
vi
vo

ex
po
su
re

to
0.
1–
50

m
g/
L

In
cr
ea
se
d
E
R
O
D

an
d
D
B
F
ac
tiv

iti
es

in
he
pa
to
pa
nc
re
as

(1
0–
50

m
g/
L
)
an
d

gi
lls

(0
.1
–
50

m
g/
L
E
R
O
D
;
50

m
g/
L
D
B
F)
;
in
cr
ea
se
d
E
R
O
D

in
m
us
cl
e

(1
0–
50

m
g/
L
).

[7
7]

M
ar
in
e
po
ly
ch
ae
te

(H
ed
is
te

di
ve
rs
ic
ol
or
)

Fl
uo
xe
tin

e,
pr
op
ra
no
lo
l,

17
-a
-e
th
yn
yl
es
tr
ad
io
l

17
-d

in
vi
vo

sp
ik
in
g-
se
di
m
en
t
ex
po
su
re

at
0.
01
–
10
0
ng
/g

In
cr
ea
se
d
E
R
O
D

ac
tiv

ity
(f
lu
xe
tin

e,
pr
op
ra
no
lo
l)
;
be
ll-
sh
ap
ed

tr
en
d
of

E
R
O
D

ac
tiv

ity
(1
7-
al
ph
a-
et
hy
ny
le
st
ra
di
ol
)

[2
7]

Ib
up
ro
fe
n

17
-d

in
vi
vo

sp
ik
in
g-
se
di
m
en
t
ex
po
su
re

at
0.
05
–
50
0
ng
/g

D
ec
re
as
ed

D
B
F
ac
tiv

ity
(0
.5
ng
/g

an
d
50

ng
/g
)

[2
7]

M
ed
ite
rr
an
ea
n
m
us
se
l

(M
.
ga
ll
op
ro
vi
nc
ia
li
s)

A
ce
ta
m
in
op
he
n,

pr
op
ra
no
lo
l

10
-d

in
vi
vo

ex
po
su
re

at
23

m
g/
L
an
d
40
3
m
g/
L

In
cr
ea
se
d
C
bE

ac
tiv

ity
in

di
ge
st
iv
e
gl
an
d

[9
4]

L
ip
id

pe
ro
xi
da
tio

n
M
ed
ite
rr
an
ea
n
m
us
se
l

(M
.
ga
ll
op
ro
vi
nc
ia
li
s)

A
ce
ta
m
in
op
he
n

10
-d

in
vi
vo

ex
po
su
re

at
23

m
g/
L
an
d
40
3
m
g/
L

In
cr
ea
se
d
in

di
ge
st
iv
e
gl
an
d

[9
4]

C
ar
ba
m
az
ep
in
e

7-
d
in

vi
vo

ex
po
su
re

at
0.
1
m
g/
L
an
d
10

m
g/
L

In
cr
ea
se
d
in

gi
lls

(0
.1
m
g/
L
an
d
10

m
g/
L
)
an
d
m
an
tle
/g
on
ad
s
(1
0
m
g/
L
)

[6
0]

D
ic
lo
fe
na
c,

ib
up
ro
fe
n

T
im

e-
co
ur
se

(0
–
15

d)
in

vi
vo

ex
po
su
re

at
25
0
ng
/L

R
ed
uc
ed

in
gi
lls
,
in
cr
ea
se
d
(3

d)
an
d
re
du
ce
d
(7

d)
in

di
ge
st
iv
e
gl
an
d

(d
ic
lo
fe
na
c)
;
be
ll-
sh
ap
ed

tr
en
d
in

di
ge
st
iv
e
gl
an
d
(i
bu
pr
of
en
)

[8
2,
83
]

O
xy
te
tr
ac
yc
lin

e
4-
d
in

vi
vo

ex
po
su
re

at
1
m
g/
L
an
d
10
0
m
g/
L

In
cr
ea
se
d
in

gi
lls

[7
]

Pr
op
ra
no
lo
l

10
-d

in
vi
vo

ex
po
su
re

at
11

m
g/
L
an
d
14
7
m
g/
L

In
cr
ea
se
d
in

gi
lls

(1
47

m
g/
L
)

[9
4]

C
ra
b

(C
.
m
ae
na
s)

C
ar
ba
m
az
ep
in
e,

no
vo
bi
oc
in

28
-d

in
vi
vo

ex
po
su
re

at
0.
1–
50

m
g/
L

In
cr
ea
se

in
he
pa
to
pa
nc
re
as
,
m
us
cl
e,

an
d
gi
lls

[7
7]

M
ar
in
e
po
ly
ch
ae
te

(H
.
di
ve
rs
ic
ol
or
)

C
ar
ba
m
az
ep
in
e,

ib
up
ro
fe
n,

pr
op
ra
no
lo
l

17
-d

in
vi
vo

sp
ik
in
g-
se
di
m
en
t
ex
po
su
re

at
0.
05
–
50
0
ng
/g

In
cr
ea
se
d
(5
00

ng
/g

ca
rb
am

az
ep
in
e;

5
ng
/g

ib
up
ro
fe
n)
;
be
ll-
sh
ap
ed

tr
en
d

(p
ro
pr
an
ol
ol
)

[2
7]

Fl
uo
xe
tin

e,
17
-a
-

et
hy
ny
le
st
ra
di
ol

17
-d

in
vi
vo

sp
ik
in
g-
se
di
m
en
t
ex
po
su
re

at
0.
01
–
10
0
ng
/g

In
cr
ea
se
d
(1
00

ng
/g

fl
uo
xe
tin

e;
0.
01

ng
/g

17
-a
lp
ha
-
et
hy
ny
le
st
ra
di
ol
)

[2
7]

E
ur
op
ea
n
cl
am

(R
ud
it
ap
es

de
cu
ss
at
a)

C
ar
ba
m
az
ep
in
e

96
-h

ac
ut
e
te
st

at
0.
03
–
9
m
g/
L

R
ed
uc
ed

le
ve
ls
(9

m
g/
L
)

[8
5]

M
an
ila

cl
am

(R
.
ph
il
ip
pi
na
ru
m
)

C
ar
ba
m
az
ep
in
e

96
-h

ac
ut
e
te
st

at
0.
03
–
9
m
g/
L

In
cr
ea
se
d
le
ve
ls

(9
m
g/
L
)

[8
5]

A
nt
io
xi
da
nt

re
sp
on
se
s

M
ed
ite
rr
an
ea
n
m
us
se
l

(M
.
ga
ll
op
ro
vi
nc
ia
li
s)

A
ce
ta
m
in
op
he
n

10
-d

in
vi
vo

ex
po
su
re

at
23

m
g/
L
an
d
40
3
m
g/
L

In
cr
ea
se
d
G
ST

ac
tiv

ity
in

di
ge
st
iv
e
gl
an
d
an
d
gi
lls

[9
4]

C
ar
ba
m
az
ep
in
e

7-
d
in

vi
vo

ex
po
su
re

at
0.
1
m
g/
L
an
d
10

m
g/
L

In
cr
ea
se
d
C
A
T
ac
tiv

ity
in

di
ge
st
iv
e
gl
an
d
(0
.1
m
g/
L

an
d
10

m
g/
L
)
an
d
m
an
tle
/g
on
ad
s
(1
0
m
g/
L
)

[6
0]

In
cr
ea
se
d
G
ST

ac
tiv

ity
in

di
ge
st
iv
e
gl
an
d
(1
0
m
g/
L
)

an
d
m
an
tle
/g
on
ad
s
(0
.1
m
g/
L
an
d
10

m
g/
L
)

D
ic
lo
fe
na
c,

ib
up
ro
fe
n

T
im

e-
co
ur
se

(0
–
15

d)
in

vi
vo

ex
po
su
re

at
25
0
ng
/L

In
cr
ea
se

in
SO

D
an
d
G
R
ac
tiv

iti
es

in
gi
lls

(3
-d

ex
po
su
re
;
di
cl
of
en
ac
)

[8
2,
83
]

In
cr
ea
se

of
SO

D
,
G
ST

ac
tiv

iti
es

(7
d)

an
d
C
A
T
ac
tiv

ity
(3

an
d
7
d)

in
di
fg
es
tiv

e
gl
an
d
(d
ic
lo
fe
na
c)
;
be
ll-
sh
ap
ed

tr
en
d
of

SO
D
,
C
A
T
,
G
R
,
an
d

G
ST

ac
tiv

iti
es

in
di
ge
st
iv
e
gl
an
d
(i
bu
pr
of
en
)

(c
on
ti
nu
ed
)

806 Environ Toxicol Chem 35, 2016 E. Fabbri and S. Franzellitti

 15528618, 2016, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/etc.3131 by N

ational Institute O
f B

iology, W
iley O

nline L
ibrary on [09/11/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



T
ab
le

1.
(C
on
ti
nu
ed

)

B
io
m
ar
ke
r

O
rg
an
is
m

Ph
ar
m
ac
eu
tic
al

E
xp
os
ur
e
co
nd
iti
on
s

E
ff
ec
t

R
ef
.

Fl
uo
xe
tin

e
7-
d
in

vi
vo

ex
po
su
re

at
0.
03
–
30
0
ng
/L

B
el
l-
sh
ap
ed

tr
en
d
of

C
A
T
ac
tiv

ity
in

di
ge
st
iv
e
gl
an
d
an
d
in
cr
ea
se

in
m
an
tle
/g
on
ad
s
(0
.3
ng
/L

an
d
3–
30
0
ng
/L
)

[5
]

In
cr
ea
se

of
G
ST

ac
tiv

ity
in

di
ge
st
iv
e
gl
an
d
(3
–
30
0
ng
/L
)

an
d
in

m
an
tle
/g
on
ad
s
(0
.3
ng
/L
)

Pr
op
ra
no
lo
l

7-
d
in

vi
vo

ex
po
su
re

to
0.
3–
30

00
0
ng
/L

B
el
l-
sh
ap
ed

tr
en
d
of

C
A
T
ac
tiv

ity
in

di
ge
st
iv
e
gl
an
d
an
d
re
du
ct
io
n

in
m
an
tle
/g
on
ad
s

[5
1]

In
cr
ea
se

of
G
ST

ac
tiv

ity
in

di
ge
st
iv
e
gl
an
d
an
d
re
du
ct
io
n
in

m
an
tle
/g
on
ad
s

Pr
op
ra
no
lo
l

10
-d

in
vi
vo

ex
po
su
re

at
11

m
g/
L
an
d
14
7
m
g/
L

D
ec
re
as
ed

(1
1
m
g/
L
)
an
d
in
cr
ea
se
d
(1
47

m
g/
L
)
G
ST

ac
tiv

ity
in

di
ge
st
iv
e

gl
an
d;

in
cr
ea
se
d
G
ST

ac
tiv

ity
in

gi
lls

(1
1
m
g/
L
)

[9
4]

C
ra
b

(C
.
m
ae
na
s)

C
ar
ba
m
az
ep
in
e

28
-d

in
vi
vo

ex
po
su
re

at
0.
1–
50

m
g/
L

In
cr
ea
se
d
G
ST

an
d
G
Px

ac
tiv

iti
es

in
he
pa
to
pa
nc
re
as

(1
0–

50
m
g/
L
),
m
us
cl
e
(0
.1
–
50

m
g/
L
),
an
d
gi
lls

(1
0–

50
m
g/
L
)

[7
7]

Fl
uo
xe
tin

e
7-
d
in

vi
vo

ex
po
su
re

at
0.
5–
75
0
m
g/
L

In
cr
ea
se
d
G
ST

ac
tiv

ity
in

he
pa
to
pa
nc
re
as

(3
m
g/
L
,
12
0
m
g/
L
,

an
d
75
0
m
g/
L
)

[1
01
]

In
cr
ea
se
d
G
R

ac
tiv

ity
an
d
to
ta
l
gl
ut
at
hi
on
e
le
ve
ls
in

he
pa
to
pa
nc
re
as

(1
20

m
g/
L
an
d
75
0
m
g/
L
)

N
ov
ob
io
ci
n

28
-d

in
vi
vo

ex
po
su
re

to
0.
1–
50

m
g/
L

In
cr
ea
se
d
G
ST

an
d
G
Px

ac
tiv

iti
es

(1
0–

50
m
g/
L
)
in

he
pa
to
pa
nc
re
as
;

in
cr
ea
se
d
G
Px

ac
tiv

iti
es

(1
0–
50

m
g/
L
)
in

m
us
cl
e;

in
cr
ea
se
d
G
ST

(5
0
m
g/
L
)
an
d
G
Px

(1
–
50

m
g/
L
)
ac
tiv

iti
es

in
gi
lls

[7
7]

M
an
ila

cl
am

(R
.
ph
il
ip
pi
na
ru
m
)

A
ce
ta
m
in
op
he
n

96
-h

ac
ut
e
te
st

at
0.
05
–
5
m
g/
L

D
ec
re
as
ed

(0
.0
5
m
g/
L
)
an
d
in
cr
ea
se
d
(5
m
g/
L
)
G
ST

ac
tiv

ity
[8
6]

C
ar
ba
m
az
ep
in
e

96
-h

ac
ut
e
te
st

at
0.
03
–
9
m
g/
L

In
cr
ea
se
d
to
ta
l
G
SH

le
ve
ls
,
an
d
G
R
ac
tiv

ity
;
re
du
ce
d
G
SH

/G
SS

G
an
d
C
A
T
ac
tiv

ity
;
be
ll-
sh
ap
ed

tr
en
d
of

SO
D

ac
tiv

ity
[8
5]

E
ur
op
ea
n
cl
am

(R
.
de
cu
ss
at
a)

A
ce
ta
m
in
op
he
n

96
-h

ac
ut
e
te
st

at
0.
05
–
5
m
g/
L

D
ec
re
as
ed

G
ST

ac
tiv

ity
[8
6]

C
ar
ba
m
az
ep
in
e

96
-h

ac
ut
e
te
st

at
0.
03
–
9
m
g/
L

R
ed
uc
ed

C
A
T
ac
tiv

ity
;
in
cr
ea
se
d
to
ta
l
G
SH

le
ve
ls
,
G
SH

/G
SS

G
,

an
d
G
R

ac
tiv

ity
[8
5]

M
ar
in
e
po
ly
ch
ae
te

(H
.
di
ve
rs
ic
ol
or
)

C
ar
ba
m
az
ep
in
e,

pr
op
ra
no
lo
l

17
-d

in
vi
vo

sp
ik
in
g-
se
di
m
en
t
ex
po
su
re

at
0.
05
–
50
0
ng
/g

In
cr
ea
se
d
G
ST

(0
.0
5
ng
/g
,
50

ng
/g
,
an
d
50
0
ng
/g
)
an
d
G
Px

(0
.0
5
ng
/g
)

ac
tiv

iti
es

(c
ar
ba
m
az
ep
in
e)
;
re
du
ce
d
G
ST

ac
tiv

ity
(p
ro
pr
an
ol
ol
)

[2
7]

Fl
uo
xe
tin

e,
17
-a
-e
th
yn
yl
es
tr
ad
io
l

17
-d

in
vi
vo

sp
ik
in
g-
se
di
m
en
t
ex
po
su
re

at
0.
01
–
10
0
ng
/g

In
cr
ea
se
d
G
R

ac
tiv

ity
(1

ng
/g
,
fl
uo
xe
tin

e;
0.
1
ng
/g
,

17
-a
lp
ha
-e
th
yn
yl
es
tr
ad
io
l)

[2
7]

A
ce
ty
lc
ho
lin

es
te
ra
se

ac
tiv

ity
M
ed
ite
rr
an
ea
n
m
us
se
l

(M
.
ga
ll
op
ro
vi
nc
ia
li
s)

A
ce
ta
m
in
op
he
n

10
-d

in
vi
vo

ex
po
su
re

at
23

an
d
40
3
m
g/
L

In
cr
ea
se
d
in

gi
lls

(4
03

m
g/
L
)

[9
4]

D
ic
lo
fe
na
c

T
im

e-
co
ur
se

(0
–
15

d)
in

vi
vo

ex
po
su
re

at
25
0
ng
/L

In
cr
ea
se
d
(7

d)
in

gi
lls

[8
3]

Fl
uo
xe
tin

e
7-
d
in

vi
vo

ex
po
su
re

at
0.
03
–
30
0
ng
/L

R
ed
uc
tio

n
in

gi
lls

(0
.0
3–
0.
3
ng
/L

an
d
30

–
30
0
ng
/L
)

[5
]

C
ra
b

(C
.
m
ae
na
s)

Fl
uo
xe
tin

e
7-
d
in

vi
vo

ex
po
su
re

at
0.
5–
75
0
m
g/
L

In
cr
ea
se

in
m
us
cl
e
(1
20

m
g/
L
an
d
75
0
m
g/
L
)

[1
01
]

M
ar
in
e
po
ly
ch
ae
te

(H
.
di
ve
rs
ic
ol
or
)

C
ar
ba
m
az
ep
in
e,

ib
up
ro
fe
n

17
-d

in
vi
vo

sp
ik
in
g-
se
di
m
en
t
ex
po
su
re

at
0.
05
–
50
0
ng
/g

In
cr
ea
se
d
(0
.5
ng
/g
,
ca
rb
am

az
ep
in
e;

50
0
ng
/g
,
ib
up
ro
fe
n)

[2
7]

Fl
uo
xe
tin

e,
17
-a
-e
th
yn
yl
es
tr
ad
io
l

17
-d

in
vi
vo

sp
ik
in
g-
se
di
m
en
t
ex
po
su
re

at
0.
01
–
10
0
ng
/g

In
cr
ea
se
d
(1
0 –
10
0
ng
/g
,
fl
uo
xe
tin

e)
;
be
ll-
sh
ap
ed

tr
en
d

(1
7-
al
ph
a-
et
hy
ny
le
st
ra
di
ol
)

[2
7]

D
N
A

da
m
ag
e

C
ra
b

(C
.
m
ae
na
s)

C
ar
ba
m
az
ep
in
e,

no
vo
bi
oc
in

28
-d

in
vi
vo

ex
po
su
re

at
0.
1–
50

m
g/
L

In
cr
ea
se
d
in

he
pa
to
pa
nc
re
as

(5
0
m
g/
L
),
m
us
cl
e
(5
0
m
g/
L
),

an
d
gi
lls

(1
0–
50

m
g/
L
)

[7
7]

C
ol
on
ia
n
as
ci
di
an

(B
.
sc
hl
os
se
ri
)

Ib
up
ro
fe
n

60
-m

in
in

vi
tr
o
ex
po
su
re

of
he
m
oc
yt
es

at
10
0

an
d
10
00

m
g/
L

In
cr
ea
se
d

[7
9]

M
ar
in
e
po
ly
ch
ae
te

(H
.
di
ve
rs
ic
ol
or
)

Ib
up
ro
fe
n,

pr
op
ra
no
lo
l

17
-d

in
vi
vo

sp
ik
in
g-
se
di
m
en
t
ex
po
su
re

at
0.
05
–
50
0
ng
/g

In
cr
ea
se
d
(5

an
d
50
0
ng
/g
,
ib
up
ro
fe
n)
;
de
cr
ea
se
d
(5
0
ng
/g
,
pr
op
ra
no
lo
l)

[2
7]

Fl
uo
xe
tin

e,
17
-a
-e
th
yn
yl
es
tr
ad
io
l

17
-d

in
vi
vo

sp
ik
in
g-
se
di
m
en
t
ex
po
su
re

at
0.
01
–
10
0
ng
/g

D
ec
re
as
ed

[2
7]

E
R
O
D
¼
et
ho
xy
re
so
ru
fi
n
O
-d
ee
th
yl
as
e
ac
tiv

ity
;
D
B
F
¼
di
be
nz
yl

fl
uo
re
sc
ei
n
de
al
ky
la
se
;
C
bE

¼
ca
rb
ox
yl
es
te
ra
se

ac
tiv

ity
;
C
A
T
¼
ca
ta
la
se

ac
tiv

ity
;
G
SH

¼
gl
ut
at
hi
on
e
le
ve
ls
;
G
ST

¼
gl
ut
at
hi
on
e-
S-
tr
an
sf
er
as
e
ac
tiv

ity
;

G
R
¼
gl
ut
at
hi
on
e
re
du
ct
as
e
ac
tiv

ity
;
G
SH

/G
SS

G
¼
re
du
ce
d/
ox
id
iz
ed

gl
ut
at
hi
on
e
ra
tio

;
G
Px

¼
gl
ua
th
io
ne

pe
ro
xi
da
se

ac
tiv

ity
;
SO

D
¼
su
pe
ro
xi
de

di
sm

ut
as
e
ac
tiv

ity
.

Fate and effects of pharmaceuticals in marine environments Environ Toxicol Chem 35, 2016 807

 15528618, 2016, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/etc.3131 by N

ational Institute O
f B

iology, W
iley O

nline L
ibrary on [09/11/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



data is available concerning the activities of antioxidant
enzymes in exposed animals. Increases in superoxide dismutase
(SOD), catalase (CAT), glutathione reductase (GR), and
glutathione S-transferase (GST) activities were observed after
3 d and 7 d of Mediterranean mussel exposure to 75 ng/L
ibuprofen, which returned to basal levels after 15 d. Similarly,
activities of SOD, CAT, and GR were increased by diclofenac
after a 3-d mussel exposure, and returned to basal levels at 7 d
and 15 d despite the continuous presence of the drug [82,83].
Such a bell-shaped response to pharmaceuticals is shown in
most studies on antioxidant enzyme activities. It is hypothesized
that a cytoprotective response is elaborated at lower pharma-
ceutical concentrations, which may be overwhelmed at higher
doses, leading to the accumulation of deleterious oxidation
products [83].

Treatment of mussel hemocytes with 17b-estradiol signifi-
cantly enhanced ROS production [72], and increases in CAT
activity and mRNA levels were previously shown in digestive
glands ofmussel injectedwith low doses of the estrogen,whereas
a reduction in CAT activity was observed at higher doses [84].
Antioxidant responses were very different in 2 clam species
simultaneously exposed to carbamazepine at a concentration
range of 0.03mg/L to 9mg/L [85].Activity of SODwas increased
in the clam Ruditapes decussata at 0.3mg/L and 3mg/L and to a
lower extent at 9 mg/L carbamazepine. Activity of CAT was
always reduced by the exposure to carbamazepine, whereas GR
activitywas dose-dependently enhanced at 0.3mg/L, 3mg/L, and
9mg/L carbamazepine. Control levels of SOD activity were very
low in exposed clams and were not modified by carbamazepine
exposure. Activity of CAT was decreased at 0.3mg/L and
increased at 3mg/L and 9mg/L, whereas GR was slightly
increased at 9mg/L carbamazepine. Accordingly, the 2 species
also showed differences in detoxification responses after 96 h of
exposure to acetaminophen at concentrations much higher than
those found in marine waters, namely, 0.05mg/L, 0.5mg/L, and
5mg/L [86]. Indeed, GST activity was reduced at all drug
concentrations inVenerupis decussata but increased inVenerupis
philippinarum at 5mg/L. Hediste diversicolor exposed to
sediments spiked with carbamazepine, ibuprofen, fluoxetine,
ethinylestradiol, or propranolol at environmentally relevant
concentrations developed poor responses of antioxidant en-
zymes [27]. Overall, exposure to a number of environmental
pharmaceuticals triggers antioxidant responses. In themajority of
studies, the response was rather complex, showing species and
tissue specificity (e.g., mussel gills vs digestive glands, [87];
mussel digestive glands vsmantle/gonads [51]) anddepending on
the physiological state of the animals or concomitant challenges.
Therefore, the activities of antioxidant enzymes can give
information on the ability of pharmaceuticals to induce oxidative
stress in marine animals, although complementary analysis must
be performed to consistently diagnose detrimental effects of the
chemical compounds.

Oxidative stress products. The products of oxidative stress
have also been studied in marine mollusks in terms of lipid
peroxidation levels (LPO). Hediste diversicolor exposed to a
range of carbamazepine, ibuprofen, fluoxetine, ethinylestradiol,
or propranolol concentrations (0.01–500 ng/L) showed signifi-
cantly increased LPO levels at 500 ng/L carbamazepine and
fluoxetine; 5 ng/L ibuprofen; 0.01 ng/L ethinylestradiol; and
0.05 ng/L, 0.5 ng/L, and 5 ng/L propranolol [27]. Gills of
bivalves appeared to be the organ most sensitive to oxidative
effects, and LPO increased linearly with the time of exposure to
a mixture of pharmaceuticals (ibuprofen, diclofenac, and
fluoxetine) in the ng/L range [87]. Levels of LPO increased

significantly in the crab Carcinus maenas exposed to 0.1mg/L
to 50mg/L carbamazepine or novobiocin [77]. No changes in
LPO were observed in V. philippinarum exposed to acetamino-
phen, whereas increased levels were shown in V. decussata only
at the highest concentration tested [86]. Reductions in LPO
levels were reported in mussels after fluoxetine exposure
(0.3 ng/L and 30 ng/L) [5].

Neurotoxicity. Acetylcholinesterase (AChE) plays an impor-
tant role in the functioning of the neuromuscular system by
preventing continuous muscular contraction in all animals, and
AChE activity has been proposed as a biomarker of exposure
to neurotoxic compounds in aquatic organisms [41]. Increases
in AChE activity were found in H. diversicolor exposed to
fluoxetine at 10 ng/g and 100ng/g spiked sediment and
to ethinylestradiol at concentrations of 0.01 ng/g, 0.1 ng/g, and
1 ng/g spiked sediment, remaining at basal values at higher
concentrations [27]. Activity of AChE was significantly
increased in V. philippinarum exposed for 3 d to ibuprofen
only at concentration as high as 1mg/L. In contrast, after
exposure to propanolol or acetaminophen, AChE activity was
reduced in theMediterraneanmussel (M. galloprovincialis) [13].

Immune responses. The immune system of B. schlosseri
was significantly affected after exposure to ibuprofen (100mg/L
and 1000mg/L for 60min) [79]. The morphology of phagocytes
was modified, because cells withdrew pseudopodia and
assumed a spherical shape as a consequence of decreased actin
polymerization; phagocytosis was also inhibited [79]. Inhibition
of phagocytosis was previously observed in oyster (C. gigas)
hemocytes after exposure to ibuprofen, in a mixture also
including 2 herbicides [88].

Effects at the organism level. The estuarine amphipod
Gammarus locustawas chronically exposed to the hypercholes-
terolemic drug simvastatin for 45 d at a 64 ng/L to 8000 ng/L
concentration range [89]. In these conditions, simvastatin
strongly affected growth, gonadmaturation, and reproduction of
the amphipod [89]. For estuarine organisms in particular, the
osmotic stress may induce additive or synergistic effects with
respect to pharmaceutical administration, as demonstrated for
growth and development of the common prawn (Palemon
serratus) larvae exposed to diclofenac and clotrimazole in
the low mg/L concentrations [90]. Ibuprofen, diclofenac, and
bezafibrate strongly affected the development of M. gallopro-
vincialis larvae exposed for 48 h in the range of 0.01mg/L to
1000mg/L. In particular, significant effects of diclofenac were
seen at concentrations as low as 0.1mg/L, effects that reached
their maximum extent at 1mg/L; no effect was shown at the
highest concentration tested [91].

Behavioral effects were also observed in marine animals
after exposure to pharmaceuticals, although in single studies
and referring to 1 species. Among these is the reduction of
cuttlefish (Sepia officinalis) efficiency at striking prey after
exposure to fluoxetine at concentration as low as 1 ng/L [92],
and the higher preference for light and negative geotaxis in
the amphipod Echinogammarus marinus exposed to fluoxetine
and serotonin at lower concentrations of the range tested (10–
100 ng/L [93]). Feeding rate reduction and enhancement were
observed in M. galloprovincialis after exposure to propranolol
and acetaminophen, respectively [94].

Morando et al. [95] observed effects at the systemic level in
the gulf toadfish Opsanus beta injected with fluoxetine in
the range 25mg/L to 100mg/L. Concentrations were much
higher than those found in the blood of fish exposed to
realistic environmental concentrations; however, these experi-
ments highlighted reduction in fish survival and profound

808 Environ Toxicol Chem 35, 2016 E. Fabbri and S. Franzellitti
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alteration of osmoregulation because of an increased excretion
of urea in the gills, stimulation of intestinal fluid absorption, and
lower plasma osmolarity at the lowest doses of injected
fluoxetine. Potential effects of low levels of waterborne
fluoxetine can be hypothesized.

Future perspectives for biomonitoring of pharma-
ceuticals. A reduction in pharmaceutical use for human or
animal therapy is not an option; and because marine waters
represent shared environments, integrated measures need to be
defined to deal with the problem of pharmaceutical contamina-
tion and to expand our knowledge of how the quality of coastal
habitats may be efficiently monitored to anticipate possible
health and environmental risks. Current standard ecotoxicity
tests do not appear to be sensitive enough to detect adverse
effects of pharmaceuticals at environmental levels [43]; thus,
new approaches must be developed on the basis of new
achievements. The data reported in the present review and in
Table 1 point out that LMS evaluated in invertebrate hemocytes
displays high sensitivity and consistent reduction after in vitro
and in vivo exposure to several pharmaceuticals. Therefore,
LMS may be exploited for rapid screening of pharmaceutical
exposure. In addition, very recent studies have reported that
tests on larval stages could represent a promising approach for
marine species given their rapid responses, high sensitivity, and
high ecological value [55,96]. In our opinion, the concomitant
analysis of multiple MOA relevant endpoints and biomarkers
covers different routes of pharmaceutical interactions with
marine organisms and may help in developing new biomonitor-
ing strategies for the marine environment.

CONCLUSIONS

Worldwide, the majority of human settlements are located
near the coasts, and further increases in costal populations
are foreseen [9,10]. Because of their high recreational value,
many coastal areas experience significant seasonal peaks
in the population, and in some areas the tourists even
overshadow the permanent population. These trends suggest
the potential for increasing input of human pharmaceuticals
into coastal environments and the need for assessment
strategies.

Large quantities of pharmaceuticals are consumed daily by
humans and partially excreted as parental compounds or
metabolites in a biologically active form [13]. They are finally
discharged (at different percentages) into coastal waters from
WWTP effluents and at higher concentrations in untreated water
discharges, which still account for a significant percentage of
total discharges [97].

Scientists agree that pharmaceuticals are contaminants of
concern in marine environments [14] and thus deserve more
attention than that given to date. Appropriate strategies for
integrated chemical and biological monitoring at sea have to
be set up, with more focus on the particular features of
pharmaceuticals. Indeed, the power of these substances has
largely been underestimated, and pharmaceuticals have been
addressed as conventional contaminants although they are not.
Many data have demonstrated that these substances have effects
at very low doses; and although nontoxic in the short term,
they are detrimental after chronic exposures. Monitoring
plans spanning wider regional as well as seasonal dynamic
distributions should be improved to fill the gaps previously
discussed and to account for the impact of temperature and
drought on treatment plants, seasonal pathologies, and tourism.
On the whole, the generation of databases on existing

pharmaceuticals in marine environments is needed, as suggested
by Daughton [98].

Implementation of mitigation actions taken inland [99] and
the development of indicators to monitor whether they are
effective [100] are also crucial parts of the process, bearing
in mind that pharmaceutical concentrations at sea are strictly
related to human settlements; thus, threats will increase in
parallel with rapidly expanding urbanization along rivers and
coastal zones. Similarly, more harmonized and possibly
standardized protocols for biological screening need to be
developed toward a comprehensive international strategy for
assessing the risk posed by pharmaceutical contamination.
Unlike the studies that have produced underestimations in the
past, chronic exposures and specific MOAs of pharmaceuticals
need to be considered as major aspects.

Supplemental Data—The Supplemental Data are available on the Wiley
Online Library at DOI: 10.1002/etc.3131.

Data availability—Bibliographic data summarized in Figures 1 and 2 are
provided as Supplemental Data in Tables S1, S2, and S3. For all other data,
please contact the corresponding author (elena.fabbri@unibo.it).
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