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nao-esteroidal, clorpromazina.

Os riscos potenciais apresentados pelos produtos farmacéuticos podem
resultar em efeitos adversos em espécies ambientalmente expostas, que
precisam ser estudadas. Assim, o principal objetivo desta tese foi compreender
o efeito de duas classes de compostos farmacéuticos (anti-inflamatérios nao
esterdides e neuroativos) em espécies de organismos aquaticos de diferentes
niveis tréficos, produtores (Lemna spp.) e um consumidor de primeira ordem
(microcrustaceo - D. magna). Sendo assim, algumas questdes foram
elaboradas para abordar esta questdo: os parametros nao padronizados sao
adequados para estudar os efeitos de compostos farmacéuticos em espécies
de macréfitas? O tempo de exposi¢do é um fator que pode influenciar o tipo de
resposta bioldgica aos produtos farmacéuticos, avaliados em espécies de
macréfitas? Que tipo de interacdes e respostas podem ser obtidas apds a co-
exposicdo de macrdfitas a dois medicamentos, sendo um deles também um
composto endégeno? Um composto farmacéutico pode provocar 0s mesmos
efeitos (tipo e extensdo) em organismos de diferentes niveis tréficos? Como
endpoints funcionais de D. magna respondem ao estresse quimico
(farmacéutico) e natural (kairomona de peixe), isolado e em combinac¢ao?
Esses objetivos foram desenvolvidos ao longo de cinco capitulos, usando
abordagens ecotoxicolégicas padréo e ndo padronizadas, do individuo ao nivel
populacional, através do uso integrado de ferramentas fisiolégicas,
bioguimicas e populacionais. Os resultados obtidos mostraram que o uso de
organismos do mesmo género (mas de espécies diferentes) em testes
ecotoxicolégicos de produtos farmacéuticos pode gerar resultados diferentes
quanto a sua toxicidade; concluimos que parametros ecotoxicol4gicos ndo
padronizados, baseados em plantas aquaticas, sédo ferramentas adequadas e
promissoras para avaliacdo ecotoxicoldgica de produtos farmacéuticos.
Também foi possivel observar que o tempo é um fator que contribui para a
toxicidade de farmacos em plantas aquaticas, modulando ndo apenas a
extensdo da resposta toxica, mas principalmente o tipo dos efeitos toxicos. Um
contaminante que também é um composto endégeno produzido pelas plantas
pode modular as respostas das espécies de macréfitas submetidas a um
stress. Em geral, os medicamentos mostraram uma toxicidade eminentemente
espécie-especifica, cujos efeitos foram alterados de acordo com o tipo de
medicamento, seus niveis, duracdo da exposi¢éo e co-ocorréncia de outras
substancias bioativas no meio. E, finalmente, os resultados apresentaram a
capacidade de interacdo entre um estressor antropogénico e natural,
influenciando nas respostas dos microcrustdceos aos mesmos. Em conclusao,
as drogas farmacéuticas tém se mostrado muito toxicas para 0s organismos
aquaticos; o uso de plantas aquaticas em avaliagdes ecotoxicologicas é,
portanto, uma ferramenta valiosa, cujo uso requer a proposta de novas
metodologias e diretrizes de teste ou a revisdo de métodos padrao ja em vigor,
considerando suas vantagens gerais como organismos-teste. Além disso, a
crescente relevancia ecoldgica dos dados obtidos em testes baseados em
crustaceos deve abranger a co-ocorréncia de estressores naturais, cujos
efeitos vao muito além da toxicidade por si s0, alterando as caracteristicas de
vida dos organismos expostos, alterando assim as propriedades da populacéo
dos organismos expostos. Novos desenhos e abordagens experimentais
precisam ser desenvolvidos e aplicados para tentar entender os efeitos
toxicolégicos de um ambiente complexo como ecossistemas aquaticos,
principalmente quando se considera o uso de espécies de plantas aquaticas e
crustaceos de agua doce como organismos-teste.
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Potential risks posed by pharmaceuticals, may result in adverse effects in
environmentally exposed species, which need to be studied. Thus, the main
objective of this thesis was to understand the effect of two classes of
pharmaceutical compounds (neuroactive, and non-steroidal anti-inflammatory
drugs) on species of aquatic organisms from different trophic levels, namely,
producers (Lemna species) and a consumer of first order (microcrustaceans -
Daphnia magna). Same specific questions were posed to address this issue:
Are non-standard endpoints suitable to study pharmaceutical effects in
macrophyte species? Is time of exposure a factor that can influence the type of
biological response to pharmaceuticals, measured in macrophyte species?
What type of interactions and responses might be obtained after co-exposing
macrophytes to two drugs, being one of them also an endogenous compound?,
Can a pharmaceutical compound provoke the same effects (type and extent) in
organisms from different trophic levels? How D. magna functional endpoints
respond to the chemical (pharmaceutical) and natural stress (fish kairomone),
isolated and in combination? These objectives were addressed along five
chapters, by using standard and non-standard ecotoxicological approaches
from the individual to the populational level through an integrated use of
physiological, biochemical and populational tools. The obtained results showed
that the use of organisms of the same genus (but from different species) in
ecotoxicological testing of chemicals may result in different results as to their
toxicity; we concluded that plant-based, non-standard ecotoxicological
parameters are suitable and promising tools for ecotoxicological evaluation of
pharmaceuticals. It was also possible to observe that time is a factor that
contributes to the toxicity of pharmaceutical drugs in aquatic plants, by
modulating not only the extent of the toxic response, but especially the type of
the toxic effects. A contaminant that also is an endogenous compound
produced by plants can modulate the challenged macrophyte species
responses. In general, pharmaceutical drugs showed an eminently species-
specific toxicity, whose effects were altered according to the type of drug, its
levels, duration of exposure, and co-occurrence of other bioactive substances
in the media. And finally, the results presented the capacity of interaction
between an anthropogenic and natural stressor influencing in microcrustaceans
responses to these stressors. In conclusion, pharmaceutical drugs have been
shown be very toxic to aquatic organisms; the use of aquatic plants in
ecotoxicological assessments is thus a valuable tool, whose use requires the
proposal of novel methodologies and test guidelines, or the revision of already
in place standard methods, considering their overall advantages as test
organisms. In addition, increased ecological relevance of data obtained from
crustacean-based tests must encompass the co-occurrence of natural
stressors, whose effects go well beyond toxicity by itself, by changing the life
traits of exposed organisms, thereby altering population features of exposed
organisms. New experimental designs and approaches need be developed and
applied to try understanding the toxicological effects of a complex environment
as aquatic ecosystems, principally, when considering the use aquatic plant
species, and freshwater crustaceans as test organisms.
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Figure 2 Effects of the pharmaceuticals (CPZ, APAP and DCF) on chlorophyll b
of L. minor and L. gibba. For each parameter, mean and standard error are
shown (N=6). * stands for statistical differences in relation to control following
ANOVA and Dunnett’s or the equivalent non-parametric
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Figure 3. Effects of the pharmaceuticals (CPZ, APAP and DCF) on total
chlorophyll of L. minor and L. gibba. For each parameter, mean and standard
error are shown (N=6). * stands for statistical differences in relation to control
following ANOVA and Dunnett’s or the equivalent non-parametric

Figure 4. Effects of the pharmaceuticals (CPZ, APAP and DCF) on carotenoids
of L. minor and L. gibba. For each parameter, mean and standard error are
shown (N=6). * stands for statistical differences in relation to control following
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Figure 5 Effects of the pharmaceuticals (CPZ, APAP and DCF) on anthocyanins
of L. minor and L. gibba. For each parameter, mean and standard error are
shown (N=6). * stands for statistical differences in relation to control following
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Figure 6. Effects of the pharmaceuticals (CPZ, APAP and DCF) on maximal
guantum yield of PSII (Fv/Fm) L. minor and L. gibba. For each parameter, mean
and standard error are shown (N=6). * stands for statistical differences in
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parametric

Figure 7. Effects of the pharmaceuticals (CPZ, APAP and DCF) on catalase
activity of L. minor and L. gibba. For each parameter, mean and standard error
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Figure 4. Effects of diclofenac (A) and salicylic acid (B) on carotenoids of L.
minor. For each parameter, mean and standard error are shown. * stand for
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Figure 6. Effects of diclofenac (A) and salicylic acid (B) on ascorbate peroxidase
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stand for statistical differences in relation to control, for each species
(8).. oottt

Figure 7. Effects of diclofenac (A) and salicylic acid (B) on glutathione-S-
transferases activity on L. minor. For each parameter, mean and standard error
are shown. * stand for statistical differences in relation to control, for each
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Chapter 4
Figure 1. Biomarker responses (Mean + SE, N=10) of L. minor exposed to
diclofenac (DCF) and salicylic acid (SA) alone and to both DCF + salicylic acid
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(SA) A) catalase activity; B) glutathione S-transferases activity. * stands for
statistical differences in relation to respective control following ANOVA and
post-hoc test (or the equivalent non-parametric test). # stands for statistical
differences between pairs of single DCF alone and of DCF plus SA following
STUAENE'S T-1EST. . .

Figure 2 Responses of physiological parameters (pigments content) (Mean + SE,
N=10) of L. minor exposed to diclofenac (DCF) and salicylic acid (SA) alone
and to both DCF + salicylic acid (SA). A) chlorophyll a content; B) chlorophyll
b content; C) total chlorophyll content; D) carotenoids content; E) chlorophyll a
and b ratio and F) carotenoids and total chlorophyll ratio. * stands for statistical
differences in relation to respective control following ANOVA and post-hoc test
(or the equivalent non-parametric test). # stands for statistical differences
between pairs of single DCF alone and of DCF plus SA following Student's t-

Figure 3. Response of populational and morphometric parameters (Mean + SE,
N=10) of L. minor exposed to diclofenac (DCF) and salicylic acid (SA) alone
and to both DCF + salicylic acid (SA). A) growth rate (d!); B) fresh weight
(mg) and C) Root length (cm). * stands for statistical differences in relation to
respective control following ANOVA and post-hoc test (or the equivalent non-
parametric test). # stands for statistical differences between pairs of single DCF
alone and of DCF plus SA following Student's t-test........................oooeel.

Chapter 5

Figure 1 — Effects of ketoprofen exposure in L. minor biomarkers upon exposure
of 96 hours. A) glutathione S-transferases activity; B) catalase activity; and C)
carbonic anhydrase activity. Bars and errors bars are Mean + SE (N= 10). *
stands for statistical differences in relation to control following ANOVA and
Dunnett's or the equivalent non-parametric test..............coveveieieininenanannnnn.

Figure 2 — Effects of ketoprofen exposure in L. minor during 96 hours. A)
chlorophyll a content, B) chlorophyll b content, C) total chlorophyll content, D)
carotenoids content, E) chlorophyll a and b ratio and F) total chlorophyll and
carotenoids ratio. Bars and errors bars are Mean £ SE (N= 10). * stands for
statistical differences in relation to control following ANOVA and Dunnett's or
the equivalent NON-parametric teSt..........c.oiiriiriit it

Figure 3 — Effects of ketoprofen in D. magna after acute exposure (48h). A)
catalase activity B) glutathione S-transferases activity, and C) cyclooxygenase
activity. Bars and errors bars are Mean = SE (N= 5). * stands for statistical
differences in relation to control following ANOVA and Dunnett's or the
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equivalent NON-parametric tEST. . ......ovueee it ettt ettt eeaeeanaas

Figure 4 — Effects of ketoprofen in D. magna feeding behavior, after exposure
and after recovery (post-exposure). Bars and errors bars are Mean £ SE (N= 5).
* stands for statistical differences in relation to control following ANOVA and
Dunnett's or the equivalent non-parametric test...............coeeviiriiiiiiniininnnnn.

Figure 5 — Ketoprofen effects in reproductive parameters in Daphnia magna. A)
day of the first brood, B) number of neonates from the first brood and C) total
number of neonates (three broods). Bars and errors bars are Mean + SE (N= 10).
* stands for statistical differences in relation to control following ANOVA and
Dunnett's or the equivalent non-parametric test...............coeviiiiiiiiiniininnnnn.
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Figure 1. Effects of chlorpromazine (CPZ), of fish kairomone (FK) and of the
mixture (CPZ+FK) on D. magna oxygen consumption. For each parameter,
mean and standard error are shown. * stands for statistical differences in relation
to respective control following ANOVA and post-hoc test (or the equivalent
NON-PATAMETIIC TEST). ...\ttt et ettt ettt et et et e e e e e e

Figure 2. Feeding rate (cells/h/org) of D. magna exposed to chlorpromazine
(CPZ2), to fish kairomone (FK) and to the mixture (CPZ+FK). For each
parameter, mean and standard error are shown. * stands for statistical differences
in relation to respective control following ANOVA and post-hoc test (or the
equivalent NON-parametric teSt)........o.vveririieeiit e

Figure 3. Effects of chlorpromazine (CPZ), of fish kairomone (FK) and of the
mixture (CPZ+FK) on D. magna behavior, plus control. (A) and (B) correspond
to time to top (%), (C) and (D) to distance moved (cm) and (E) and (F) to inter-
organisms distance. (A), (C) and (E) correspond to the results on the integra and
(B), (D) and (F) to the results divided in categories (dark, first light, and late
light). For each parameter, mean and standard error are shown. * stands for
statistical differences in relation to control following ANOVA and post-hoc test
(or the equivalent NON-parametric teSt). .........ouiiiriiritii et eraaanas

Figure 4. Effects of chlorpromazine (CPZ), fish kairomone (FK) and the mixture
(CPZ+FK) in D. magna reproductive parameters. (A) Total number of neonates
per female; (B) Total number of neonates in the first brood; (C) Age of the first
brood (d); (D) Total number of broods and (E) Population increase rate per day
(r). For each parameter, mean and standard error are shown. * stands for
statistical differences in relation to control following ANOVA and post-hoc test
(or the equivalent NON-parametric teSt). .......o.ovriiiiiriie e
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1.1 Pharmaceutical compounds

A diverse array of synthetic organic compounds are used by the modern society in vast
quantities for wide a range of purposes, including the production and preservation of
food, industrial manufacturing processes, as well as for human and animal healthcare
(Huschek et al., 2004; Lapworth et al., 2012). In fact, every day, industries, agriculture
facilities and the general population are using water and releasing many compounds,
including pharmaceutical drugs, in wastewater. Indeed, agriculture practices, industrial
and hospital discharges, and the human excretion of pharmaceuticals play an important
role in pollution of surface and wastewater, in general (Deblonde et al., 2011; WHO,
2012). The scenario of worldwide contamination by pharmaceutical drugs is an
important issue since over 100,000 tonnes of pharmaceutical products are consumed
globally every year. Approximately 24% of this amount in Europe alone (EEB, 2018).
Thus, pharmaceuticals are considered emerging pseudo-persistent pollutants since they
are continuously being released into the environment by WWTP or other sources,
thereby affecting the exposed biota at multiple levels (Bu et al., 2016). Consequently,
global concern about their potential adverse impacts on both human health, and the
environment is growing (Bielen et al., 2017), thereby requiring the development of new
regulatory actions (Kuster and Adjer, 2014), and building a large body of evidence
(namely, comprehensive ecotoxicological data of the most used pharmaceutical classes)

supporting such options.

This can happen since, conventional wastewater treatment plants (WWTPs) are
designed to deal with bulk substances that occur in wastewater regularly and in large
quantities (primarily organic matter and the nutrients, nitrogen and phosphorus)
(OECD, 2019). Moreover, new technologies and novel treatment systems have been
recently studied and developed to help WWTPs removing pharmaceutical drugs from
their influents, to produce a cleaner effluent; however, even state-of-the art technologies
are not completely effective for the removal of drug residues from wastewater. Among
these methodologies, one may find techniques such as conventional activated sludge
(Oppenheimer et al. 2007; Nielsen et al. 2013), biological processes, hydrodynamic
cavitation and UV treatment (Zupanc et al., 2013), intermittent electrocoagulation
(Ensano et al., 2017), membrane bioreactors (MBRs) (Clara et al., 2005; Radjenovi¢ et
al., 2009; Kim et al., 2014; Verlicchi et al., 2010; Kovalova et al., 2012), and moving
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bed biofilm reactors (MBBRs) (Escola Casas et al., 2015). In addition, treatments such
as advanced oxidation processes (AOPs) that rely on ozone and UV radiation (Rojas et
al., 2013; Beijer et al., 2017; Roccaro, 2018) can be used; these treatments, using
reactive oxygen species and nanomaterials (activated or not by a light source,
UV/Visible/Sunlight — photocatalytic process; Yaqgoob et al., 2020) for the treatment of
wastewater, are able to deal with almost all classes of organic compounds (Cincinelli et
al., 2015). The efficiency of some of these new methods of wastewater treatment was
analyzed by Angeles et al., (2020), after testing the effectiveness of a number of
conventional and more advanced treatment methods, for the removal of pharmaceuticals
from municipal WWTPs, including a highly advanced pilot plant. The authors
concluded that each technology has its own advantages, and any of them were capable
to equally remove the different pharmaceutical compounds, being their overall efficacy

is far from complete.

The low removal rates of pharmaceutical drugs at WWTPs occurs since drugs are an
entirely different group of chemicals; they are single compounds with a unique
behaviour in the treatment plant (considering their structures, chemical stability,
biological effects, and toxicological profile), and they represent only a minor part of the
wastewater organic load (Larsen et al., 2004). Due to these features, and to their
physiological properties and physical chemical characteristics, the majority of
pharmaceuticals are not removed during water treatment (Kaleniecka and Zarzycki,
2015). Taking into account their widespread use, inability of WWTPs to treat them, and
consequently discharge into the aquatic environment, the review by aus der Beek et al.
(2016) concludes that the most different classes of drugs are detected in the aquatic
environment (different compartments) worldwide in the order of ng/L to mg/L. In fact,
incomplete removal favors the continuous discharge of pharmaceuticals into the
environment, which may result in a chronic exposure of aquatic organisms to these
compounds and/or their bioactive metabolites and transformation products (Loli¢ et al.,
2015). In general, the WWTPs, as already mentioned, are not designed to treat
pharmaceutical drugs and, in addition, the treatment phases of each WWTPs can be
different, resulting in a different pharmaceutical rate of treatment/removal which varies
from one installation to another. According to Angeles and co-workers (2020) the

pharmaceutical removal depends on WWTPs characteristic, being these drugs not
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completely removed and the treatment efficiency can range from negative values to
100%, but mostly in a lower percentage. Negative values for removal efficiencies are
reported due to the increase of concentrations for target pharmaceuticals in WWTP
effluents when compared to the loads of similar compounds found in the influents
(Zorita et al., 2009). Non-steroidal anti-inflammatory (NSAIDs), for example, can be
removed from -174 to 99% with a mean value of 34.4% (Quintana et al., 2005; Behera
et al., 2011; Kosma et al., 2014; Sari et al., 2014; Kermia et al., 2016; Sun et al., 2016),
however, as already mentioned, the removal capacity depends on the applied treatment.
Even though NSAIDs are sometimes efficiently removed during wastewater treatment,
they are also ubiquitous and present at substantial concentrations in water bodies
receiving effluents from WWTPs (Yankelani et al., 2019). In addition, neuroactive
drugs, follow the same ttrend described for NSAIDs, in general they have a remove
rating from -30 to 100% with mean values around 25% (Metcalfe et al., 2003;
Radjenovic et al., 2007; Subedi et al., 2013, 2015; Villar-Navarro et al., 2018).

The public and scientific awareness for this reality was incremented along time. Two
decades ago, studies on the topic of pharmaceuticals in the environment, and of their
ecotoxicological effects in general, and aquatic ecosystems in particularly, were rare
(Brooks, 2018). For example, a recent Web of Science search with the terms ‘aquatic’
and ‘pharmaceutical’ yielded just six published documents until 1998; this number grew
to 636 in 2019 alone; and, during less than 3 months in 2020, this number already
reached 128. The new advances in analytical methods allowed the detection and
quantification of minute amounts of these chemicals in natural waters (Snyder et al.,
2010). These technologies include, for example, gas chromatography with mass
spectrometry (GC-MS) and GC with tandem MS (GC-MS?), or liquid chromatography
with MS (LC-MS), and LC with tandem MS (LC-MS), that are more sensible than LC
with ultraviolet (UV) or fluorimetric detection (Fatta et al., 2007).

The increase in the number of studies concerning this broad issue of the environmental
contamination by drugs is important since these compounds exhibit a large set of
features that turn them into particularly environmental troublesome compounds. Drugs
have been designed and synthetized to be biologically active and to cause very specific
effects in target organism, according with their pharmaceutical class, nature, and

chemical characteristics. However, potential risks posed by exposure to
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pharmaceuticals, may result in adverse physiological consequences in exposed species,
which are likely to be considered as ecotoxicological effects. The scientific literature
now shows a profuse number of data on the ecotoxicological effects of drugs, ranging
from acute and chronic toxicity, genotoxicity, carcinogenicity, enzyme inhibition,
oxidative stress, epigenetic alterations, behavioral changes, and others (Alkimin et al.,
2019a; Antunes et al., 2013; Araujo et al., 2019; David and Pancharatna, 2009; De
Felice et al., 2019; Fontes et al., 2018; Hong et al., 2007; Imhof et al., 2017; Li et al.,
2008; Oliveira et al., 2015; Silva et al., 2019; Wang et al., 2019). Other effects of
pharmacological are mediated by the interference with the hormonal and immune
systems of biota (Desforges et al., 2016; Zelikoff, 1998; Ji et al., 2013; Windsor et al.,
2018; Koagouw and Ciocan, 2019). Another field of extreme importance related to the
presence of antibiotics is resistance development of microorganisms towards therapeutic
compounds (Komolafe, 2003; Davies and Davies, 2010; Sayadi et al., 2010; Li and
Webster, 2018). Certain pharmaceutical substances can also accumulate in the
organism’ tissues and be transferred to higher trophic levels along food chains, which
makes them extremely hazardous to health or life of organisms, including humans
(Kaleniecka and Zarzycki, 2015; Lagesson et al., 2016; Xie et al., 2017; Nunes et al.,
2020).

Thus, evaluating pharmaceutical ecotoxicology is challenging due to uncertainties about
appropriate dosages, to be able to understand the most likely toxicological effects,
durations of exposure, selection of sensitive taxa, sensitivity of developmental stages,
and toxicological endpoints (Kostich and Lazorchak, 2014). In this regards the
knowledge of the pharmacokinetic properties in the species actually existing in the wild
is vital (Randak, 2009) to try understanding the effects. In general, aquatic organisms
are non-target species, and no data exist in the literature for these organisms.
Furthermore, the understanding of comparative biological traits among species is
critical when selecting a model organism to be used in further bioassays and to quantify
responses during ecotoxicology studies with pharmaceuticals and other acting chemicals

that act through extremely specific toxicity mechanisms (Brooks, 2018).

The pharmaceuticals compounds that have been found in the aquatic compartment
belong to a large number of pharmaco-therapeutic classes, including contraceptives, [3-

blockers, antiparasitics, antibiotics, antifungals, antiepileptic, anti-inflammatory and
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psychotropics; drugs from the last two mentioned classes were selected to be studied in
this thesis.

1.1.1 Neuroactive drugs

The first major breakthroughs in the development of effective neuroactive drugs came
in the years following the Second World War (Weissman, 2015), when the chemical-
based antipsychotic therapy was first studied. This led to the successful development
and practical proposal of drugs to be used in antipsychotic therapy. This class of
pharmaceutical drugs are primarily used to manage psychosis. The word “psychosis” is
used to describe conditions that affect the mind, and in which there has been some loss
of contact with reality, often including delusions (false, fixed beliefs) or hallucinations
(hearing or seeing things that are not really there) (NIH, 2016a). It can be a symptom of
a physical condition, such as drug abuse, or a mental disorder including schizophrenia,
bipolar disorder, or “psychotic depression” (NIH, 2016a). This last condition is a
depressive state, which in general corresponds to a constant mindset of sadness; this is a
modern concept of affective disorders, associated with psychosis disorders, such as

delusions and/or hallucinations (Paykel, 2008).

The introduction of effective anti-psychotics, to treat schizophrenia revolutionized the
therapeutics of human mental illnesses. The major step forward, as mentioned, was in
the schizophrenia treatment, which is a chronic and severe mental disorder that affects
how a person thinks, feels, and behaves (NIH, 2016b). The proposed antipsychotic
therapy aimed to control mostly the acute symptoms of psychotic episodes, which
consists in clearly psychotic symptoms such as delusions, hallucinations, disordered
speech, disorganized behavior, flat affect, avolition and alogia. This is a mental disorder
without cure, thereby requiring the research and development of new and safe

treatments, namely the use of drugs (Parekh, 2017).

However, there are other classes of psychotropic drugs, which may be classified
according to many features. Their division can be based on the pharmacological
domains, that are based on the neurotransmitter involved in the modulation of the

altered response caused by the drug. Based on this criterion, there are 11 domains,
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namely drugs that act on acetylcholine, dopamine, GABA, glutamate, histamine, ion
channels, lithium-mimetic, melatonin, norepinephrine, opioid, and serotonin (Rao and
Andrade, 2016).

Chlorpromazine, discovered in 1950, was the first marketed neuroleptic in 1952 used to
treat schizophrenia (Martson, 2013), being included in the older or first-generation
antipsychotic medications that are also called conventional "typical” antipsychotics or
“neuroleptics”. Other substances of this class include haloperidol, perphenazine, and
fluphenazine (NIH, 2016a), which in general share the same mode of action (dopamine
receptors antagonists) (Guzmam, 2019) and, in some cases, potential to cause
extrapyramidal side effects and tardive dyskinesia, in special the last three (Guzmam,
2019; Jibson, 2020).

In 2017, an estimated 46.6 million adults aged 18 or older in the United States suffered
from mental illness; this number represented 18.9% of all U.S. adults (NIH, 2019) and,
in 2018 a total of 611,780,251 prescriptions were made for psychiatric medications in
the U.S., at a cost of over $29 billion (Grohol, 2019). In a broader perspective,
according to the Organization for the Economic Co-operation and Development
(OECD), in 2018, Portugal was the second country that consumed more drugs acting on
the nervous system, totalizing 326.2 defined daily dosage per 1000 inhabitants per day,
just behind Iceland with 396.9 dosages, and before Sweden with 304.6 dosages; in
Canada this number was of 230.2 dosages, and in Asia (South Korea) values to 2017
was equal 112.4 dosages (OECD, 2019). We may conclude that the consumption of
these drugs is extremely high in comparison with those used, for example, for diabetes
and treat conditions of the respiratory system (OECD, 2019).

As a direct consequence of this wide use, these drugs are frequently found in the
environment, especially in aquatic ecosystems. In a review, Cunha et al. (2017)
observed that some psychotropic drugs are detected in different water matrices,
including wastewater treatment effluents and freshwater in concentrations ranging from
0.14 to 840,000 ng/L. In addition, drugs of this class were detected ranging 0.14 and
2.81 ng/L in UK drink water (Peng et al., 2019). In the Lis river (Portugal) and in the
influents and effluents of two wastewater treatment plants located along this river, the

psychiatric drugs were the second group that more contributed to the total mass load of
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pharmaceuticals entering the river, just behind to non-steroidal anti-inflammatory
drugs/analgesics (Paiga et al., 2016). Among psychotropic drugs, antipsychotics (e.g.
haloperidol, perphenazine, fluphenazine, clozapine, olanzapine, quetiapine,
chlorpromazine and others), have been found in different aquatic matrices, in
concentrations around 1 to 500 ng/L. However antipsychotics drugs have been detected
in concentrations up to 13,200 ng/L (Roberts and Bersuder, 2006; Yuan et al., 2013;
Logarinho et al., 2016; Reichert et al., 2019) and their detection varied according to the
hour of the day and with the day of week (Reichert et al., 2019). In addition, the
biodegradability of pharmaceuticals from this group can be very variable and depend on
water parameters, namely pH, dissolved oxygen, and/or light intensity (Felmeister and
Disher, 1964; Trautwein and Kuimmerer, 2012; Hermann et al., 2016). These features
favor the widespread presence of this class of pharmaceutical drugs in the aquatic

environment.

Among antipsychotic drugs, chlorpromazine (CPZ), a dimethylamine derivative of
phenothiazine, with the chemical formula of 2-chloro-10-[3-(dimethylamino) propyl]
phenothiazine monohydrochloride was selected for study. It was synthesized in
December 1951 in the laboratories of Rhdne-Poulenc and became available after
prescription in France in November 1952 (Ban, 2007). This drug was also approved by
Food and Drug Administration in 1954 (Kane and Correll, 2010). CPZ was the first
antipsychotic drug in the market and was followed by a large number of other
antipsychotics. However, so far, no antipsychotic has been shown to be significantly
more effective than chlorpromazine in treating schizophrenia with the notable exception
of clozapine (Haddad et al., 2016). Nevertheless, it remains on the World Health
Organization list of essential medicines (WHO, 2019). In the USA, the market for CPZ
(hydrochloride) tablets is estimated to be approximately $207 million in annual sales for
the 12 months ended July 2018 (Bridgewater, 2018).

The main mode of action of CPZ occurs through blocking the dopamine receptors (Ban,
2007). However, it can also block histamine, adreno, muscarinic, and 5-
hydroxytryptamine receptors (Sepulveda et al., 1994), decreasing neural activity and
exerting a sedative and antiemetic activity (Man and Marwaha, 2019). CPZ main usage
is to treat schizophrenia, however, it can be used in other psychiatric conditions for the

control of anxiety and tension (Borges et al., 2011), as well to control nausea and
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vomiting, persistent singultus (chronic hiccups), relief of apprehension before surgery
(Man and Marwaha, 2019).

CPZ, in mammals, is metabolized in the liver and kidneys by cytochrome P450
isoenzymes CYP2D6 (major pathway), CYP1A2 and CYP3A4; 20% of CPZ and its
metabolites are excreted unconjugated in the wurine as unchanged drug,
demonomethylchlorpromazine, dedimethylchlorpromazine, their sulfoxide metabolites,
and chlorpromazine-N-oxide. The remaining 80% consists of conjugated metabolites,
principally O-glucuronides and small amounts of ethereal sulfates of the mono- and
dihydroxy-derivatives of CPZ and their sulfoxide metabolites; finally, approximately
37% of the administered dose of CPZ is excreted in urine (DrugBank, 2020).

In the aquatic environments, CPZ data are scare, however, it was found in amounts up
to 100 ng/L in the Baltic Sea (UNESCO and HELCOM, 2017), and in hospital and
municipal wastewater treatment plants in Beijing (China) in concentrations reaching
364 ng/L (Yuan et al., 2013); Roberts and Bersuder (2006) detected this pharmaceutical
in concentrations up to 9 ng/L in surface water and sewage effluent samples. In
addition, this pharmaceutical drug made part of the OSPAR list, which included drugs
posing possible concern to aquatic environment (McEneff et al., 2015). However, the
toxicological effects of this pharmaceutical to non-target organisms, especially aquatic
species is very limited, restricted to Daphnia magna (Oliveira et al., 2015), Lemna
minor and L. gibba (Alkimin et al., 2019b), and fish (Carassius auratus - Li et al.,
2008).

1.1.2 Non-steroidal anti-inflammatory drugs

The ability to treat fever and inflammation dates back to approximately 400 b.C. This
treatment started with the early use of decoctions or preparations of plants containing
salicylates, following the Egyptian Ebers papyrus recommendation for the application
of a decoction of the dried leaves of myrtle to the abdomen and back, to counteract
rheumatic pains from the womb (Vane and Botting, 1998). The search for anti-
inflammatory effects goes to a time when the Greek physician Hippocrates prescribed

an extract from willow bark and leaves (Rao and Knaus, 2008). Later in the 17th
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century, the active ingredient of willow bark salicin was identified in Europe, and The
Kolbe company in Germany started mass producing salicylic acid in 1860 (Rao and
Knaus, 2008) thereby sowing the seeds to modern therapeutics with non-steroidal anti-

inflammatory drugs (NSAIDSs).

Over the years, the NSAIDs usage systematically increased. In general, NSAIDs are
anti-inflammatory, analgesic, and antipyretic agents, being typically used chronically to
reduce pain, decrease stiffness, and improve function in patients with osteoarthritis,
rheumatoid arthritis, and other forms of arthritis (Simon, 2013). Thus, NSAIDs are one
of the most prescribed classes of medication for pain and inflammation, besides their
antipyretic activity. In Italy, their consumption is around more than 100 tons/year
(OsMEd, 2013) while, in Portugal, acetylsalicylic acid (Aspirin®) alone is consumed
annually in more than one hundred billion tablets, with a production of around 40,000

tons per year (Freches, 2017).

Despite the diversity of their chemical structures, these drugs share the same therapeutic
properties (Vane and Botting, 1998; Laufer, 2007; Ghlichloo and Gerriets, 2020). The
major mechanism of action of NSAIDs is the inhibition of cyclooxygenases (COX;
COX-1 and COX-2) which are involved in the production of prostaglandins (PGs) and
thromboxanes (derivatives of arachidonic acid), which are in turn inflammatory
mediators (Brooks and Day, 1991). COX-1 is expressed in normal cells, and is
responsible for the production of PGs and thromboxane A2, which control a diversity of
functions, including mucosal barrier in gastrointestinal tract, platelet aggregation, renal
homeostasis and other physiological functions.On the other hand, COX-2 is involved in
the production of PGs that are related with inflammation, pain and fever, PGs that are
induced in inflammatory cells (Cashman, 1996; Rainsford, 2007). Thus, COX-2
inhibition most likely represents the desired effect of NSAIDs’ anti-inflammatory,
antipyretic and analgesic response; while COX-1 inhibition plays a major role in the
undesired side effects, such as gastrointestinal and renal toxicities. (Wongrakpanich et
al., 2018). Some NSAIDs block both COX-1 and COX-2, being designated nonselective
NSAIDs. This NSAIDs group includes acetylsalicylic acid, ibuprofen, diclofenac,
fenoprofen, indomethacin, naproxen and other (Risser et al., 2009; FDA, 2018).The
group of selective NSAIDs (blocking only COX-2), is a smaller group and includes
drugs such as celecoxib, valdecoxib and rofecoxib (Wright, 2002; FDA, 2018).
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However, there is still much that is not known about how these COX proteins work (Jin,
2015).

In environmental terms, NSAIDs is among the most frequently detected pharmaceutical
drugs. Drugs from this class were the most detected in River Lis in Portugal (Paige et
al., 2016) and diclofenac, ibuprofen, naproxen, paracetamol and acetylsalicylic acid, are
included in the short list of drugs whose presence was determined worldwide (eastern
Europe; Latin America and Caribbean; western Europe; Asia-Pacific and Africa, der
Beek et al. 2015)

NSAIDs have been found in all aquatic compartments, ground, drink, sea and fresh-
water, and also in influents and effluents of waste water treatments plants in
concentrations of ng/L to pg/L (Pereira et al., 2016; Bound and Voulvoulis, 2006;
Robert and Thomas, 2006; Heberer, 2002; Jux et al., 2002; Weigel et al., 2002 Ternes,
1998; Paiga et al., 2016; Farré et al., 2001; Metcalfe et al., 2003).

Among the most commonly used NSAIDs, paracetamol (also known as acetaminophen
— APAP) is a non-opioid, antipyretic, and analgesic drug, first used clinically in 1893.
Paracetamol is now probably the most commonly used drug worldwide, available as an
over the counter preparation, used in almost all ages, and forming Step 1 of the World
Health Organization analgesic ladder (Chiam et al., 2015; Sharma et al., 2014).
Paracetamol is widely regarded as cheap, safe and effective (Fleming, 2015).
Consequently, 22.5 million of prescriptions (around 200 million packets) of
paracetamol are sold annually, accounting, for two-thirds of the UK market for over-
the-counter painkillers. Despite its differences in both action mechanisms and profile of
side effects, APAP is considered a weak PGs inhibitor (Graham and Scott, 2005) and
often included among the classifications group of the NSAIDs drugs (Ward and
Alexander-Williams, 1999). However, after more than 100 years, the exact mechanism
of action of APAP remains to be determined. There is evidence for a number of central
mechanisms, including effects on prostaglandin production, and on serotonergic, opioid,
nitric oxide (NO), and cannabinoid pathways, and it is likely that a combination of
interrelated pathways are in fact involved in the pharmacological activity of APAP

(Sharma et al., 2014). It is likely that APAP has a multifactorial mechanism of action,
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which may include the activation of different pain pathways, hence the difficulty in
elucidating its precise mechanism of action (Chiam et al., 2015).

Primarily, APAP is metabolized in the liver by phase | and Il enzymes. The metabolism
of paracetamol occurs through glucuronidation (52-57%), sulfation (30-44%) and
oxidation (5%) (Prescott and Critchley, 1983). The first two processes yield inactive,
nontoxic final products which are eventually excreted by the kidneys. However, the
hepatic cytochrome P450 enzyme system, in the oxidation pathway, metabolizes APAP,
forming catechol and NAPQI (N-acetyl-p-benzo-quinone imine) (Nelson and Bruschi,
2007) that is responsible for the already described APAP hepatotoxicity. In addition,
high levels of APAP lead to a reduction of the glutathione reserves, which may fall to
less than 30% of the normal (Mitchell et al., 1973; Agrawal and Khazaeni, 2020). As a
consequence, the NAPQI concentration in liver increases, preventing thus ATP
biosynthesis, and leading to DNA and RNA damages, binding to proteins and
subcellular structures, causing cell death and consequently necrosis (Ben-Shachar et al.
2012). APAP also induces accumulation of intracellular peroxide (due to glutathione
depletion) leading to an increase in damages by reactive species of oxygen (ROS) via

Fenton mechanism, causing oxidative stress (Hinson et al. 2010).

In the aquatic environments, APAP has been considered a priority pharmaceutical
(Voogt et al., 2009), based on literature review and a series of criteria (including
toxicity, persistence, environmental fate, etc.) (Giri et al., 1993; Hinson, et al., 2010;
Hinz and Brune, 2012; Nunes et al., 2014; Woang and Graundis, 2017; McCrae et al.,
2018; Zur et al., 2018). Paracetamol was already detected in different aquatic systems as
ground, fresh and saltwater. Its presence was also determined in drinking water. In
Brazilian costal zones APAP was detected in levels around 20 ng/L (Pereira et al.,
2016), while in Las Palmas de Gran Canaria (Spain) around 290 ng/L (Afonso-Olivares
et al., 2013). In UK surface waters of small rivers the maximum detected concentration
was 555 ng/L (Bound and Voulvoulis, 2006) and up to 65 ng/L in Elbe River (Wiegel et
al., 2004). It was also detected at levels of 0.036 pg/L and 6.5 pg/L, respectively, in
public and private supplies wells in Massachusetts (Zimmerman et al., 2005) and 0.38
pg/L in groundwater samples (Barnes et al., 2008). Finally, the presence of paracetamol
also occurred in amounts up to 65 pg/L in wastewater (Robert and Thomas, 2006).
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The toxicity of paracetamol has been demonstrated across different hierarchical
biological levels and in distinct organisms. Its effects were reported at the molecular
level in Mytilus edulis in genes from gonads related with the endocrine system and
hormonal production (Koagouw and Ciocan, 2019), at the biochemical level in the
clams Venerupis decussata and Venerupis philippinarum (Antunes et al., 2013), in the
crustacean Daphnia magna (Oliveira et al., 2015; Daniel et al., 2019) and in the mollusk
Phorcus lineatus (Almeida and Nunes, 2019). APAP also caused alterations in
embryonic zebrafish larvae development (David and Pancharatna, 2009; Nogueira et al.,
2019) and also was responsible for behavioral impairment in zebrafish larvae (Nogueira
et al., 2019). In addition to physiological disturbances, APAP affected the chlorophyll

content in Lemna minor and L. gibba, (Alkimin et al., 2019b).

Diclofenac sodium (DCF) is a potent NSAID, which belongs to the class of
phenylacetic acid derivatives comprising phenyl acetic group, secondary amino group,
and phenyl ring having two ortho chloro groups (Menassé et al., 1978). The name
“diclofenac” has been derived from its chemical name 2-(2,6-dichloroanilino)
phenylacetic acid (Hafeez et al., 2018). Since its synthesis in a commercial form in 1973
by Rudolf Pfister and Alferd Sallmann (Sallmann, 1986), the use of this pharmaceutical
was allowed in 120 countries for the last 40 years, being ranked in the 30th position
among the list of top 200 drugs worldwide. For example, in 2017, DFC reached more
than 8.5 million prescriptions in the USA alone, being in the top 100 most prescribed
pharmaceutical drugs, with a top 3 positions among all NSAIDs, just behind meloxicam
and naproxen (ClinCalc, 2020a).

DCF is widely used to reduce inflammation and to relieve pain in conditions such as
arthritis or acute injury (McGettigan and Henry, 2013). It is also active as antiuricosuric
(Lonappan et al., 2016) and is also important for the relief of post-operative pain
(caused by inflammation) and some moderate muscular pain disorders (Hafeez et al.,
2018). DCF is highly persistent in the environment and difficult to be degraded by
WWTP, thus it was included in the priority list developed by Voogt et al. (2009) of
pharmaceuticals relevant for the water cycle and was classified as class 1 — high-priority
pharmaceuticals which forced the water industries to search for technologies to remove
DCF from wastewater, since this is one of the most used worldwide pharmaceuticals,

being also detected in the environment (soil and water) (Lonappan et al., 2016). DCF
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was also included in its First Watch List of the Water Framework Directive, in order to
obtain more information on its occurrence and effects in the environment (EU
2015/495, European Commission; Bonnefille et al., 2018). Although DCF has been
proved to be very effective, this drug also exhibits limitations and adverse effects

toward gastrointestinal irritation, ulceration, and hepatotoxicity.

In mammals, the metabolism of DCF mainly takes place in the liver and involves two
major pathways, namely oxidative metabolism and conjugation with glucuronic acid.
The oxidative metabolism (ring hydroxylation) of DCF is catalyzed by enzymes of the
cytochrome P450 family (CYP2C9 and CYP3A4 — Tang, 2003); this results in the
formation of 4-hydroxydiclofenac and 5-hydroxydiclofenac as the major metabolites
(Boelsterli et al., 2003). The above-mentioned metabolites of DCF can be further
oxidized to a highly reactive benzoquinone imine with great potential for redox cycling
and hence oxidative stress; these metabolites are excreted from the body through the
renal route (Tang, 2003). DCF is also conjugated to glucuronic acid, this results in the
formation of an acyl glucuronide which is a potentially reactive metabolite. The
electrophilic carboxylic carbon on the acyl glucuronide can be further metabolized to 4-
hydroxydiclofenac acyl-glucuronide, and subsequently to a benzoquinone imine, which
can cause oxidative stress to cells by redox cycling (Vickers, 2009). The acyl
glucuronides are largely excreted from the body through the biliary system (Tang,
2003).

Considering DCF excretion and other usages/discharges, it can be detected in different
environmental compartments, such as seawater, in concentrations up to 19.4 ng/L
(Pereira et al., 2016). DCF concentrations between 0.25 and 5.45 pg/L were reported in
sewage treatment plants effluents in France, Italy and Greece (Andreozzi et al. 2003).
However, this pharmaceutical was also detected in drinking water in the USA (1.2 ng/L;
Benotti et al., 2009). In addition, concentrations between 0.06 and 15 pg/L were found
in German rivers (Heberer, 2002; Jux et al., 2002; Weigel et al., 2002); and, its presence
was reported in levels of 195 ng/L in UK estuaries (Thomas and Hilton, 2004).

In addition, due to its wide detection and characteristics such as persistence and low
degradability (Vieno and Sillanp&a 2014), DCF has been shown to be toxic to a wide
variety of organisms, especially aquatic species. It can cause biochemical (Alkimin et
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al., 2019b) and physiological alterations, altering the pigments content (Alkimin et al.,
2019a) in macrophyte species. DCF was also responsible for shell malformation and
molecular alterations in embryos of the marine bivalve Mytilus galloprovincialis (Balbi
et al., 2018). In Japanese medaka (Oryzias latipes) it had the potential to cause cellular
toxicity, p53-related genotoxicity and estrogenic effects (Hong et al., 2007), and also
alterations in the feeding performance (Nassef et al., 2010). DCF was toxic to the
mussel Perna perna, leading to decreased lysosomal membrane stability and increased
cyclooxygenase (COX) activity, oxidative stress, and DNA damage (Fontes et al.,
2018). This pharmaceutical, in Danio rerio delayed the hatching time in embryos
(Hallare et al., 2004) and also caused oxidative stress (Felice et al., 2012)

Another NSAID compound whose ecotoxicity assessment should be prioritized is
salicylic acid (SA), which is the active metabolite of acetylsalicylic acid (ASA) after
being deacetylated in the body (Nunes, 2019) and then further metabolized. It is a
simple phenolic compound synthesized in a wide range of prokaryotic and eukaryotic
organisms, including plants. It has been used as therapeutic drug for a long time. In fact,
in ancient Egypt (~3,500 years ago) the Ebers papyrus already mentioned the use of
leaves of myrtle (after decoction) to treat pain. Years later, Hippocrates recommended
the juices of the poplar tree to treat eye diseases and those of willow bark to relieve the
pain of childbirth and to reduce fever; all of these forms contain salicylates (Vane and
Botting, 1998).

Johann A. Buchner, a German scientist, purified salicyl alcohol glucoside (a SA
derivative called salicin) from willow bark in 1828. The Italian chemist Raffaele Piria,
in 1838, converted salicin into an acidic aromatic compound that he named salicylic
acid. Finally, in 1859 Hermann Kolbe chemically synthesized SA (Jin et al., 2017). This
ready supply of SA led to its extended use as an external antiseptic, as an antipyretic,
and in the treatment of rheumatism (Vane and Botting, 1998). Once
synthesized/consumed, SA may undergo a few biologically relevant chemical
modifications including glucosylation, methylation, and amino acid conjugation; most
modifications render SA inactive, while at the same time they allow fine-tuning of its
accumulation, function, and/or mobility in the organisms (Dempsey et al., 2011). SA is
metabolized and excreted mostly conjugated (with both glycine and glucuronic acid),

and as gentisic acid (Davison 1971).
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Nowadays it is estimated that 40,000 tons of ASA are consumed per year,
corresponding to about 120 billion tablets (Warner and Mitchell 2002). Consequently,
SA is largely detected in the aquatic environment. In Belgium costal zones, SA was
detected at concentrations up to 855 ng/L (Willi et al., 2010), with a mean concentration
of 1157 ng/L in influent samples, 169 ng/L in secondary treated effluent samples, and
120 ng/L in tertiary treatment effluent samples from municipal sewage treatment plants
in Western Greece (Stamatis and Konstantinou, 2013). In addition, amounts of up to 4.1
pg/L were detected in German sewage treatment plants (Ternes, 1998). In Portugal, the
detection frequency of SA was extremely high, as shown by Paiga et al. (2016), who
determined levels up to 1.3 pg/L in a freshwater system in the central region of the
country (River Lis) and also in Portugal groundwater collected in cemetery areas SA
ranged from 33.7 to 71 ng/L (Paiga and Delerue-Matos, 2016).

Ecotoxicological effects of SA have been already determined in several species. SA is
capable of triggering the antioxidant defense system, and cause histological alterations
in the Salmo trutta fario gills (Nunes et al., 2015). It is also responsible for biochemical
alterations in Polychaeta species Hediste diversicolor (Nunes, 2019) and Danio rerio
(Zivna et al., 2016). Biochemical alterations in Lemna minor (Alkimin et al., 2019a),
were also detected. SA affects growth and reproduction in Daphnia magna and D.
longispina (Marques et al., 2004). Also, in D. magna, SA induces oxidative stress and
DNA damage (Gémez-Olivan et al., 2014). Alterations in glycogen content in Mytilus
sp. (digestive gland) but not in defense mechanism (such as antioxidant defense system)
(Piedade et al., 2020) were detected upon exposure to SA. It also induced metabolic,

neurotoxic and oxidative stress in M. galloprovincialis (Freitas et al., 2019)

Ketoprofen (2-[3-benzoylphenyl] propionic acid - KTF) is an aryl carboxylic acid
derivative NSAID. It was synthesized at the Rhone-Poulenc Research Center in Paris in
1967 and introduced into the French and English markets in 1973 (Avouac and Teule,
1988). It was approved for clinical use in USA, especially in cases of osteoarthritis and
rheumatoid arthritis, in January 1986 (Kantor, 1986). KTF is generally prescribed for
arthritis-related inflammatory pains or severe dental pain; it has antipyretic and
analgesic effects, and it is rarely used for postoperative pain (Gaskell et al., 2017).
Efficacy and safety of this pharmaceutical drug has been demonstrated by several

evidences that underline how KTF is highly effective and compares favorably to other
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NSAIDs, such as DCF or ibuprofen (Sarzi-Puttini et al., 2010), however it can cause
renal failure (Pazmifio and Pazmifio, 1988) and liver injury (LiverTox, 2012). In 2015,
in England, there were about 25,400 prescriptions for KTF (PACT 2016), while in 2017
this value was of 147,971 in the USA alone (ClinCalc, 2020b).

This drug, in humans, is extensively and rapidly metabolized by the liver, mainly via
conjugation with glucuronic acid (Gierse et al., 1999) and approximately 80% of the
administered dose is excreted in the urine in a 24-hour period after the administration
(Praskova et al., 2011); however, there is no information about these parameters for

aquatic organisms.

KTF is reported in the aquatic environment in levels up to 0.3 pg/L and up to 0.87 pg/L
in Catalonia (Spain) rivers and effluents respectively (Farré et al., 2001); its presence
was determined at levels around 0.2 pg/L in a German municipal sewage treatment
plant (Ternes, 1998), and of 0.18 pg/L in Swiss waste water treatment plant (Tixier et
al, 2003). In addition, KTF levels were also measured in effluents of Canadian sewage
treatment plants, reaching 7 pg/L (Metcalfe et al., 2003). KTF was reported at
concentrations of up to 2 pg/L in Finish land influents (Lindgvist et al., 2005). KTF
ecotoxicological information is very limited and restricted to few fish species such as
the Danio rerio (Diniz et al., 2015; Rangasamy et al., 2018) and Cyprinus carpio
(Praskové et al., 2013).

In addition to the above mentioned, environmental stressors are factors whose influence
results in the impairment of productivity, reproductive success, and ecosystem
development; to some degree, stressors affect all organisms, as well as their
populations, communities, and ecoscapes (landscapes and seascapes; Freedman, 2004).
Stressors may be natural in origin, being associated with such environmental influences
as competition (Knillmann et al., 2012), predation (Alkimin et al., 2020a), disease, and
other interactions among organisms (Cuco et al., 2017); some also involve constraints
related to climate or to inadequate or excessive nutrients, moisture, or space (Choi et al.,
2016), and disturbances such as wildfires (Nunes et al., 2017) and windstorms
(Freedman, 2004). Even endogenous natural compounds, such as hormonal (e.g.
salicylic acid in plants) substances, can, sometimes, trigger toxicological responses (Rao

et al., 1997; Dat et al., 2000). In addition, another important factor that can have a
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significant inpact on ecotoxicological assessments and approaches is the duration of the
exposure, which can directly influence the obtained toxicological response (Ares, 2003;
Alkimin et al., 2019a). Finally, the above-mentioned stressors may be interacting with
environmental contaminanst (including pharmaceutical compounds),
changing/interfering at the toxicological profile, causing, for instance antagonistic
and/or synergistic effects (Holmstrup et al., 2010; Hooper et al., 2012).

1.2 Macrophytes and their use in ecotoxicology

Macrophytes are primary producers and provide habitats and refuges for periphyton,
zooplankton, other invertebrate species, fish and frogs, and also play key functions in
biogeochemical cycles (e.g. organic carbon production and phosphorous mobilization)
directly influencing hydrology and sediment dynamic of freshwater ecosystems through
their effects on water flow (Bornette and Puijalon, 2009). True macrophytes contribute
to maintain key functions and related biodiversity in freshwater ecosystems, but also
through the services they provide directly to man (Hillman, 1961); characteristics that

turn this species into an ideal candidate for aquatic toxicity tests (Wang, 1986).

Common duckweeds (Lemna species) are floating aquatic C3 monocotyledons
preferring still waters and known to be the smallest flowering angiosperms. They are
characterized by rapid growth, lack of a well-developed and sediment-interacting

adventitious root system, and lack of stems.

For almost a century (Ashby, 1929) these species have been used as an experimental
organism in plant physiology and as a tool to assess phytotoxicity, principally of
herbicidal compounds, since synthetic pesticides emerged as part of modern agriculture
(Blackman, 1951). They have even been used to assess the toxicity of pharmaceuticals
(Greenwood and Nelder, 1964) almost 60 years prior to these compounds garnering

broader scientific attention.

An in depth understanding of contaminant dynamics in aquatic ecosystems requires a
thorough examination of the pollutant mobilization by (and toxicity to) plants
(Greenberg et al., 1992). Along the existing standardized protocols and guidelines for
aquatic plant ecotoxicological studies (Brain and Solomon 2007; ASTM 2004; OECD

28



2002), the most conventionally monitored endpoints are typically biomass (fresh and
dry), frond numbers, yield and growth rate. Nevertheless, it is also necessary to
investigate additional (non-standard) endpoints as biochemical and physiological traits,
in an attempt to deeply understand the effects of contaminants in aquatic plants.
However, it is necessary to overcome the barriers regarding the acceptance of this
alternative. The most commonly used macrophyte test organism is L. minor and, to a

lesser degree, L. gibba (Hanson, 2013).

1.3 Daphnia species as model organisms and their ecotoxicological usage

Daphnia (water fleas) are planktonic crustaceans that belong to the Phyllopoda class
(sometimes called Branchiopoda), and to the Cladocera order, whose bodies are
enclosed by an uncalcified shell known as the carapace. It has a double wall, between
which hemolymph flows and which is part of the body cavity; the carapace is largely
made of chitin, a polysaccharide (Ebert, 2005). In general, and in favorable conditions,
(i.e. laboratory conditions) daphnids reproduce by parthenogenesis, in which females
asexually produce genetically diploid identical female offspring. However, in the wild,
when facing adverse environmental conditions, daphnids may alter their reproductive
features, by adopting sexual reproduction. This results in the production of haploid eggs
that are then enclosed in a protective shell (ephippia) and need to undergo a diapause
period before female offspring may hatch from them (Ebert, 2005). Because the
parthenogenetic reproduction system provides rapid expansion of daphnid populations,
a daphnid population consists almost entirely of females when resources are abundant
(Tatarazako and Oda, 2007)

Populations of Daphnia spp. can be found in freshwater environments ranging from
huge lakes to small temporary pools, and seasonally flooded depressions (Stollewerk,
2010). They are filter feeders, and so they play a key role in freshwater ecology. Their
moving legs generate a water current that directs protozoa, algae, bacteria, and organic
detritus to the mouth. Therefore, their activities facilitate nutrient cycling in the water
(Tatarazako and Oda, 2007). Daphnia are in turn consumed by a number of larger
aquatic predators and therefore constitute an important component of many freshwater
ecosystems (Meaden, 2014). The genus Daphnia includes more than 100 known species
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of freshwater plankton organisms found around the world; as European representatives
of this genera we have (but are not limited to), D. magna, D. cucullata and D.
longispina (Ebert, 2005).

These microcrustaceans, specially, D. magna, are frequently used as a test animal for
the biological assay of many materials data from the early 30’s. The pioneering works
by Naumann (1933) established this trend, followed by other authors, such as Anderson
(1944; 1946) that used this organism to determine toxicity thresholds of various
substances found in industrial wastes and different sodium salts. Daphnia species have
been studied extensively because of their importance to aquatic ecosystems, showing a
striking ability to contend with environmental challenges (Stollewerk, 2010). Taking
this into account, a diversity of ecotoxicological testing protocols and guidelines were
developed (Adema, 1978; ABNT, 2016; OECD, 2004, 2012; ASTM, 1984, 2012; EPA,
2016; Environment Canada 1990, 2000) mostly of then limited to acute (lethality) and
chronic (reproduction) assays. Thus, one of the most internationally used bioassays for
toxicity screening of chemicals and for toxicity monitoring of effluents and
contaminated waters is the acute toxicity test with daphnid crustaceans, and in particular
the one based on D. magna (Baird et al., 1989; Soares et al., 1992; Gilhermino et al.,
2000; Barata et al., 2006; Persoone et al., 2009).

Despite their immense importance, both historically and scientifically, these tests have
been revised, and new alternatives are being proposed. The scientific community
nowadays already overcome the mandatory use of those standard but limiting endpoints,
such as mortality/immobility, and reproductive performance as mandatory parameters.
In fact, these endpoints are not capable of signaling most subtle changes, which are of
extreme ecological importance. In this regard non-standard responses have been uses
such as genes (Soetaert et al., 2006; Connon et al., 2008; Zheng et al., 2020),
biochemical (De Felice et al., 2019, 2020; Dionisio et al., 2020), physiological (Aradjo
et al., 2019), morphological (Imhof et al., 2017; Grzesiuk et al., 2020), behavioral
(Alkimin et al., 2020b; Wang et al., 2019) and transgenerational ones (Araujo et al.,
2019; Silva et al., 2019).
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1.4 Aims and general structure

The main objective of this thesis was to understand the effect of two classes of
pharmaceutical compounds on species of aquatic organisms from different trophic
levels, namely producers (Lemna species) and consumers of first order (microcrustacean

- D. magna). Same specific questions were posed to address this issue:

-Are non-standard endpoints suitable to study pharmaceutical effects in macrophyte

species?

- Is time of exposure a factor that can influence the type of pharmaceutical response,

measured in macrophyte species?

- What type of interaction and response might be obtained after co-exposing
macrophytes to two drugs, being one of them also an endogenous compound?

- Can a pharmaceutical compound provoke the same effects (type and extent) in

organisms from different trophic levels?

- How D. magna functional endpoints respond to the chemical and natural stress,

isolated and in combination?

To achieve the proposed aim and answer the questions, the overall structure of this

thesis was divided into the following chapters:

Chapter 1 - General introduction, providing general information of the topic of
pharmaceuticals in the environment, the studied classes and specific compounds and the

organisms used in this study.

Chapter 2 - Evaluation of pharmaceutical toxic effects of non-standard endpoints
on the macrophyte species Lemna minor and Lemna gibba. In general the
international guidelines recommend 7 days as duration of exposure for Lemna-based
bioasays, focusing on growth, yield and weight as evaluated endpoint. This chapter
brings new perspectives to this type of tests, being shorter (4 days) and evaluating
alternative non-standard endpoints, such as biochemical and physiological traits, which
work as early signals reflecting the toxic response of aquatic plants to pharmaceutical

compounds.
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Chapter 3 - Effects of diclofenac and salicylic acid exposure on Lemna minor: Is
time a factor? In addition to the previous chapter, this one brings an evaluation of the
already mentioned non-standard endpoints over the time to pharmaceutical exposure, in
an attempt to understand the influence of this parameter in the pharmaceutical toxicity

in this aquatic species.

Chapter 4 — Can salicylic acid modulate biochemical, physiological and population
alterations in a macrophyte species under chemical stress by diclofenac? This
chapter brings the complex response of the macrophyte species Lemna spp. when

challenged by the co-occurrence of two drugs, one being a natural plant hormone.

Chapter 5 — Evaluation of ketoprofen toxicity in two freshwater species: effects on
biochemical, physiological and population endpoints. Using endpoints of different
hierarchical biological levelse (biochemical, physiological and populational), this
chapter evaluated the ability of a NSAID to provoke toxicological effects in organisms

from different trophic levels.

Chapter 6 - Daphnia magna responses to fish kairomone and chlorpromazine
exposures. This chapter increased the realism of the response, by combining exposure
to a drug, to a natural stressor (such as fish kairomones, which are signaling chemicals
that indicate the presence of predators to potential preys) Thus, this chapter was an
insight to the real world complexity, by addressing how these compounds can affect
functional endpoints in an macroinvertebrate species (D. magna), isolated and in

mixture.

Finally, Chapter 7 — Final remarks. This last chapter brings a general discussion and

the main conclusions drawn from the results acquired in this study.
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2.1 Abstract

In the last years the environmental presence of pharmaceuticals has gained increasing
attention. Research data show that these compounds can cause toxicological effects in
different species of fish, mollusks and macroinvertebrates. However, the literature is
scarce in terms of ecotoxicity data especially focusing on plants as test organisms.
Ecotoxicological plant-based tests following the standard OEDC guideline 221 (OECD,
2006) are strongly restricted due to the recommended endpoints: growth and yield of
plants. It is necessary to develop and validate alternative macrophyte-based tests (non-
standard endpoints), more sensible and providing additional information about the
chemical contamination effects in plants. To attain this purpose, species from the Lemna
genus were selected. Thus, the aim of this paper was to analyze the toxic effects of
pharmaceuticals in non-standard endpoints on two macrophyte species, Lemna minor
and Lemna gibba. To this purpose an acute assay (96 h) was performed with L. minor
and L. gibba exposed to chlorpromazine (CPZ), paracetamol (APAP), and diclofenac
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(DCEF), in the following concentration ranges: 0 to 20 pg/L, 0 to 125 pg/L, and 0 to 100
pg/L, respectively. The analyzed endpoints were: levels of chlorophyll a and b, total
chlorophyll, carotenoids, and anthocyanins; chlorophyll fluorescence; and catalase
activity. In general, higher concentrations of the tested pharmaceuticals caused
significant effects on both Lemna species in terms of the different endpoints analyzed.
In conclusion, acute exposures to CPZ, APAP, and DCF differently affected the
defensive system of the tested species; among chlorophylls, chlorophyll b content was
more affected, but pharmaceutical exposure was not able to cause alterations on

chlorophyll fluorescence.

Keywords: chlorpromazine; paracetamol; diclofenac; aquatic plants; macrophytes;

pharmaceutical drugs

2.2 Introduction

During the past three decades, the presence of pharmaceuticals in the environment has
been recognized as an indisputable reality, gaining increased attention. The already
existing scientific literature demonstrates that pharmaceuticals enter the environment,
especially the aquatic compartment, and can exert adverse effects on exposed biota
(Kuster and Adler, 2014). Even though being usually present in low amounts in the
wild, pharmaceuticals attain levels that may be causative of deleterious effects on

aquatic non target organisms (Corcoran et al., 2010).

Among pharmaceuticals that have been reported to occur in the aquatic environment,
one assuming an important role due to its intrinsic toxicity, is paracetamol (APAP) (N-
acetyl-p-aminophenol, also known as acetaminophen) (Nunes et al., 2014). This is a
very common over-the-counter analgesic used for fever, headaches, and minor pain (Wu
et al., 2012), and was included in the priority list developed by Voogt et al. (2009) of
pharmaceuticals relevant for the water cycle.

Other important drug commonly found in the wild is diclofenac (DCF), a non-steroidal
anti-inflammatory drug (NSAID), widely used to reduce inflammation and to relieve
pain in conditions such as arthritis or acute injury. It also works as antiuricosuric

(Lonapan et al., 2016). In addition, this substance is another pharmaceutical included by
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Voogt et al. (2009) in the already mentioned list, and was classified as class 1 — high-
priority pharmaceuticals (Lonapan et al., 2016).

Chlorpromazine (CPZ) was the first modern antipsychotic drug released in 1952 and
approved by the Food and Drug Administration in 1954 (Kane and Correll, 2010). It is
used to control excitement, agitation, aggression and other psychomotor disturbances in
schizophrenic patients, and is sometimes used in other psychiatric conditions for the
control of anxiety and tension (Borges et al., 2008). Given its wide use, it has been
recognized as an important emerging pollutant in the aquatic environment (Li et al.,
2008).

The toxicity of these pharmaceuticals towards aquatic organisms (fauna and flora) may
occur chronically as a result of exposure of aquatic biota to wastewater residues mostly,
and over their entire life cycle (Fent et al.,, 2006). Researches show that these
pharmaceutical compounds can cause ecotoxicological effects in different species such
as fish (Munro, 1986; Guiloski et al., 2017), mollusks (Brand&o et al., 2014; Nunes et
al., 2017), and macroinvertebrates (Du et al., 2016; Oliveira et al., 2015). However, the
literature is scarce in terms of ecotoxicity data, especially focusing on plants as test
organisms. Among potentially exposed wild organism, macrophyte species occupy a
very important key position in aquatic environments, since they provide food, shelter
and substrate to various aquatic organisms (Carpenter and Lodge, 1986). However, the
ultimate consequences of chemical impacts on plant communities are largely unknown
and should be explored (Coutris et al., 2011).

Ecotoxicological plant-based tests following the standard OEDC guideline 221 (OECD,
2006) are strongly restricted due to the recommended endpoints: growth and yield of
plants. To have a better understanding of ecotoxicological consequences of drug
exposure in the aquatic environment when challenged by such chemical contamination,
more effects that reflect the impairment of other pathways are strongly required. It is
necessary to develop and validate alternative macrophyte-based tests, more sensible and
providing more information about the chemical contamination effects on plants. To
attain this purpose, the present article described a series of experiments based on the use
of two species of the Lemna genus, which present several advantages as test species.

Organisms from this genus are characterized by small size (requiring little space in the

66



laboratory), rapid growth (toxicity can be detected within a relatively short time), and
the establishment of clonal lineages (allowing genetically identical plants to be used in
tests; Cedergreen et al., 2009).

Among the species from this genus, the two most used in ecotoxicological testing are
Lemna minor and Lemna gibba. Besides presenting all the above mentioned advantages,
these two species are strongly recommended by international guidelines to be used for
the purpose of ecotoxicity screening (1ISO, 2005; OECD, 2006), being routinely used in
this research area (Lakatos et al., 1993; Brain and Solomon, 2007; Scherr et al., 2008).
In addition, both species occupy the same ecological niche, thus being putative
competitors (Olah et al., 2010).

Therefore, the aim of this paper was to analyze the toxic effects of pharmaceuticals on
non-standard endpoints (pigments, chlorophyll fluorescence and biochemical

biomarker) on two macrophyte species, L. minor and L. gibba.

2.3 Material and Methods

2.3.1 Chemicals

All pharmaceutical drugs were purchased from Sigma Aldrich, with purities >98%:
acetaminophen (CAS: 32113- 41-0), chlorpromazine hydrochloride (CAS: 69-09-0),
diclofenac sodium (CAS: 15307-79-6) and all other chemicals used in this study have

analytical purity.

2.3.2. Lemna spp. culture

Plants of the species L. minor and L. gibba were obtained from laboratory axenic
cultures, established at the Centre for Environmental and Marine Studies (CESAM) at
University of Aveiro, reared under controlled conditions (temperature 20+2 °C;
photoperiod 16 h-:8 hP; light intensity, ~5,500 lux) in modified Steinberg medium,
according to the guideline OECD 221 (OECD, 2006). The cultures were maintained in 1
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L glass with approximately 200 mL of modified Steinberg medium (OECD, 2006); the

total medium was renewed twice a week.

2.3.3 Lemna spp. assay

Tests were performed with ranges of nominal concentrations of CPZ, APAP and DCF
that were chosen based on the reported environmental concentrations in rivers and waste
water effluents (Yuan et al., 2013; Wiegel et al. 2004; Roberts and Thomas, 2006;
Hilton and Thomas, 2003), CPZ (0, 0.032, 0.16, 0.8, 4 and 20 pg/L), APAP (0, 0.2, 1, 5,
25 and 125 pg/L) and DCF (0, 0.16, 0.8, 4, 20 and 100 pg/L). Individuals of Lemna spp.
were exposed in plastic flakes, in six replicates with a final volume of 150 mL of
modified Steinberg medium (OECD, 2006) per replicate, adequately supplemented with
the pharmaceuticals stock solutions. In control treatment replicates were exposed only
to the modified Steinberg medium (OECD, 2006). The assay started with plants
covering ~30% of the vessel area. Assays were conducted under controlled conditions
(temperature 23+2 °C; photoperiod 24 h‘; light intensity, ~5,500 Ix). Lemna spp.
fronds were exposed for 96 h and the total medium was renewed once (at 48 h) during
the test. At the end of the exposure period, the plant biomass of each replicate was
divided into two portions; a portion was used for the determination of chlorophyll
fluorescence (immediately after the end of the exposure period) and the remaining
biomass was placed in Eppendorf microtubes and stored at -80 °C for the quantification
of pigments (chlorophyll a, b and total, carotenoids and anthocyanin) and biochemical

endpoint (catalase activity).

2.3.4 Pigments analysis (chlorophylls, carotenoids, and anthocyanins)

Pigments were extracted from fronds of Lemna spp. (about 25 mg - fresh weight - FW);
For the determination of fresh weight, the fronds of both species were collected with
tweezers, placed in Eppendorf microtubes with absorbent paper at the bottom, and
centrifuged at 1000 g for 2 min. After this procedure, the samples were removed from

the microtubes and weighed in analytical balance.
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Total chlorophylls (Chl) and carotenes (car) levels were determined
spectrophotometrically, according to the method described by Hiscox and Israelstam
(1979). The analyze was performed in 3.5 mL of dimethyl sulphoxide (DMSO), the
extract was put in water at 65°C during 30 min and allowed to cool overnight at room
temperature and dark conditions. The next day, samples were thoroughly vortexed for
about 10 s and centrifuged for 5 min at 15000 g at 4 °C. The obtained supernatants were
used to quantify the amounts of Chl a, b and total chlorophylls, and carotenoids, through
spectrophotometry by measuring absorbances of the extracts at wavelengths of 470,
645, 646, and 663 nm in a spectrophotometer Thermo Scientific Multiskan (Software
Ascent 2.6). The extraction solution was used as blank and the calculation of the
pigments followed the equations 1, 2 and 3 proposed by Arnon (1949 - shown by
Hiscox and Israelstam (1979) to be virtually identical to Chl extracted in DMSOQ) for a,
b and total Chls, respectively, and the equation 4 to calculate the amount of carotenoids
(Lichtenthaler, 1987), and results were expressed in milligram per gram of fresh weight
(mg/g FW).

Chla=(12.70 x Ase3) - (2.69 X Asas) (1)
Chl b =(22.90 X Agas) — (4.68 X Ass3) (2)
Total Chl = (20.20 x Asas) + (8.02 X Age3) (3)
Car = (1000 X As70— 1.43Chl a — 35.87Chl b)/205 @)

Anthocyanin (Ant) content was determined according to Close et al. (2004) with
modifications described below. Plants (~20 mg) were placed in 2 mL of acidified
methanol (methanol: 1%HCI: water, 90:1:1, v/v). The mixture was then immersed in hot
water (~95 °C) for 1.5 min and left for 24 h in the dark at 4 °C. After centrifugation at
15000 g for 5 min, absorbance was measured at 530 and 657 nm in a Thermo Scientific
Vis Spectrophotometer 10S TM. Anthocyanin content was determined according to the
equation 5 (Mancinelli et al., 1975). The anthocyanin content was calculated using an
extinction coefficient of 33,000 mol™ cm™ (Sanchez-Zabala et al., 2013) and results

were expressed in number of moles per gram of fresh weight (mol/g FW).

Ant = Aszo — (0.25 X Aes7) (5)
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2.3.5. Chlorophyll fluorescence

Chlorophyll fluorescence was measured immediately at the end of the exposure (96 h),
at room temperature using an imaging chlorophyll fluorimeter (Open FluorCam 800-
0/101; Photon System Instruments; Brno, Czech Republic) Minimum fluorescence
(Fo), maximum fluorescence (Fm), variable fluorescence (Fv, equivalent to Fm — Fo)
and maximum quantum yield of photosystem Il (PSII) photochemistry (Fv/Fm) were
measured as Chl components and the analyzes were made using the program FluorCam
7. The FluorCAM was composed of two red LED panels (MLS13x13, Photon Systems
Instruments, PSI), which provided the measuring non-actinic light (0.1 pmol m2-s"),
while two other red LED panels provided the saturating pulse (7500 umol m2.s!;
SL3500, PSI). All red panels had an emission peak at 621 nm and a 40nm bandwidth. A
user-defined protocol, with a total duration of 2 s, was employed to measure the
minimum fluorescence yields (Fo) in the first 1.4 s, and the maximum fluorescence
values (Fm) after a saturating pulse of 0.6 s. Measurements were performed after 15 min

dark-adaptation.

2.3.6 Biochemical marker - catalase activity determination

Approximately 25 mg of tissue of both species, per replicate, was homogenized in ice-
cold phosphate buffer (50 mM, pH 7.0, with 0.1 % Triton X-100) and then the
homogenized samples were centrifuged at 15,000 g for 10 min at 4 °C. Each
homogenate sample was stored at —80 °C until further enzymatic determination as

described below.

Catalase (CAT) activity was determined in a 96 well plate. Spectrophotometric readings
were performed in a microplate reader Thermo Scientific Multiskan (Software Ascent
2.6). CAT activity was assayed by the procedure described by Aebi (1984). CAT
activity was quantified based on the degradation rate of the substrate H.O», monitored at
240 nm for 5 min. The results were expressed by considering that one unit of CAT
activity equals the number of moles of H.O degraded per minute, per milligram of

protein (mol/min/mg protein).
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2.3.7 Protein determination

Protein quantification was performed at 595 nm using the Bradford method (Bradford,
1976), adapted to microplate with bovine y-globulin as standard (1 mg/mL), in order to

express enzymatic activities per mg of protein of the analyzed samples.

2.3.8 Statistical analysis

A one-way analysis of variance (ANOVA) with appropriate post hoc test (Dunnett's or
Dunn's test) was conducted. The type of ANOVA (parametric or nonparametric) and
post hoc test were chosen depending on whether normality and homogeneity of data
were demonstrated by analysis of the residuals with the Shapiro-Wilks test. Test
statistics and analysis of normality were conducted using the software SigmaPlot Ver

12.5 and a significance level of 0.05.

2.4. Results

2.4.1. Pigments analysis (chlorophylls, carotenoids and anthocyanins)

In general, CPZ, APAP and DCF exposures resulted in Chl a contents close to those
from plants of control treatment (figure 1). Chlorophyll b was a more sensitive endpoint
than Chl a. All tested pharmaceuticals caused effects on the Chl b content of L. minor,
increasing its content. DCF and APA were the most toxic compounds affecting Chl b at
4-5 ug/L and CPZ the least toxic. The Chl b content of L. gibba was only affected by
CPZ at 0.16 pg/L (figure 2). Total Chl changed significantly (p<0.05) at 20 pg/L of
DCF on L. minor and at 100 pg/L on L. gibba (figure 3).
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Figure 1. Effects of the pharmaceuticals (CPZ, APAP and DCF) on chlorophyll a of L. minor and L.
gibba. For each parameter, mean and standard error are shown (N=6). * stands for statistical differences

in relation to control following ANOVA and Dunnett’s or the equivalent non-parametric test.
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gibba. For each parameter, mean and standard error are shown (N=6). * stands for statistical differences
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in relation to control following ANOVA and Dunnett’s or the equivalent non-parametric test.
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Figure 3. Effects of the pharmaceuticals (CPZ, APAP and DCF) on total chlorophyll of L. minor and L.
gibba. For each parameter, mean and standard error are shown (N=6). * stands for statistical differences

in relation to control following ANOVA and Dunnett’s or the equivalent non-parametric test.

The carotenoid content was only significantly affected in L. gibba at 20, 100 ug/L of
DCF, and at 20 pg/L of CPZ (figure 4). The levels of anthocyanins in L. gibba were
quite sensitive to the tested pharmaceuticals decreasing significantly (p<0.05) in plants

exposed to all tested concentrations (figure 5).
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Figure 4. Effects of the pharmaceuticals (CPZ, APAP and DCF) on carotenoids of L. minor and L. gibba.

For each parameter, mean and standard error are shown (N=6). * stands for statistical differences in

relation to control following ANOVA and Dunnett’s or the equivalent non-parametric test.
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Figure 5. Effects of the pharmaceuticals (CPZ, APAP and DCF) on anthocyanins of L. minor and L.

gibba. For each parameter, mean and standard error are shown (N=6). * stands for statistical differences

in relation to control following ANOVA and Dunnett’s or the equivalent non-parametric test.
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2.4.2. Chlorophyll fluorescence

Considering Chl fluorescence, the maximal quantum yield of PSII (Fv/Fm) and was not
significantly (p>0.05) affected by all pharmaceutical concentrations exposure in both

Lemna species (figure 6).
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Figure 6. Effects of the pharmaceuticals (CPZ, APAP and DCF) on maximal quantum yield of PSII

(Fv/Fm) L. minor and L. gibba. For each parameter, mean and standard error are shown (N=6). * stands
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for statistical differences in relation to control following ANOVA and Dunnett’s or the equivalent non-

parametric test.

2.4.4. Catalase determination

The L. minor’s CAT activity was affected by the three tested pharmaceuticals, in
general causing an increase in activity compared with the control treatment. Most
concentrations of CZP (with the exception of 0.8 ug/L) enhanced CAT activity. APAP
and DCF, respectively, caused significant (p<0.05) increases of CAT activity at 25 pg/L
and 100 pg/L. Catalase activity in L. gibba decreased at, 1 pg/L of APAP and increased
at 5 and 125 pg/L (figure 7).
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Figure 7. Effects of the pharmaceuticals (CPZ, APAP and DCF) on catalase activity of L. minor and L.

gibba. For each parameter, mean and standard error are shown (N=6). * stands for statistical differences

in relation to control following ANOVA and Dunnett’s or the equivalent non-parametric test.
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2.5 Discussion
2.5.1. Antioxidant responses

Plants can react rapidly to adverse environmental conditions ranging from biochemical
processes up to the development of visible symptoms of injury, independent of the
primary target of the stress. Anthocyanins are part of the defense against oxidative stress
for shoots growing under unfavorable environments (Gould et al., 2002). These
pigments show scavenging ability against various artificially generated free radicals
(Wang et al., 1997). Often this pigment increase in response to different stresses
(Pietrini et al., 2002) to prevent reactive oxygen species (ROS) damage acting as
antioxidant. However, the here-obtained results showed that, in general, anthocyanins
content decreased in both species after exposure to the three tested pharmaceuticals,
suggesting a failure in this defense mechanism causing high oxidative stress, mostly on

L. gibba, which was the most affected species.

In addition, carotenoid content in plants usually increases in presence of pro-oxidative
xenobiotics because of their antioxidant action, providing protection against toxicity
(Murthy et al., 2005). This response was more evident for L. gibba, species that
evidenced more oxidative damage considering its anthocyanins content; in fact,
carotenoids levels were significantly increased in plants exposed to the higher
concentrations of CPZ and DCF, showing the onset of compensatory mechanism to
better cope with the chemical insult by both compounds. Changes in carotenoid levels
likely trigger different regulatory mechanisms and result in the activation of a signaling
cascade to generate an adaptive response in the cell (Nogueira et al., 2013) and are
efficient antioxidants protecting against oxidative damage (Stahal and Sies, 2003).
Beside this, carotenoids roles include protection of the reaction centers and the antenna
complex (Edge and Truscott, 2018) to avoid damage in photosynthetic apparatus. This
pattern suggests that, at the beginning of the toxic process, L. gibba has a more efficient
defense mechanism against toxicants than L. minor. However, the biological meaning of
this difference remains unclear, considering the absence of enough physiological data
about the two species that support this indication. Nevertheless, it is known that the
competition between both duckweed species occurs in the wild, and it was thought to be
due only to morphological and physiological characteristics (Wolek, 1974) favoring L.
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gibba over L. minor, rather than enhanced and more successful response to pollutants.
This particular feature (response to Xxenobiotics) must be also considered as an
important source of competitive advantage, especially in ecological terms. Empirically,
L. gibba has a competitive advantage over L. minor, being able to dominate the
environment and outcompete L. minor (Rejmankov4, 1975), and this advantage may
result not only from morphological and physiological traits, but also from the enhanced

response to adverse toxic effects.

Therefore, it is possible to hypothesize that L. minor may have relied on another
mechanism to defend against the here-tested chemicals stressors. This possibility is
raised considering that for all tested pharmaceuticals, CAT activity was significantly
increase as a response to xenobiotic exposure on L. minor. And it is know that CAT acts
also as an anti-oxidant mechanism, which acts later than anthocyanins and carotenoids
in the timeline of oxidative stress once normally pigments react first with singlet
oxygen, reaction that occur before CAT action (Edge et al., 1997; Triantaphylidés and
Havaux, 2009; Havaux, 2013).

In contrast, for L. gibba only exposure to APAP caused alterations in CAT activity. This
scenario may be associated with higher pro-oxidant APAP capacity (Nunes et al., 2014)
compared to CZP and DCF. When interpreting CAT data, it is also important to note
that plants, unlike animals, have multiple enzymatic forms (or isozymes) of CAT
(Scandalios et al., 1997). The presence of multiple CAT isozymes suggests multiple
functions for catalases in a variety of plant tissues at various developmental stages and
under constantly changing environments from which plants cannot readily escape
(Scandalios et al., 1997). This may act as a confounding for the interpretation of CAT

activity in plants.

In summary both species show different defense mechanisms and strategies against
xenobiotics, L. gibba presents a primary antioxidant defense with the use of pigments,
while L. minor makes use of enzymatic mechanisms, such as CAT. The relative
sensitivities of the different duckweed species are not well understood. Little differences
about the sensitivity of the two more widely used species, L. minor and L. gibba have
been reported (Lewis, 1995).
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2.5.2. Pigments (Chlorophyll)

This bioassay, which is based on the determination of the Chl content in plants, is
highly sensitive to pollution exposure (Fekete-Kertész et al., 2015). The relevance of
this parameter is high, since concentrations of Chls provide an indirect, but accurate
estimate of plant nutritional status as well (Paul et al., 2017). In addition, previous work
suggests that Chl biosynthesis is connected to carotenoids biosynthesis (Ramirez and
Tomes, 1964). In fact, our study is in line with the previously mentioned article, since
carotenoids contents were significantly increased, and the same occurred with Chl a and
b, for both species and for all tested compounds. For plants of the species L. minor, this
increase in Chl b biosynthesis was significant after exposure to the higher
concentrations of CPZ, APAP and DCF. This response is likely to occur, since in some
cases, Chl b level is generally a more sensitive endpoint than Chl a content (Brain et al.,
2004).

In addition, the total Chl level was just affected by higher concentration of DCF, 20
pg/L to L. minor and 100 pg/L to L. gibba. This result is in agreement with Nunes et al.
(2014) that exposed both tested species to higher concentrations of APAP, without the
impairment of total Chl content. Besides, as far we know this is the first report about
CPZ effects in Lemna species and its metabolism and mode of action in plants is very
poor understood. On the other hand, other organic compounds such as toluene,
ethylbenzene, xylene (Yan and Zhou, 2011), caffeine, diuron, bisphenol A, and others
were able to decrease total Chl content in the macrophyte species Hydrilla verticillata
and L. minor (Fekete-Kertész et al., 2015), evidencing the sensibility of this parameter.
This sensibility was evidenced after DCF exposure, that had their metabolism studied in
Typha latifolia, another macrophyte species (Bartha et al., 2014). The authors concluded
that the macrophyte is capable to uptake the pharmaceutical, however the mechanism of
toxicity still not completely understood. Thus, assays measuring pigment concentration
provide valuable information about associations between toxicants and the

photosynthetic apparatus (Brain et al., 2004).”
2.5.3. Chlorophyll fluorescence

Photosynthetic apparatus and alterations in this system can be measured though Chl
fluorescence (mostly of Chl a), which is one of the most popular techniques in plant
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physiology because of the detailed information about the state of photosystem Il (PSII)
(Murchie and Lawson, 2013) that may be obtained; however, this endpoint is still not
widely applied in ecotoxicology (Raulph et al., 2007). In this study, the photosynthetic
parameter (Fv/Fm — maximum quantum yield) was not affected on L. minor and L.
gibba by pharmaceutical exposure (CPZ, APAP and DCF) after 96 h exposure.
Nevertheless, it is possible to establish a relationship of modifications in this parameter
with changes in the contents of Chl a content, since this is a constituent of
photosynthetic reaction centers, and consequently it is an essential photosynthetic
pigment (Paul et al., 2017). This idea can be supported by some studies in which there is
a relation between the effect on the content of Chl a and alterations in the Chl
fluorescence (Di Baccio et al., 2017; Olah et al., 2010; Ibrahim and Zaafar, 2011; Sitko
et al., 2017). In this study, this relationship was also verified, since no changes occurred
in terms of Chl a content, and consequently this led to the absence of alterations in Chl

fluorescence.

Despite being a sensible parameter that may describe a dose-response relationship for a
variety of toxicants (Raulph et al., 2007), the parameter of chlorophyll fluorescence is
not always simple to interpret. It is necessary to take into account that toxic interactions
are extremely dependent upon the specific mechanism of toxicity of each substance,
which is highly variable. There are cases for which the contaminant mode of toxic
action is related to PSII, rather than to PSII operating efficiency (Agathokleous et al.,
2016). Thus, the more information about the photosynthetic parameters that are
compromised by toxicant exposure, the better to understand the actual effect of the

studied contaminant.

The three tested pharmaceuticals were able to affect Lemna antioxidant defense system,
but were unable to cause significant alterations in Chl fluorescence of exposed plants,
showing that the defense system was sufficiently effective to prevent deleterious effects
on the plants” physiologies. Among such putative defensive mechanisms, it is possible
to suggest the antioxidant activity of carotenoids (whose levels were increased in our
study), considering their essential role in photosynthesis and in the protection against

photo-oxidative damage (Baroli and Niyogi, 2000).
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Finally, data of the functional endpoint Chl fluorescence is a valuable tool to detect
subtle effects on phyto-communities (Knauer and Hommen, 2012). In addition, effects
on photosynthetic efficiency may occur earlier than those that might be observed
concerning growth parameters (Di Baccio et al., 2017) e.g. after a 48 h exposure (Olah
et al., 2010); this is an extremely short period of exposure, for which growth alterations
might not be fully determined.

2.5.4 Ecological relevance

In ecological terms, the here-obtained results are of major importance. L. gibba has a
competitive advantage over L. minor (Rejménkova, 1975). Our data support this
assumption since L. gibba had a better, more effective, and defense system against the
tested pharmaceuticals. Considering that both species share the same habitat, this
advantage may grant a stronger dissemination and growth of L. gibba when compared
to L. minor populations, when in contaminated environments. On the other hand, our
results are extremely significant, since the here tested pharmaceuticals CPZ, APAP and
DCF are widely distributed in aquatic environmental, and the selected concentrations
are close to already reported environmental levels, thus being realistic. The obtained
results were yielded in some cases at such levels, showing that toxic effects are likely to
occur in real contaminated sites. The combination of these two factors highlights the
ecological importance of this study. In addition, it is possible to say that this is the first
study on the effect of CPZ on Lemna species. Therefore, this data set reinforces the
need for further ecotoxicological studies based on environmental concentrations of
contaminants in the aquatic environment to try understand the real effects of these
compounds at the environmental level. Further studies with longer exposures are need
it. Our work has largely contributed to the generation of data on the ecotoxicological
effects of pharmaceuticals in non-target organisms, especially on aquatic plants. It is
worth noting that this is still an area that deserves greater attention since the focus of the
majority of ecotoxicological studies on aquatic plants is not on pharmaceutical drugs.
Finally, it must be also emphasized that non-standard parameters are a suitable and
promising tool for ecotoxicological evaluation of pharmaceuticals effects in aquatic

plants.
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2.6 Conclusions

In conclusion, both duckweed species responded promptly to the tested pharmaceuticals
(CPZ, APAP and DCF). L. gibba showed to possess a defense system that acted first by
mobilizing antioxidant pigments (anthocyanins and carotenoids), and relied finally on
the activation of CAT hydrolytic activity. In this species, pigments (a, b and total Chl)
were not considerably affected, and Chl fluorescence was not compromised after
exposure to the drugs. On the other hand, L. minor did not suffer significant alterations
in its antioxidant pigments (anthocyanins and carotenoid) levels, and focused its
antioxidant defense only on the activation of CAT activity. In terms of pigments, Chl b
was the most affected when compared with Chl a and total Chl levels. Finally, Chl
fluorescence was not affected by the exposure to the three drugs. It is thus possible to
draw three main conclusions: (1) use of organisms of the same genus (but different
species) in ecotoxicological testing of chemicals may result in different results as to
their toxicity; (2) differences on antioxidant defense system may grant L. gibba
competitive advantages over L. minor, since it is more efficient to cope with the early
phases of the toxic process (and presumably with other stress sources); this difference
may be of importance considering the potential competition between of these two
coexisting species in their natural habitats; (3) plant-based, non-standard
ecotoxicological parameters are suitable and promising tools for ecotoxicological

evaluation of pharmaceuticals.
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Chapter 3

Effects of diclofenac and salicylic acid exposure on Lemna minor: Is time a
factor?
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3.1 Abstract

The global occurrence of pharmaceuticals in the aquatic environment has been
considered a particularly concerning problem with unknown consequences. Non-
steroidal anti-inflammatory drugs (NSAIDs) including diclofenac (DCF) and salicylic
acid (SA), are among the most frequently prescribed drugs in the world, being
consequently commonly found in the aquatic environment. Prolonged experiments
(with duration of exposure that surpass those recommended by already established
testing guidelines) are important to obtain ecologically relevant data to address the issue
of NSAIDs ecotoxicity, because by being more realistically (namely in terms of levels
and durations of exposure), such tests may indicate realistic challenges posed to aquatic
organisms. Among the most common test species that are used for assessing
environmental quality, plants play a leading role. Lemna species are among the most
important plants used for ecotoxicity testing. Therefore, the aim of this study was to
evaluate the temporal effect of a prolonged exposure of DCF and SA on Lemna minor.
To attain this purpose, L. minor plants were chronically exposed to 0, 4, 20, and 100
pg/L of both pharmaceuticals, and samplings were performed at 6, 10 and 14 days of
exposure. The analyzed endpoints were levels of chlorophyll a, b and total, and of
carotenoids; and enzymatic biomarkers as catalase, ascorbate peroxidase and

glutathione-S-transferases. Diclofenac was responsible for alterations in all analyzed
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parameters in different intervals of exposure. Salicylic acid exposure was not capable of
causing alterations on pigment contents of L. minor, however, enzymatic biomarkers
were altered at all sampling intervals. Thus, it is possible to conclude that both
pharmaceuticals can cause damage on the tested macrophyte species, biochemical
parameters being more sensitive than physiological ones. Additional prolonged
experiments are required to understand the chronic effects of different pharmaceuticals

in the aquatic environment, especially in plants.

Key-words: Pharmaceuticals; diclofenac; salicylic acid; Lemna minor; biochemical

analyzes; physiological analyzes.

3.2 Introduction

Human health is one of the most important concerns of modern life, and it has improved
substantially during the past decades, in terms of general access to healthcare and
availability of pharmaceutical drugs. The role attributed to (among other factors) the
usage of large amounts of pharmaceutically active substances (Kunkel and Radke,
2012) is prominent. These biologically active compounds are distributed among several
therapeutic classes, which encompass a diverse array of chemical natures and structures
with multiple pharmacological modes of action to produce biological effect (Daughton
and Ternes, 1999). After administration, some pharmaceuticals are not completely
metabolized. The unmetabolized parent drugs and some metabolites are subsequently
excreted from the body via urine and feces (Zhang et al., 2008), being treated in
municipal wastewater treatment plants (if available) and ultimately enter the aquatic
ecosystems. However, drugs may reach the environment via disposal of industrial and
agricultural wastes, and accidental spills (Farré et al., 2008). Once in the environment,
they can be widely distributed at some time (Farré et al., 2008). From these
assumptions, we may consider that the majority of these chemicals are released into the
environment, after their ultimate use by humans and/or animals, and they occur in the
wild, where they may keep their chemical structure and biological activity. As a result,
the number of potential non-target pharmaceutical-receptor interactions, indirect

interactions and ecotoxicological effects in the environment is difficult to estimate,
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especially in complex matrices and when considering the vast number of living

organisms that may interact with such substances (Brain et al., 2004; Farré et al., 2008).

The global occurrence of pharmaceuticals in the aquatic environment has been arising
as a problem with unknown consequences (Kunkel and Radke, 2012) because this is
mostly an unregulated regulated environmental issue (Pal et al., 2010). Some
contaminants can be found in various environmental compartments and/or in areas
where they were never used, mainly due to their persistence and long distance transport
(Gavrilescu et al., 2015).

The ecological concern stems from the fact that pharmaceutical compounds are known
to have biological effects, but only limited information has been obtained to
quantitatively assess potential ecotoxicological impacts (Pal et al., 2010). What is not
known, however, is whether these chemicals and their transformation products can elicit
physiologic effects on biota at the low concentrations (ng-pg/L) at which they occur
(Daughton and Ternes, 1999). The consequences of pollutants in aquatic ecosystems are
of particular concern, because living organisms from these environments are chronically
subjected to potential contaminations with consequences that may affect future

generations (Gavrilescu et al., 2015).

Non-steroidal anti-inflammatory drugs (NSAIDs) are among the most often prescribed
drugs in the world, being consequently very common in the aquatic environment, since
the early 2000s, and the environmental effects of NSAID have become a growing
concern (Bonnefille et al., 2018). Among NSAIDs, one may find diclofenac (2-(2-(2,6-
dichlorophenylamino)phenyl) acetic acid; DCF), which is used to reduce inflammation
and to relieve pain, such as arthritis or acute injury, and as antiuricosurics. DCF, when
released into the environment, is likely to reach aquatic ecosystems and cause harmful
effects on resident species. This compound is the most toxic among NSAIDs drugs, and
shows also the potential to exert chronic toxicity (Kalenieeka and Zarzycki. 2015),
being one of the most commonly found substances within the aquatic environment
(Schwaiger et al., 2004). These features lead the European Union to include DCF in its
First Watch List of the Water Framework Directive, in order to obtain more information
on its occurrence and effects in the environment (EU 2015/495, European Commission;
Bonnefille et al., 2018).
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Similarly to what happens for other pharmaceuticals, DCF often enters aquatic
environments via inputs from wastewater treatment plants and the extent of its
degradation depends on the used wastewater treatment technology (Lonappan et al.,
2016). However, its inherent characteristics contribute for its environmental presence.
The low DCF biodegradability often results in low elimination rates during biological
wastewater treatment, and only a minor portion is adsorbed by sludge (Vieno and
Sillanpad, 2014) and eliminated. That way, DCF can be detected in different
environmental compartments such as drinking water in the USA (1.2 ng/L; Benotti et
al., 2008), seawater (subtropical coastal zone - Brazil) in concentrations up to 19.4 ng/L
(Pereira et al., 2016), concentrations between 0.06 to 15 pg/L in Germany rivers
(Heberer, 2002; Jux et al., 2002; Weigel et al., 2002), levels of 195 ng/L in UK estuaries
(Thomas and Hilton, 2004), and concentrations between 0.25 and 5.45 ug/L in sewage
treatment plants effluents in France, Italy and Greece, according to Andreozzi et al.
(2003) .

Another important NSAID is acetylsalicylic acid (ASA), which exerts its therapeutic
action by inhibiting cyclooxygenase enzymes, at inflammatory sites (Gomez-Olivan et
al., 2014). ASA has a widespread use given its additional beneficial therapeutic
properties, such as analgesic and anti-pyretic action. ASA is rapidly hydrolyzed to
salicylic acid (SA), which is its main metabolite and primarily responsible for the
pharmacological activity of ASA; SA can be further conjugated to glycine to give rise
to salicyluric acid or to glucuronic acid to form glucuronide conjugates, being also
excreted as the unchanged SA form (Davidson, 1971; Mullangi et al., 2012). In
addition, SA has been found to play a key role in the regulation of plant growth,
development, interaction with other organisms and in the responses to environmental
stresses (Raskin, 1992). Its massive use is directly responsible for its environmental
presence. Salicylic acid has been determined in Canadian influents and effluents in
levels of 330 and 3.6 pg/L respectively (Metcalfe et al., 2003). In many municipal
wastewater, SA was found at levels up to 4.1 pg/L (Ternes, 1998) and even in coastal
zones of Belgium, SA was reported at concentrations up to 0.855 pg/L (Claessens et al.,
2013).

A variety of aquatic species and responses are employed to derive environmental quality

criteria, to assess toxicity of surface water and effluents, and to inform risk of chemicals
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in an ecological framework (Brooks et al., 2015). Among these species, plants are an
essential part of an ecosystem, and a balance of plant-animal-bacteria complex is vital to
a healthy environment (Wang, 1986). Lemna (duckweed) species constitute an
extremely important group of plants, which may be found in diverse aquatic
environments, including lakes, streams, effluents and sediments (Wang, 1990).
Considering the importance of these species, several previous studies stressed out that
Lemna species could be a promising indicator of aquatic toxicity (Wang, 1986), and that
its use could also be applied to ecotoxicological tests, considering its sensitivity towards

chemical contamination (Lakatos et al., 1993).

Lemna species have many advantages as test organisms in ecotoxicology. They can
easily be cultured in the laboratory, in which they may achieve optimum growth
conditions attaining exponential growth (Arts et al., 2008). In addition, Lemna species
present small size, rapid growth and relative structural simplicity; they can be grown in
aseptic cultures, simplifying working conditions with organic compounds. Reproduction
is usually vegetative, so that genetic variability can be eliminated by using a single
clone for all experiments (Hillman, 1961). Lemna spp-based tests may also be
complementary to those based on algae (i.e., Selenastrum) since test solutions can be
renewed, and background contaminant algal cells present in the receiving water or
effluent can be removed for frond production or chlorophyll measurements (Taraldsen
and Norberg-King, 1990). Lemna species may be also used for other measurements of
toxicological importance, such as biochemical and enzymatic alterations. Among
different Lemna species, Lemna minor (common duckweed) assumes a leading position,
since it is a floating, widespread, fast-growing plant, small and easy to cultivate,
characteristics that turn this species into an ideal candidate for aquatic toxicity tests
(Wang, 1986).

Prolonged experiments (that exposed test organisms for longer periods, thereby
exceeding common and already established exposure durations) are important for the
development of ecologically relevant data because by being more realistic (namely in
terms of levels and durations of exposure), they simulate more closely polluted
environments (Garcia-Gomez et al., 2014) and may help deciphering adaptive and
acclimation processes that are likely to occur in the wild (Coutellec and Barata, 2013).

Therefore, the aim of this study was to evaluate the temporal effect of a prolonged
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exposure of DCF and SA on Lemna minor in terms of physiological responses, namely

pigments amount and enzymatic biomarkers.

3.3 Material and methods
3.3.1 Chemicals

All pharmaceutical drugs were purchased from Sigma Aldrich, with purities >98%:
diclofenac sodium (CAS: 15307-79-6) and salicylic acid (sodium salt form; CAS 54-21-
7) and all other chemicals used in this study have analytical purity.

3.3.2 Lemna minor culture

The plants to be used during the experiment were obtained from Centre of
Environmental and Marine Studies (CESAM) - University of Aveiro - where were
raised according to Alkimin et al. (2019).

3.3.3 Lemna minor assay

Tests were performed be exposing plants to ranges of concentrations of DCF and SA
that were chosen based on the already reported environmental concentration and also on
predicted worst case scenarios of contamination. Diclofenac levels from ~1 and 20 ng/L
were found in the river Elbe estuary (Weigel et al., 2002); up to 490 ng/L were
registered in UK effluents (Hilton and Thomas, 2003); SA has been shown to occur in
amounts ranging from 330 to 3.6 pg/L in influents and effluents (Metcalfe et al, 2003),
up to 4.1 pg/L in many municipal wastewater (Ternes, 1998), and even in coastal zones
at concentrations up to 0.855 pg/L (Claessens et al., 2013). Considering these values,
the here-tested nominal concentrations were 0, 4, 20 and 100 pg/L for both
pharmaceuticals. Lemna minor was exposed to the mentioned levels in eight replicates,
in 400 ml plastic flasks with a final volume of 250 mL of modified Steinberg medium
(OECD, 2006) per replicate, adequately supplemented with the pharmaceuticals stock

solutions (prepared in modified Steinberg medium). In the control treatment, replicates

99



were exposed only to the modified Steinberg medium. The assay started with plants that
covered ~30% of the vessel area. Assays were conducted under controlled conditions
(temperature 23 + 2 °C; photoperiod 24h; light intensity, ~6000 lux). The total volume
of medium was renewed every other day in order to keep the exposure concentrations
constant during the experiment. L. minor fronds were exposed for a total of 14 days and
samples of each treatment were withdrawn at 6, 10 and 14 days of exposure. This total
time of exposure was chosen considering that it corresponds to twice the exposure
period recommended by OECD guideline 221 (OECD, 2006) for Lemna sp. tests. The
collected biomass was divided in Eppendorf microtubes and stored at -80 °C until the

performance of analyzes.

3.3.4 Pigments analysis (chlorophylls and carotenoids)

Total, a, and b chlorophylls (TChl; Chl a; Chl b) and carotenoids (Car) amounts were
determined spectrophotometrically, according to the method described by Hiscox and
Israelstam (1979) with the modifications proposed by Alkimin et al. (2019). Pigments
were extracted from the previously exposed fronds of Lemna spp. (about 10 mg per
replicate - fresh weight - FW) in 2.5 mL of dimethyl sulphoxide (DMSO). The extract
was placed in water at 65 °C during 30 min and allowed to cool in the dark at room
temperature. The next day, samples were thoroughly vortexed for about 10 s and
centrifuged for 5 min at 15,000 g at 4°C (ThermoFisher Megafuge 8R). The obtained
supernatants were used to quantify the amounts of chlorophylls (a, b, and total), and
carotenoids levels, by spectrophotometrically measuring the absorbances of the extracts
at the wavelengths of 470, 645, 646, and 663 nm in a spectrophotometer Thermo
Scientific Multiskan (Scanlt Software 2.4.4). The levels of the pigments were calculated
by using the equations proposed by Arnon (1949) and demonstrated by Hiscox and
Israelstam (1979) to be suitable if the extraction was undertaken with DMSO, to
calculate the amounts of Chl (a, b, and total; equations 1, 2 and 3 respectively), and
Lichtenthaler (1987) to quantify the Car amount (equation 4).

Chla=(12.70 x Aee3) - (2.69 X Aeass) (1)
Chl b =(22.90 X Asas) — (4.68 X Ase3) 2
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TChl = (20.20 x Aeas) + (8.02 X Aes3) 3)
Car = (1000 x A470— 1.43Chl a— 35.87Chl b)/205 4

3.3.5 Enzymatic biomarkers

Tissue samples were processed according to Alkimin et al. (2019). Catalase activity
(CAT) was assayed by the procedure described by Aebi (1984), where the activity was
quantified based on the degradation rate of the substrate H>O2, monitored at 240 nm for
5 min. The results were expressed by considering that one unit of CAT activity equals
the number of moles of H>O, degraded per minute, per milligram of protein. The
ascorbate peroxidase activity (APX) followed the method described per Kovacik et al.,
(2009) where the oxidation of ascorbic acid was followed as a decrease in absorbance
monitored at 290 nm for 5 min. The enzymatic activity was calculated using a molar
absorption coefficient 2.8 mM* cm 1, according to Nakato and Asada (1981). For the
glutathione-S-transferases (GSTs) activity determination, the procedure described by
Habig et al. (1974) was used. These procedure monitors the increment of absorbance of
the thioether resulting from the catalysis of the substrate 1-chloro-2,4-dinitrobenzene
(CDNB) with glutathione by GSTs, at 340 nm. Results were expressed as hanomoles of
thioether produced per minute, per milligram of protein. Total soluble protein
quantification of samples was performed at 595 nm using the Bradford method
(Bradford, 1976), adapted to microplate with bovine y-globulin as standard. All
parameters were performed spectrophotometrically, and the readings were performed in

a microplate reader Thermo Scientific Multiskan (Software Ascent 2.6).

3.3.6 Statistical analysis

A one-way analysis of variance (ANOVA) was performed. Statistics tests and analysis
of normality (Shapiro-Wilk) and homogeneity (Levene test) were conducted using the
software SPSS v25. Analyzes on ranks (Kruskall-Wallis) were performed if even after
being transformed, the data did not pass in normality and/or homogeneity tests. A
significance level of 0.05 was adopted and post hoc test were applied, Dunn’s or Dunnet

were chosen according to the data.
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3.4 Results

Chlorophyll a was affected by DCF exposure (figure 1A), being its content significantly
increased in plants exposed to the concentrations of 20 pg/L, after 6 d of exposure; an
increase of this parameter was observed after 10 d of exposure to 4 and 100 pg/L. After
an exposure of 14 d, the Chl a content stabilized. On the other hand, SA exposure
(figure 1B) was not capable of causing any significant alterations of the pigments levels,

for all sampling intervals.
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Figure 1. Effects of diclofenac (A) and salicylic acid (B) on chlorophyll a of L. minor. For each

parameter, mean and standard error are shown. * stand for statistical differences (p<0.05) in relation to

control, for each species (n=8); FW = fresh weight.
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Diclofenac (figure 2A), after 6 d of exposure to 4 and 20 pg/L, caused an increase on
Chl b content; after 10 d of exposure, plants exposed to 4 and 100 pg/L of this
substance had significant increases in this same parameter. No differences were
however reported after 14 d of exposure. On the contrary, SA (figure 2B) did not cause

changes on Chl b amount for any sampling interval.
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Figure 2. Effects of diclofenac (A) and salicylic acid (B) on chlorophyll b of L. minor. For each
parameter, mean and standard error are shown. * stand for statistical differences (p<0.05) in relation to

control, for each species (n=8).

Total Chl amounts were affected after 6 d of exposure to DCF (figure 3A) causing a
significant increase on this pigment content in plants exposed to a concentration of 20
pg/L. 10 d of exposure to 4 pg/L of the same drug caused a significant increase, while
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14 d of exposure were not capable to cause changes in this parameter, and total Chl

values were similar to those registered for control plants. Under no circumstances SA

exposure (figure 3B) was capable of causing changes in Total Chl amount.
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Figure 3. Effects of diclofenac (A) salicylic acid (B) on total chlorophyll of L. minor. For each parameter,

mean and standard error are shown. * stand for statistical differences (p<0.05) in relation to control, for

each species (n=8).

Considering DCF exposure (figure 4A), results for Car levels showed an increase after 6
d of exposure to 20 pg/L and for 10 d to a 100 pg/L, the amount of this pigment was
reestablished after 14 d of exposure. Carotenoids levels were not altered after SA

exposure (figure 4B) for all intervals.
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Figure 4. Effects of diclofenac (A) and salicylic acid (B) on carotenoids of L. minor. For each parameter,
mean and standard error are shown. * stand for statistical differences (p<0.05) in relation to control, for
each species (n=8).

The first enzymatic marker analyzed was CAT activity. A 6 d exposure to DCF (figure
5A) caused a significant increase in the activity of this biomarker for plants exposed to
concentrations of 4 and 100 pg/L; at the 10" d of exposure, a significant increase in
CAT activity was also observed for plants exposed to 20 and 100 pg/L; on the other
hand, after 14 d of exposure, the activity of catalase declined, being statistically
different only for plants exposed to 100 pg/L. The same enzyme presented different
behavior when L. minor was exposed to SA (figure 5B); after 6 d of exposure only
plants exposed to 4 pg/L had a significant increase in their CAT activity; plants exposed

for 10 d and to all tested concentrations presented a significant increase of this
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parameter; on the 14" d, the CAT values tended to normalize, being similar to those

founded in plants from the control treatment.
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Figure 5. Effects of diclofenac (A) and salicylic acid (B) on catalase activity of L. minor. For each
parameter, mean and standard error are shown. * stand for statistical differences (p<0.05) in relation to

control, for each species (n=8).

Ten days of exposure to DCF (figure 6A) caused a significant increase of APX activity,
but only plants subjected to 20 pg/L showed a significant effect; no alterations were
reported after 6 or 14 d of exposure. However, SA exposure (figure 6B) allowed
obtaining more consistent results; 6 d of exposure was capable to significant decrease
APX activity in all tested concentrations, after 10 d of exposure, a significant increase
of APX activity was observed for plants exposed to levels of 20 and 100 pg/L; after 14
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d of exposure, plants exposed to low SA levels had their APX decreased, while those

exposed to higher SA levels had significant increases of APX activity.
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Figure 6. Effects of diclofenac (A) and salicylic acid (B) on ascorbate peroxidase activity on L. minor.
For each parameter, mean and standard error are shown. * stand for statistical differences in relation to

control, for each species (n=8).

Six days of DCF exposure (figure 7A) did not cause any significant alteration on GSTs
activity on L. minor; on the other hand, 10 d of exposure caused an increase in GSTs
activity, for all tested concentrations, being statistically different for levels of 4 and 100
pg/L; 14 d of exposure to DCF caused a significant decrease of GSTs activity for plants
exposed to all concentrations. SA (figure 7B) was able to provoke a significant increase
on GSTs activity in plants exposed to 4 and 100 pg/L; GSTs levels returned to normal
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after the 10" day of exposure, and a significant decrease in GSTs activity was observed

in plants exposed to all SA concentrations after day 14.
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Figure 7. Effects of diclofenac (A) and salicylic acid (B) on glutathione-S-transferases activity on L.
minor. For each parameter, mean and standard error are shown. * stand for statistical differences in

relation to control, for each species (n=8).

3.5 Discussion
3.5.1 Diclofenac

Ecological relevance, toxicological sensitivity (as expressed by the values of toxicity
parameters), and discrepancy vs. agreement of results among distinct species are three
important criteria for the selection of useful endpoints in macrophyte toxicity tests (Arts
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et al., 2008). This is particularly important when considering the use of Lemna for
ecotoxicity testing purposes. In fact, some Lemna species are referred by some studies
to be extremely sensitive in terms of their biological response, while being described as
tolerant to environmental stressors by others. This apparent contradiction can be
explained on the basis that plants may be highly adaptive (Wang, 1990), and it is
necessary to test for this adaptive potential along the time course of the exposure. This
mean that different responses (in terms of their intensity) may be attained after exposing
these species for distinct periods, to the same combination toxicant/levels. This is also
important because ecotoxicological relevance of data obtained in short term ecotoxicity
tests at relatively high concentrations is difficult (if not impossible) to extrapolate to real
conditions in the wild, where sensitive species may be chronically exposed to multiple
contaminants (Paul et al., 2017). Under such realistic conditions, the quality of results
obtained from short-term, as well as from prolonged exposures, are difficult to interpret,
considering the number and complex contributions of potential confounding factors
(Kunkel and Radke, 2012). However, prolonged exposure to pollution may induce
community tolerance to chemical stress, and may also reduce the intensity (or alter the
nature) of the response that may be detected, indicating that the community has been
restructured as a response to the continuous presence of the toxicant in question
(Eriksson et al., 2015). That is, distinct sampling intervals may yield different results,
not only in terms of intensity but also in the type of response to be observed. The here-
obtained results underline the need to adopt prolonged exposure modes, during which
sampling must be assured at discrete intervals, as a way of assuring that
environmentally realistic conditions are used; in addition, it is of fundamental
importance to adopt a specific timeframe of exposure, to avoid having a strong

modulation in the extent, and more importantly, the type of response.

Exposure to toxicants is one of the most common triggering factors for the production
and release of reactive oxygen species (ROS) by the organism (Tripathy and Oelmdiller,
2012), despite being a normal metabolic process in all aerobic organism (Perl-Treves
and Treves, 2002). These stressful environments induce the generation of ROS such as
superoxide radicals (O2), hydrogen peroxide (H20.), hydroxyl radicals ("OH) and
others in plants (Hayat et al., 2010). The production of ROS is not deleterious when the

redox homeostasis is not challenged, but it can suffer alterations after exposure to
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toxicant (and its metabolism), since this may culminate in an increased stress
challenging the organism (Bailey-Serres and Mittler, 2006). When such condition
arises, the redox homeostasis is questioned, and antioxidants are necessary to help
restore the normal organism functioning (Ahmad et al., 2010). This group of chemicals
includes distinct entities, such as carotenoids, a group of natural tetraterpenoid pigments
distributed widely in plants, but also common in algae, fungi, and bacteria (Sun et al.,
2018). In our study, Car seemed to have been involved in the response to the presence
of DCF. Levels of these pigments were altered in plants after a short-term challenge of 6
d of exposure to an intermediate concentration of DCF; a similar response was also
reported after 10 d of exposure but to the highest concentration of the same drug. On the
contrary, and after a 14 d exposure, Car levels were very similar to those measured in
control plants. Carotenoids play an important role in the prevention of several
degenerative stress processes in plants owing to their antioxidant function (Sytar et al.,
2013). Consequently, carotenoids can be photoprotectants, acting as ROS scavengers
(Nisar et al., 2015) and preventing self-oxidation of the photosynthetic systems
(Braslavsky and Holzwarth, 2012); these structures are prone to oxidative damage since
they may act as antennas, collecting solar radiation in the 400 nm to 500 nm range and
transmitting the energy by energy transfer to the chlorophylls or bacteriochlorophylls in
the reaction centers with photosynthetic functions (Braslavsky and Holzwarth, 2012).
The here-obtained pattern of results seem to show the involvement of carotenoids: after
6 d of exposure to a concentration of 20 pg/L of DCF, the antioxidant defense was
dependent upon the antioxidant scavenging activity of Car, without the activation of the
antioxidant enzymatic defense pathway, since CAT and APX were not activated.
However, under harsher conditions (e.g. the combination of a longer period of exposure
and higher amounts of DCF), a full antioxidant response was deployed, that involved
the activation of CAT activity. However, this set of effects may suggest that the here
adopted conditions (levels and durations of exposures) only elicited transient moderate
alterations, that were reverted after longer exposure periods due to adaptive responses of

the plants, and were not enough to cause permanent damage in this group of pigments.

On the other hand, the antioxidant system was activated on L. minor after DCF
exposure, at least partially. Among the different enzymes with antioxidant activity,

CAT was more responsive than APX. Despite being distributed among a large number
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of locations, APX was not equally responsive when compared to CAT. APX
isoenzymes are distributed by at least four distinct cellular compartments: stromal APX
and thylakoid membrane-bound APX in chloroplasts, microbody (including
glyoxysome and peroxisome) membrane-bound APX, and cytosolic APX. A fifth APX
isoenzyme can occur as a mitochondrial membrane-bound form (Shigeoka et al., 2002).
On the contrary, CAT is mostly found in peroxisomes (Copper, 2000). Despite this
difference, in general, APX levels of DCF-exposed plants were kept unchanged, similar
to those reported for the control plants. However, Bartha et al. (2014) demonstrated that
much higher DCF concentrations (1 mg/L) are capable of increasing this isoenzyme
activity after 1 and 7 d of exposure, on the species Typha latifolia. After being exposed
for 6 and 10 d to DCF, plants had their CAT activity significantly increased. This effect
might have been triggered to cope with increased levels of ROS caused by DCF
exposure and metabolism; this assumptions is made based on the physiological role of
both APX and CAT, which belong to two different classes of H2O> scavenging
enzymes; APX is responsible for the fine modulation of ROS for signaling, whereas
CAT is responsible for the removal of excess ROS during stress (Mittler, 2012)
associated to a very fast turnover rate (Mhamdi et al., 2010). DCF has been shown to be
pro-oxidative, causing oxidative stress in different organisms. Exposure to DCF (100
pg/L) resulted in the increase of CAT in gills and liver of Cyprinus carpio after 96 h
(Nava-Alvarez et al., 2014). Islas-Flores et al. (2013) reported similar results in the
same organism, with a CAT activity increase in gills and liver, after exposure to DCF at
a level of 7.098 mg/L during different intervals, 12 h and 48 h for gills, and 72 h for
liver. Exposure to DCF contaminated sediment (46.7 pg/kg), resulted in a CAT increase
in Hyalella azteca from 12 to 72 h of exposure (Oviedo-Gdémez et al., 2010). In plants,
similar results suggesting that DCF metabolism can indeed result in pro-oxidative
alterations were found by Alkimin et al. (2019), in a study that reported a significant
increase in CAT activity on L. minor acutely exposed to 100 pg/L of DCF.

Other pharmaceutical drugs from the same NSAID class, namely ibuprofen, have been
involved in similar responses. Dordio et al. (2011) found an increase in CAT activity in
Typha spp. after being exposed to this drug in varying concentrations (0.5 — 2 mg/L)
during 7, 14, and 21 d. The results found in the literature show the putative triggering of

antioxidant mechanisms to counteract the challenge posed by the increased amounts of
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ROS caused by exposure to this drug, a response that is also common to other taxa.
Despite these assumptions based on response patterns described in the literature, our
study evidenced that this response might be reverted along time. In fact, after 14 d of
exposure to DCF, the CAT activity of exposed plants was decreased in relation to the
control, raising the hypothesis that a prolonged exposure caused a long period of
chemical stress in the plant, that lead to a permanent condition of failure in the
antioxidant defense mechanism. This corresponds to a scenario for which the plant
cannot fully respond, being incompetent to handle the excess of formed ROS and
thereby suffering oxidative damages caused by them. This alteration, evidenced by the
decrease of CAT activity, caused by long-term (35 d) exposure to DCF levels of 60
pg/L was reported in other organisms such as Tinca tinca (Stancova et al. (2017);
similarly, Saucedo-Vence et al. (2015) reported lower levels of CAT activity in blood

and liver of Cyprinus carpio after 24 d of exposure to 7.098 mg/L of DCF.

This hypothesis can be also supported by the results concerning the here measured
GSTs activity. These enzymatic forms correspond to a phase Il metabolism isoenzymes
group, responsible for the detoxification of exogenous substances through the ability to
conjugate glutathione (GSH) with compounds containing an electrophilic center, in
order to modify the substrate into a more water soluble, less toxic complex (Habig et al.,
1974). 1t is known that the majority of GSTs substrates are either xenobiotics or
products of oxidative stress (Hayes and Pulford, 1995). In this study, it was possible to
observe an increase in GSTs activity in plants exposed for 6 and 10 d to DCF. This
tendency might be interpreted as a biological response aiming at transforming DCF into
an excretable metabolite, which is a common trend among most living organisms, and
plants are no exception. This pathway seems also to be important in plants, considering
the versatility of their conjugation machinery, namely their GSTs isoenzymes. In fact,
individual gene analysis and genomics studies indicate that plants have 25 or more
genes encoding for GSTs (Edwards et al., 2000), showing that similarity of GSTs-
mediated responses among a large set of distinct organisms. In addition, the increase of
GSTs activity can result from an attempt to eliminate ROS, since this enzyme is part of
glutathione-peroxidase cycle, a metabolic pathway that detoxifies hydrogen peroxide
(Smirnoff, 2000). However, plants exposed for higher periods (14 d), showed a decrease

in this isoenzymes activity, similar to the pattern reported for CAT activity. As
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previously cited, Stancova et al. (2017) found a decrease in CAT activity on T. tinca
after 35 d of exposure to 60 pg/L of DCF and, similarly to our results, the authors
reported a decrease in GSTs activity too. This comparable pattern of response
emphasizes the possibility of similar biological responses to DCF prolonged exposures,
even in different organisms. It is however necessary to stress that this pattern is not
always repeated, since GSTs response seems to depend upon different factors, such as
time and route of exposure, tested concentration, and type of organism. These
assumptions are reinforced considering the following studies. According to Stepanova
et al. (2013) GSTs were increased in C. carpio larvae after 30 d of exposure to 3 mg/L
of DCF. On the other hand, even 15 d of exposure to 250 ng/L of DCF were not capable
of causing changes on GSTs activity on gills and digestive gland on Mytilus
galloprovincialis (Gonzalez-Rey and Bebianno, 2014). Finally, in plants (T. latifolia),
after 3 and 7 d of exposure to 1 mg/L of DCF, an increase on GSTs activity was
recorded (Bartha et al., 2014). On the other hand, Kummerova et al. (2016) found a
decrease on GSTs activity after 10 d of exposure to 100 pg/L of DCF in L. minor. A
decrease in GSTs activity, detected in our study, may be a consequence of a long-term
damage that was only ascertained after a prolonged exposure period to DCF, most likely
by the adverse effect of ROS on this pathway. However, the analysis of the here-
observed changes concerning this particular enzymatic activity alone does not allow a
clear identification of the specific function that was activated, the mere conjugation with
GSH to facilitate excretion of the drug, or an antioxidative defense function (Bartha et
al., 2014). At low concentrations of toxicant, the hydroxylation process seem to be
sufficient to detoxify the xenobiotic compound in plants, while at higher concentrations,
more effective and comprehensive metabolic pathways may be activated (Bartha, 2012).
On the other hand, ROS are capable of damaging lipids, DNA, and especially proteins,
consequently causing a decrease in enzymatic activity by denaturation (Schieber and
Chandel, 2014). Considering that GSTs isoenzymes are a considerable portion of all
soluble proteins in plants (e.g. in Zea mays, GSTs constitute >1% of the soluble protein;
Marrs, 1996), protein denaturation in a moderate extent may significantly compromise
the enzymatic activity of affected enzymatic forms. Another factor to consider in the
analysis of this denaturation effects is linked to the accumulation of ROS along time, as
a result of their natural production by biological systems. This scenario may be

aggravated considering the occurrence of a spatially and temporally isolated event such
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as the exposure to an oxidant xenobiotic, whose toxicity will depend on the duration of
exposure to this additional stress factor (Bailey-Serres and Mittler, 2006). ROS may be
produced in cells in general at any time, but their production may increase if cells are
exposed to specific stressors, such as pro-oxidants, resulting in a combination of factors
that are ultimately responsible for extreme levels of ROS, whose presence will certainly
result in increased toxicity (Bailey-Serres and Mittler, 2006). Another option justifying
DCF toxic effects may involve its phase Il metabolites, such as glucuronide diclofenac
and glutathione diclofenac, which have also been identified in mammals. The
bioactivation of these conjugates has been implicated in diclofenac-induced toxicity
effects, including oxidative stress and liver injury (Tang et al., 1999; Boelsterli, 2003).
In plants, the metabolism of xenobiotics follows somewhat similar principles to those
described for mammals (phase | - activation, phase Il — conjugation and phase Ill, for
plants, incorporation/stabilization) (Huber et al., 2012). In fact, this assumption is
reinforced by the finding of metabolites of DCF in the plant species T. latifolia similar
to those found in humans (such as 4’-OH diclofenac and diclofenac-glucopyranoside)
(Huber et al., 2012), being possible to suggest this hypothesis. However, we must not
forget that although plants and animals have partially similar detoxification enzymes,
and that in both groups of organisms xenobiotic detoxification follows the two-phase
model, the exact mechanisms behind the process of xenobiotic detoxification may be
very different (Bartha et al., 2014) making it more difficult to explain all mechanisms
involved in DCF effects in plants since this drug was designed to interact with the

physiology of animals.

Furthermore, the oxidative stress caused by DCF exposure can be related to the capacity
of this drug to induce ROS production, and its deleterious consequences, namely by
provoking the peroxidation of the membrane lipid bilayer, which results in changes in
adverse modifications of its integrity, and the malfunction of membrane-bound proteins
and lipids (Hajkova et al., 2019). Associated with this capacity, the high log Kow values
of DCF (4.51) suggest the possibility of its enhanced accumulation cells, by promptly
permeating biological membranes (Corcoll et al., 2014). This might have decisively
contributed to the oxidative stress scenario made evident by this study; however, the
principal mechanism of DCF toxic action in plants is largely still unknown (Hajkova et
al., 2019).
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Chls are a group of structurally closely related compounds, universally acknowledged to
be the indispensable photoreceptors in plant and bacterial photosynthesis (Katz et al.,
1978). The biosynthesis of Chl and the development of chloroplasts in higher plants
involve a highly controlled series of events, many of which may be subjected to
inhibition by exogenously applied chemical agents (Wolf, 1977). As described in the
results section, exposure to DCF was capable of causing an increase in Chls (a, b and
total) contents after 6 and 10 d of exposure. However, these levels were reestablished
near to control amounts after 14 d. DCF uptake and metabolization by plants occur very
rapid (Huber et al., 2012), and may cause impact on primary processes of
photosynthesis, mainly in the disruption of electron transport chain between
photosystems 1l and I, which reflects in significant changes in “vitality index”
(Kummerova et al., 2016). This effect raises the hypothesis that the chlorophyll
biosynthesis system is altered, increasing the amount of these pigments, in an attempt to
maintain the basic functioning of photosynthesis and consequently absorption of energy
to perform the normal metabolic activities of plants. On the other hand, the
reestablishment of Chl levels after 14 d may confirm the highly adaptative capacity of
plants suggested by Wang (1990) and demonstrated by this study after a prolonged
exposure. However, despite phytotoxic effects caused by DCF exposure are evident,
information about which metabolic pathways this drug may alter, as well as the

potential toxicity of DCF metabolites for plants, are still unclear (Vannini et al., 2018).

In general, this work demonstrated that DCF can cause damage on physiological and
biochemical parameters on L. minor, however, apparently after a prolonged exposure
the plant could cope with the exposure to the drug and physiological parameters were
reestablished to values close of unexposed organisms. On the other hand, the
biochemical system continues to demonstrate changes, emphasizing that even over time
the plant still makes use of defensive barriers/biochemical defense to try maintaining its

homeostasis.

3.5.2 Salicylic acid

From the literature, it is difficult to ascertain the real toxic effects caused by exogenous

SA exposures since, in general, the exogenous application of this natural plant hormone

115



might act as a powerful tool in enhancing the growth, productivity and also in
combating the adverse effects generated by various abiotic stresses in plants.
Consequently, SA is intentionally used in agriculture being a great promise as a
management tool for providing tolerance to crops against the aforesaid factors (Joseph
et al., 2010). However, it is extremely important to understand the possible adverse
effects caused by exogenous sources of SA, in particularly in aquatic organisms, which
occur in the final environmental compartment which is the most common destination of
this drug after wastewater disposal and agricultural application. Despite being a natural
plant hormone (Raskin, 1992), SA can cause adverse effects on biochemical parameters,
especially if exposure results from exogenous sources, as shown in this work. Ascorbate
peroxidase is one of the most important ROS-scavenging enzymes (Sofo et al., 2015)
and works along with other (iso)enzymes, with catalase-like functions (Apel and Hirt,
2004). The literature is well established determining that endogenous SA is normally
capable of inhibiting the CAT and APX activities, to increase H202 concentrations in
the cell, to activate its immune system after infection by pathogens (Vlot et al., 2009).
This inhibition, as suggested by Durner and Klessig (1996) probably results from
peroxidative reactions. On the other hand, according to Rao et al. (1997), exogenous SA
treatment is capable of causing the increment of H20: levels in plants, thus provoking
oxidative stress. Additionally, SA inhibits the electron transport system in plant
membranes, favoring ROS accumulation; on the contrary, it also activates alternative
oxidase (AOX), a specific electron transport route that is part of cytochrome oxidase
pathway, retarding this process (Krasavina, 2007). However, the effects of exogenous
SA in these enzymes in plants is not extensively described, and a considerable lack of
information on this subject still exists, demanding better understanding of the effects of
SA on plants. In this work, L. minor plants, after being submitted to an exogenous SA
source, presented significant alterations on both enzymes cited above (APX and CAT),
which may be interpreted as an indication of the activation of the antioxidant defense
system. After an initial period of 6 d of exposure to SA, APX activity decrease in all
tested concentrations; in addition, plants exposed to the lower concentrations of SA
showed an increase of CAT activity, suggesting a prompt activation of this defensive
mechanism, faster than APX. On the other hand, the detected APX decrease are in
agreement with Vlot el al. (2009), previously cited. As mentioned, the authors suggest

that the inhibition of this enzymatic activity are capable to occur to increase H20>
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concentrations in the cell, to activate its immune system after infection by pathogens;
this may like to occur after a detection/contamination of exogenous concentration of
SA, as demonstrated in this study. On the other hand, a 10 d exposure period caused the
activation of both enzymes, in an attempt to cope with increased ROS caused by this
longer exposure, being this increase dose-dependent. Furthermore, SA-induced redox
regulation, to cope with ROS increase, appears not only to involve the here studied
mechanisms; in fact, it may also lead to the accumulation of phytohormones, such as
ethylene, nitric oxide, and jasmonate (Dat et al. 2003). Finally, data concerning a 14 d
exposure showed that CAT activity was similar to the control plants; plants exposed to
the highest SA levels had significantly higher levels of APX, suggesting that the
activation of this enzymatic form occurred at a later stage. However, exogenous SA
enhanced the activities of antioxidant enzymes like APX and superoxide-dismutase
(SOD), with a concomitant decline in the activity of CAT in maize plants (Krantev et
al., 2008). Similar results were found in this work, after a 14 d exposure of L. minor to
SA. In summary, as cited above, it seems to exist a contradiction, regarding the
physiological role of SA, since its presence might in some circumstances prevent ROS
production, but it may also stimulate it, causing oxidative damage in plants. Based on
the here obtained results, it is possible to suggest the relationship between both
antioxidant enzymes activity after an exogenous SA. From the literature, no data
showing that SA may exert adverse damaging effects in aquatic plants are available. In
fact, the literature on the toxic effects caused by exposure to exogenous SA towards
aquatic plants is extremely scarce; in general, toxicological studies use SA as a
preventive factor for possible damage caused by other exogenous stressors, such as
chemicals (paraquat; Ananieva et al., 2004), drought effects (Hayat et al., 2008) and low
temperatures (Janda et al., 1999).

In contrast, the activity of phase Il metabolism (GSTs isoenzymes, in this case),
significantly increased its activity after the 6" d of exposure to SA. This response
demonstrates that the plants soon recognized the exogenous SA as a chemical
challenger, whose presence required the increased efficacy of the GSH conjugation
biotransformation route, to form a more soluble and less toxic compound to be
eliminated. It is necessary to consider that SA is metabolized by a combination of

glycosylation and decarboxylation, as shown to occur in tobacco leaves (Edwards,
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1994), and by conjugation with glucuronic acid, reflected by a glucosyltransferase
activity increase in rice roots (Silverman et al., 1995). Assuming that these same
metabolism pathways might occur in L. minor, since there is no such information for the
species in question, the increase in GSTs activity and consequently GSH increase may
not be related to the biotransformation of the exogenous SA. Therefore, it can be
assumed that in this case the GSH conjugation by means of GSTs acts as ROS
scavenger. GSH not only participates in the direct detoxification of ROS, it may also
protect cells against unfavorable stress effects through the activation of various defense
mechanisms due to its involvement in redox signaling (Apel and Hirt 2004; Foyer and
Noctor 2005). In this signaling pathway, GSH interacts with ROS, redox molecules
[Trxs, glutaredoxins (Grxs)], and plant hormones [salicylic acid (SA), abscisic acid
(ABA)] (Szalai et al., 2009), giving rise to a complex, albeit effective, protective
mechanisms against toxic effects of ROS. This suggestion can be supported by data
from the literature, since exogenous SA application also activated GSH synthesis in
Brassica juncea and B. napus and caused enhanced protection against abiotic stressors,
such as drought- and salt-induced oxidative damages (Alam et al., 2013; Hasanuzzaman
et al., 2014). On the contrary, after the 10" d of SA exposure, no alterations in GSTs
activity were reported. Taking into account the previous assumed hypothesis (GSTs as
ROS scavenger), this could be an expected response since at that time interval, CAT
and APX activities were already increased, assuming a leading role against oxidative
injury. On the contrary, after 14 d of exposure SA was responsible for decreasing GSTs
activity, suggesting the possibility that this enzyme could have been directly
denaturated by ROS generated after a prolonged SA exposure, similarly to what was
observed after DCF exposure. According to Hasanuzzaman et al. (2017) low
concentrations of SA caused advantageous effects in abiotic stress tolerance of plants.
In contrast, high concentrations of SA showed to exert toxic effects. This contradictory
profile makes difficult to described and identify all metabolic pathways, functions and
alterations caused by SA exposure, since several factors (e.g., the concentration and
application method of SA) are critical to yield distinct effects in different plant species

(Hasanuzzaman et al., 2017).

As previously cited, SA is a natural plant hormone, and has direct functions on plant

physiology, regulating growth. In addition, in some cases, endogenous SA protects
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plants against xenobiotics and stimulates the production of photosynthetic pigments
(Hashmi et al., 2012). SA may act as a stressor as well, which among others, negatively
affects the photosynthetic processes, especially above a certain threshold concentration
(Janda et al., 2014). The effective concentration to attain this effect may highly depend
on the plant species, the way of the application, the duration of the treatment, and the
environmental conditions (Janda et al., 2014). For example, the same concentration that
provided protection against low temperature-induced damage in young maize according
to the time and conditions of exposure (Janda et al. 1999), could decrease/protect barley
against paraquat effects (Ananieva et al. 2002). Take into account, that in this study,
there were no observed effects on pigments levels (Chl a; b and total and Car), these
results can be attributed to two different hypothesis: first, the absence of effect on
pigments levels may result from an acclimation mechanism to exogenous SA exposure
(Zait et al., 2018); or second, the here tested concentrations were not capable of causing
damages on pigments analyzed in this specific aquatic species. According to Janda et al.
(2014), the effects of exogenous SA depends of the effective concentration acting on
plant tissues. In turn, this amount can vary according to the plant species, the
application route, the duration of exposure, and the environmental conditions. In
addition, Chls represent the central part of the entire metabolism of the green plant
system, therefore, any significant change in their levels is likely the reason of significant
toxic effects, manifested primarily on growth alterations (Belkadh et al., 2014).
However, the importance of SA in the regulation of plant growth, and the clear
establishment of SA toxic mechanisms that may adversely influence growth, are areas
of further investigation, reinforced by the assumption that even the SA natural
biosynthesis is not completed elucidated (Janda and Ruelland, 2015). Even without
effects in pigments content, compounds such as SA can affect the gas exchange rates, in
maize, and may also influence the processes related to the photosynthetic electron
transport by enhancing the non-photochemical fluorescence quenching mechanisms
(Janda et al., 2000). On the other hand, the complete elucidation of the mechanism by
which SA causes toxic alterations in this pigment group is a task made difficult by the
enormous gaps in the knowledge about its metabolism in plants, a scenario that mostly
favors speculation. In addition, it is necessary to take into account that the majority of
findings about the effects of exogenous SA were obtained for terrestrial plants,

especially those used in agricultural practices (such as maize, tomato, pea and others).
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These species may substantially differ from aquatic species, since these inhabit different
environments and show some specific physiologic processes and adaptations. Finally,
SA signalling is complex and over the coming years, further advances will be required
(Janda and Ruelland, 2015); despite being a natural plant hormone, exogenous SA can
cause biochemical alterations in L. minor metabolism that in a longer-term or even in
future generations, can challenge the survival and adaptation of this species in different

aquatic ecosystems, affected by with the presence of SA as a result of human excretion.

3.6 Conclusions

In general, both tested pharmaceuticals showed to be toxic to L. minor. Diclofenac, in
all sampling intervals, caused alterations in biochemical parameters, more pronounced
in CAT and GSTs, and varying according to the time and tested concentration. DCF
exposure provoked significant increases of the amounts of pigments (Chl a, b, total and
Car). This response was evident after the two initial samplings intervals (6 and 10 d),
but was followed by a long-term adaptive response, made evident by the results
obtained for the 14 d sampling. Results obtained after a 14 d exposure to DCF showed
that plants were capable to recover to basal levels of physiological traits. In addition,
SA exposure, under the here tested conditions (distinct intervals of exposure and
concentrations), was capable of increasing CAT and provoking a variation in APX and
GSTs, according to time and concentration. These responses, in general, may ultimately
compromise survival, by demanding additional adaptive effort to this species. However,
it is necessary to undertake more studies about the toxicological effects of DCF and SA,
mainly focusing on aquatic plants, considering that these pharmaceuticals are largely
found in aquatic environment. Thus, this work shows that time is a factor that contribute
to pharmaceutical toxicity in aquatic plants, by modulating not only the extent but
especially the type of the toxic effects, that may results from exposure to environmental
relevant concentrations of the tested pharmaceuticals. Finally, more prolonged exposure
tests are recommended to understand the toxicology of pharmaceuticals in aquatic

plants.
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4.1 Abstract

Salicylic acid (SA) has been shown to affect plant resistance to biotic and abiotic
factors. However, a knowledge gap exists between the possible effects of SA alone,
mostly in aquatic plants, and its capacity to modulate response/resistance to other
chemical stress posed by exposure to pharmaceutical drugs. Thus, the aim of this work
was to investigate the capacity of SA of modulating Lemna minor responses co-exposed
to the pharmaceutical drug, diclofenac - DCF. This assessment was performed by
measuring biochemical, physiological and population endpoints. To attain this
objective, L. minor was exposed for 7 days, to DCF (concentrations of 0.375, 0.75 and
1.5 mg/L), SA (4 ug/L) alone and in combination with SA (4 ug/L). After exposure, the
analyzed endpoints were catalase (CAT) and glutathione S-transferases (GSTs)
activities, pigments content (chlorophyll a (Chl a), b (Chl b) and total (TChl),
carotenoids (Car) and [Chl a]/[Chl b] and [TChl]/[Car] ratios), and growth specific rate,
fresh weight and root length. CAT activity was increased in plants exposed to 0.375
mg/L of DCF, and also in those exposed to a combination of 0.75 mg/L DCF + 1.5
mg/L SA. GSTs activity were significantly decreased in plants exposed to all DCF
concentrations, but this effect was reverted after simultaneous exposure to SA, being the
activity, in the concentration of 1.5 mg/L of DCF + SA, higher than the control

organisms. Chlorophylls content were just affected in plants exposed to the highest
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concentration of DCF, but Car content and Chl a and b ratio were not affected.
However, Car and TChl ratio suffered a decrease when plants were simultaneously
exposed to 1.5 mg/L DCF + SA. DCF alone was responsible for a decrease in growth
rate, fresh weight and root length in plants exposed to all concentrations, however
exposure to SA partially reverted these effects. In conclusion, we may suggest that SA
is capable to prevent the toxicity of some compounds in macrophytes, by modulating

the toxic response of exposed plants.

Keywords: Lemna minor; pharmaceuticals; pigments content; biochemical alterations;

plant toxicology.
4.2 Introduction

In 2018, worldwide sales of pharmaceuticals totaled US$1,204.8 billion, this figure
rising in the past ten years approximately in 50% (Statista, 2019). Such an enormous
and global use of medication, their varying types, and inherent physicochemical
properties of drugs significantly contribute to the release of active pharmaceutical
ingredients and their metabolites into the environment, including surface waters
(Rzymski et al., 2017), where they may exert biological effects. Due to direct discharge,
presence and potential effects of these compounds in the environment, this issue has
gained attention (Kosjek et al., 2005) and the European Union recognized
pharmaceutical residues in the environment as “priority substances”, similarly to other
micropollutants (EU, 2013). It is predicted that pharmaceutical pollution of water
resources will be a key issue in the future protection of the environment, as well as for
human health (Rzymski et al., 2017). This happens since pharmaceuticals are designed
to alter physiological functions preferentially in mammalian species, and this is unlike
to occur for most other chemicals entering the environment, where biological effects
generally occur as an unintended consequence of their principal function (Corcoran et
al., 2010).

Non-steroidal anti-inflammatory drugs (NSAIDs) are among the most commonly
prescribed pharmaceutical compounds worldwide, being mostly used to tackle
inflammation, to relieve pain and pain-related conditions, such as arthritis and other
rheumatic diseases (Al-Khateeb et al., 2017), thereby being used in large quantities by
humans and animals (Koumaki et al., 2017). According to data published by the
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Organization for Economic Co-operation and Development (OECD), Portugal was the
second country consuming more anti-inflammatory and anti-rheumatic non-steroidal
drugs, in 2018, totalizing 71.7 defined daily dosage per 1000 inhabitants per day, just
behind Iceland with 77 dosages (OECD, 2019).

Diclofenac - DCF (2-[(2,6-dichlorophenyl)amino] phenylacetic acid), is one of the most
widely prescribed NSAIDs and it is poorly degraded in WWTP; consequently, it is a
drug with high environmental detection rates and concentrations namely in aquatic
environments (Balbi et al., 2018). This pharmaceutical has been shown to be toxic to
different organisms, including zebrafish (Danio rerio; Xia et al., 2017), freshwater
crustaceans (Daphnia magna; Nkoom et al., 2019), in rainbow trout (Oncorhynchus
mykiss; Mehinto et al., 2010), three spined stickleback (Gasterosteus aculeatus;
Néslund et al., 2017), mussels (Mytilus galloprovincialis; Gonzalez-Rey and Bebiano,
2014), shrimp (Palaemon serratus; Gonzalez-Ortegon, 2013), marine clam (Ruditapes
philippinarum; Trombini et al., 2019), polychaetas (Hediste diversicolor; Gomes et al.,
2019), and also to plants such as fern (Polystichum setiferum; Feito et al., 2012), and
maize (Zea mays; Hammad et al., 2018). Thus, this pharmaceutical was included in the
Europe Commission Watch List, under the Water Framework Directive, to be
monitored in EU surface waters (Loos et al., 2018). Its presence in an extremely short
list of pharmaceutical drugs that deserve further monitoring and attention is a clear sign
of its environmental significance. Its environmental presence range from 0.7 to almost
5000 ng/L, in rivers from countries such as France, Canada, Germany, Belgium,
Slovenia, Finland, Spain, Pakistan and China (Hereber, 2002; Metcalfe et al., 2003;
Scheurell et al., 2009; Lindqvist et al., 2005; Rabiet et al., 2006; Ldopez-Serna et al.,
2013; Ma et al., 2016). DCF was also detected in groundwater in the Mediterranean
region up to 2 ng/L (Rabiet et al., 2006), in UK estuary, and in Brazilian seawater, at
concentrations of 195 and 19.4 ng/L respectively (Thomas and Hilton, 2004; Pereira et
al., 2016); it was also present in groundwater and drinking water, at levels up to 10 ng/L
(Hereber, 2002; Lopez-Serna et al., 2013).

Salicylic acid (SA; 2-hydroxybenzoic acid), is the active metabolite of acetylsalicylic
acid (ASA). SA is formed after in vivo hydrolysis in humans (James, 1958) and in other
mammals, such as rats, dogs, monkeys and rabbits (Bahar and Imai, 2013). SA-

conjugated forms are however, enzymatically metabolized in the aquatic environment
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by mollusks, fish and B-glucuronidases of bacteria (Schomburg and Salzmann, 1991).
SA is responsible for the pharmacological activity of ASA (Davison, 1971), that occurs
through the inhibition of cyclooxygenases, which are involved in the production of the
inflammatory mediators prostaglandins and thromboxanes (Brooks and Day, 1991). In
addition, SA is one of many phenolic compounds that are synthesized by plants as a
secondary metabolite (Dempsey and Klessing, 2017). It is physiologically of crucial
importance, since it intervenes in key plant processes, including in the biosynthesis of
lignin and of pigments (Metrdux and Raskin, 1993). SA, for example, is a critical
hormone that plays direct or indirect roles in regulating plant growth and development,
as well as thermogenesis and disease resistance (Vlot et al., 2009). Its effects have
already been clarified, and after being applied on the plants basil (Ocimum basilicum L.)
and marjoram (Majorana hortensis). SA stimulated the growth and oil yield, by
enhancing photosynthesis and nutrient uptake (Muthulakshmi et al., 2017). The use of
SA can be a potential chemical strategy to ameliorate water deficit effects on
Eucalyptus globulus (Jesus et al., 2015). In general, exogenous SA has been shown to
affect resistance to pathogen-associated (biotic factor) and tolerance to salinity/osmotic
stress, heavy metal, chilling, UV radiation, drought and others (abiotic factors) (Hayat
et al., 2010; Kahn et al., 2015; Rivas-San Vicente et al., 2011).

However, the possible effects of SA, mostly in aquatic plants, and their capacity to
modulate their response when plants are under chemical stress are still largely unknown.
Thus, the aim of this work was to investigate the SA capacity to modulate Lemna minor
responses when exposed to a pharmaceutical drug (DCF) by quantifying physiological

(pigments content), biochemical and population endpoints.

4.3 Material and methods
4.3.1 Chemicals

All pharmaceutical drugs were purchased from Sigma Aldrich, with purities >98%:
diclofenac sodium (CAS: 15307-79-6) and salicylic acid (sodium salt form; CAS 54-21-
7) and all other chemicals used in this study have analytical purity and were obtained
from Sigma Aldrich and Bio-Rad®.
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4.3.2 Culture and maintenance of test organisms

Lemna minor were cultured and maintained at Department of Biology at Aveiro
University according to OECD (2006) and modifications described in Alkimin et al.
(2019b). Briefly, plants were reared under controlled conditions (light intensity,
~5500 lux; photoperiod 16hL:8hD, and temperature 20+2°C) in 1L glass with
approximately 200 mL of modified Steinberg medium, and the total medium was

renewed twice a week.

4.3.3 Macrophytes — Lemna minor

The macrophyte species were exposed according OECD (2006) recommendations with
adaptations. 6-well micro plates were filled with 10 mL of medium and/or stock
solution, 2 independent trials were performed. For the first one, ten replicates per
condition (with three fronds each) were used, and tests had a duration of 7 days. After
the exposure period, root size, average growth specific rate (calculated based on the
number of fronds) and the fresh weight (FW) were determined. Length roots were
calculated by measuring, from each well, the longest root in three random plants,
totalizing 30 roots per each experimental condition. The average specific growth rate
was calculated according to OECD (2006) recommendations, and the FW was obtained
by weighing the biomass (after being centrifuged for 2 min at 2000 g) from each well in
an analytical balance (GH - 252). After that, the total biomass was placed in Eppendorf
microtubes and stored at -80 °C for the subsequent analysis - determination of
biochemical endpoints (catalase (CAT), glutathione-S-transferases (GSTs) activities).
The second test also involved ten replicates per experimental condition, in a 6-well
microplate, being each well filled with 10 mL of medium and/or stock solution. Plants
covered approximately 15% of each well, and the exposure had a duration of 7 days.
After the exposure, the obtained biomass also was placed in Eppendorf microtubes, and
stored at -80 °C to the pigments analyzes.

For the performance of both tests, the nominal adopted DCF concentrations were based
on the ECso of this compound, previously calculated for the test species (7.5 mg/L;

Cleuvers, 2003), to assure that plants were exposed to a stressful condition; this level
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was divided by 20, 10 and 5, to calculate the remaining levels of DCF (0.375, 0.75 and
1.5 mg/L respectively). The adopted nominal SA concentration (4 pg/L) was based on
already reported environmental concentrations that range between 0.855 to 4.1 ug/L
(Claessens et al., 2013; Ternes, 1998). Thus, in addition to the described levels of DCF,
the experimental conditions comprised a control group (just with modified Steinberg
medium), a SA treatment alone (to analyze the isolated effects of this drug), and the
combination of each DCF concentration plus 4 pug/L SA. Assays were conducted under
controlled conditions (temperature 23 = 1 °C; continuous light exposure; light intensity,
~84 pumol photons m2 st) (OECD, 2006) in a climate chamber (Binder). Test solutions
were totally replaced every other day in an attempt to maintain the pharmaceuticals

concentrations.

4.3.4 Pigments analysis (chlorophylls and carotenoids)

Total, a, and b chlorophyll (TChl; Chl a; Chl b) and carotenoids (Car) amounts were
determined spectrophotometrically, according to the method described by Hiscox and
Israelstam (1979). Pigments were extracted from the previously exposed fronds of
Lemna spp. (about 10 mg per replicate - fresh weight - FW) with 1.8 mL of dimethyl
sulphoxide (DMSO). The extract was placed in water at 65 °C during 30 min, and
allowed to cool in the dark at room temperature. The obtained extracts were used to
quantify the amounts of chlorophylls (a, b, and total), and carotenoids levels, through
spectrophotometrical measurement of absorbance at the wavelengths of 470, 645, 646,
and 663. The calculation of the pigments followed the equations proposed by Arnon
(1949) and demonstrated by Hiscox and Israelstam (1979), suitable if the extraction was
undertaken with DMSO, to calculate the amounts of Chl (a, b, and total), and
Lichtenthaler (1987) to quantify the Car amount. In addition, the ratios [Chl a]/[Chl b]
and [Car]/[TChlI] were also calculated.
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4.3.5 Tissue homogenization — biochemical markers

For the determination of CAT and GSTs activities, samples were macerated in ice-cold
phosphate buffer (50 mM, pH 7.0) with 0.1% Triton X-100. Homogenized samples

were then centrifuged at 15,000 g at 4 °C for 10 min and before analysis.

4.3.5.1 Catalase activity determination

Catalase activity was determined in a 96-well microplate, by the procedure described by
Aebi (1984), based on the degradation rate of the substrate H,O2, monitored at 240 nm
for 5min. The results were expressed by considering that one unit of CAT activity
equals the number of moles of H.O. degraded per minute, per milligram of protein.

4.3.5.2 Glutathione-S-transferases activity determination

The procedure to determine GSTs activity monitored the increment of absorbance at
340 nm of a thioether resulting from the catalysis of the substrate 1-chloro-2,4-
dinitrobenzene (CDNB) with glutathione by GSTs, as described by Habig et al. (1974),
adapted to a 96 well microplate. Results were expressed as millimoles of thioether

produced per minute, per milligram of protein.

4.3.5.3 Protein determination

Protein quantification was performed at 595 nm using the Bradford method (Bradford
1976), adapted to microplate with bovine y-globulin as standard (1mg/ml), in order to
express enzymatic activities per mg of protein of the analyzed samples. Finally, all
spectrophotometric readings were performed in a microplate reader Thermo Scientific
Multiskan (Scanlt Software 2.4.4).
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4.3.6 Statistical analysis

Data for all parameters were tested for homogeneity (Brown-Forsythe) and normality
(Shapiro-Wilk). For all endpoints, the statistical analysis started by comparing the
results obtained for both control and SA treatments (t-test), to verify if SA alone was
responsible for any alteration. The second step involved a one-way analysis of variance
(ANOVA), followed by post-hoc test (Dunnet’s test-or equivalent non-parametric test)
to determine differences in relation to the control treatment. Finally, data were
compared (t-tests) to detect differences between pairs from each tested concentration
(plants exposed to DCF alone, and plants exposed to the same DCF levels + SA).
Statistical analysis was performed with SigmaPlot v.14.0. The adopted level of

significance was 0.05.

4.4 Results

All analyzed endpoints presented no statistical difference between control plants, and
those exposed to SA alone (4 ug/L). Consequently, all comparisons were performed
with the control (pure modified Steinberg medium); all p values obtained from the

Student t-test are presented in table 1.

Table 1. p values for Student's t-test between respective pairs.

Control/SA 0.375/0.375+SA 0.75/0.75+SA 1.5/1.5+SA
CAT activity 0.07 0.072 0.021 <0.001
GSTs activity 0.353 0.438 <0.001 <0.001
Chla 0.753 0.101 0.763 0.763
Chlb 0.763 0.123 0.442 0.035
TChl 0.742 0.099 0.715 0.0137
Car 0.552 0.106 0.096 0.0982
Chl a/b ratio 0.961 0.822 0.0905 0.481
Car/TChl ratio 0.274 0.699 0.157 0.582
Growth rate 0.563 <0.001 <0.001 <0.001
Weight 0.466 <0.001 <0.001 <0.001
Root size 0.824 <0.001 <0.001 <0.001

Diclofenac caused an increase in CAT activity in plants exposed to 0.375 mg/L (F, 64
= 13.931; p<0.001); however, when plants were exposed to DCF plus SA, the results
were the opposite, and plants exposed to 0.375 mg/L did not evidence any effect. Plants
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exposed to SA and to 0.75 and 1.5 mg/L of DCF, had their CAT activities increased
(Figure 1A). CAT activity was generally higher in plants exposed to DCF+SA. GSTs
activity was reduced after DCF exposure in plants exposed to all tested concentrations
of this drug (F, 37y = 17.098; p<0.001). However, GSTs activities in plants exposed to
1.5 mg/L DCF plus SA, there were higher than those of control treatments. Again, in
general terms, GSTs activity was higher when plants were exposed to the mixture DCF
+ SA (Figure 1B).
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Figure 1. Biomarker responses (Mean + SE, N=10) of L. minor exposed to diclofenac (DCF) and salicylic
acid (SA) alone and to both DCF + salicylic acid (SA) A) catalase activity; B) glutathione S-transferases
activity. * stands for statistical differences in relation to respective control following ANOVA and post-
hoc test (or the equivalent non-parametric test). # stands for statistical differences between pairs of single
DCF alone and of DCF plus SA following Student's t-test.

In terms of pigment content, Chl a were only significantly decreased in plants exposed
to 1.5 mg/L DCF + SA (F, 67y = 3.582; p=0.003; figure 2A). Chlorophyll b content was
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higher than control when plants were exposed to 1.5 mg/L of DCF (F, e5) = 4.432;
p<0.001), and this same treatment presented significant (p<0.05) differences between
pairs (figure 1B). Comparing to control, TChl content increased in plants exposed to 1.5
mg/L, decreased in plants exposed to this same concentration + SA (F¢, es) = 4.938;
p<0.001). This treatment showed also significant (p<0.05) differences between pairs
(Figure 2C). No treatment was capable of causing alterations in Car content (Hzgr =
11.414; p=0.122), no effects were also observed for the Chl a and b ratio (F¢, 75 =
1.832; p=0.095; Figure 1 C and D respectively). Finally, 1.5 mg/L of DCF + SA caused
a decrease in Car and TChl ratio (Hzqf = 23.492; p=0.001; Figure 2E).
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Figure 2 Responses of physiological parameters (pigments content) (Mean + SE, N=10) of L. minor
exposed to diclofenac (DCF) and salicylic acid (SA) alone and to both DCF + salicylic acid (SA). A)
chlorophyll a content; B) chlorophyll b content; C) total chlorophyll content; D) carotenoids content; E)
chlorophyll a and b ratio and F) carotenoids and total chlorophyll ratio. * stands for statistical differences
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in relation to respective control following ANOVA and post-hoc test (or the equivalent non-parametric
test). # stands for statistical differences between pairs of single DCF alone and of DCF plus SA following
Student's t-test.

Average specific growth rate was lower than control in plants exposed to all DCF
concentrations, and in plants exposed to 0.75 and 1.5mg/L DCF + SA (F, 77) = 76.259;
p<0.001); however, co-exposures of DCF with SA improved the growth rate (Figure
3A). The same pattern of response also was observed for fresh weight (F, s9) = 92.291;
p<0.001 — figure 3B) and for root length (Hzqr = 64.775; p<0.001 — figure 3C)
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Figure 3. Response of populational and morphometric parameters (Mean + SE, N=10) of L. minor
exposed to diclofenac (DCF) and salicylic acid (SA) alone and to both DCF + salicylic acid (SA). A)
growth rate (d'); B) fresh weight (mg) and C) Root length (cm). * stands for statistical differences in
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Student's t-test.
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4.5 Discussion

Abiotic stresses can potentially influence almost all physiological, biochemical, and
molecular processes in plants, from the early stage of seed germination to maturity;
these effects may eventually cause severe losses in the economic yield of crop plants,
especially for terrestrial plants (Khan et al., 2015). If aquatic species are considered,
these same effects can cause disturbances in environmental equilibria (Vaughn, 2010).
Metabolic pathways that occur in plant organelles are sensitive to changes in
environmental conditions, and metabolic imbalances can induce oxidative stress in
cells, by promoting the generation and accumulation of reactive oxygen species (ROS),
possible causing oxidation of cellular components, hindering metabolic activities and
affecting organelle integrity (Suzuki et al., 2011). As a defense against these possible
damage, organisms, in general, trigger the antioxidant defense system; this system in
plants is mainly constituted by enzymes such as CAT, ascorbate peroxidase (APX),
superoxide dismutase (SOD), being these enzymes the major components of this
pathway (Bailey-Serres and Mittler, 2006). However, other mechanisms may be also
present in plants, including the non-enzymatic pathway, composed by pigments and
vitamins, such as Car and a-Tocopherol, respectively. The effectiveness of the
antioxidant response in plants depends upon these two components to scavenge ROS
(Das and Roychoudhury, 2014).

Our results showed that DCF application, despite having increased CAT activity in
plants exposed to all tested concentrations, only caused a significant effect in organisms
exposed to the lowest tested level (0.375 mg/L). A possible explanation for this absence
of significant effects when plants were exposed to higher levels may reside in a more
comprehensive response that may be triggered by such highly challenging conditions. If
such defense mechanisms are activated, catalase may be redundant. High levels of DCF,
in plants, are known to trigger other antioxidant mechanisms such as SOD, APX and
other enzymes (Bartha et al., 2014; Kummerova et al., 2016; Pierattini et al., 2018).
SOD is the first barrier in the antioxidant defense system of plants, to cope with ROS
generated in pro-oxidative stressful conditions. APX is a widely distributed enzyme,
and has a higher affinity for H,O than CAT; therefore, it is a more efficient scavenger
of H20O2 when plants are subjected to higher stress (Mittler, 2002; Jaleel et al., 2009;
Sharma et al., 2012; Racchi, 2013; Das and Roychoudhury, 2014; Caverszan et al.,

149



2016). In addition, APX is related with the fine modulation of ROS scavenger activity
in plants (Mittler, 2002) and also can be triggered by DCF exposure (Alkimin et al.,
2019a). Other defensive mechanisms rely on enzymes such as monodehydroascorbate
reductase (MDHAR) that are directly related with the APX activity (Apel and Hirt,
2004). Additional defenses that may be triggered in plants to face oxidative stress
include guaiacol peroxidase, which is intracellularly active, but also occurs in the cell
wall and extracellularly, being considered as the key enzyme in the removal of H.O>
(Das and Roychoudhury, 2014). The combination of these responses facilitates the
overall ROS scavenging, thereby modulating the CAT activity. This seems to have been
the case of the here-exposed plants. This complex network of antioxidant defenses is
evolutionary conserved in plants, and seems to also exist in aquatic species (Sharma and
Kaur, 2019). In this case, the efficacy of these defensive mechanisms may have been

improved, rendering CAT activity redundant.

On the other hand, plants exposed to higher DCF concentrations (0.75 and 1.5 mg/L) +
SA enhanced their CAT activity. This effect agrees with findings of Hayat et al. (2010).
The previous authors showed that exogenous application of SA enhanced the activities
of antioxidants enzymes. A similar effect was also reported after the application of SA
to plants, under stressful conditions (e.g. water deficit). Administration of SA was
capable to increase the generation of ROS in leaves of Arabidopsis thaliana thus
enhancing the effectiveness of the antioxidant system, to prevent ROS mediated tissue
damages (Borsani et al., 2001). In addition, the activities of antioxidant enzymes,
namely CAT, peroxidase (POX) and SOD, were enhanced when drought stressed plants
of the species Licopersicon esculentum were sprayed with exogenous SA (Hayat et al.,
2008). A similar effect was attained after spraying salinity stressed plants of Brassica
juncea with SA (Yusuf et al., 2008). The use of molecular approaches has revealed a
number of detoxifying and antioxidant genes coding for proteins/enzymes that play
crucial roles in defense responses that were upregulated after SA application (Holuigue
et al. 2007), being this a strong hypothesis to explain the partial reversion that were here
observed. However, the physiological and biochemical mechanisms for SA-induced
tolerance are not clearly understood. It has been suggested that SA triggers a cascade of
events to provide multiple stress tolerance in plants (Senaratna et al., 2000).
Nevertheless Taalat (2019) suggested that SA -ROS interactions are complex.
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GSTs are ubiquitous in aerobic organisms and catalyze the conjugation of toxic
compounds with glutathione to form non-toxic peptide derivatives. In plants, GSTs have
been well studied with respect to their ability to detoxify xenobiotics, with the most
observed conjugations involving substitution reactions, through reduced glutathione
(GSH) conjugation (Dixon et al., 1998). Bartha (2012) suggested that when plants are
subjects to extremely stressful conditions, namely to higher xenobiotic concentrations,
plants may trigger more complex systems of defense/xenobiotic biotransformation, not
being necessary the activation of GSTs. This assumption is in line with the here-
observed data, since a significant decrease in the GSTs activity was reported in DCF-
exposed plants. In addition, ROS can induce damages to DNA and RNA, membrane
lipid peroxidation, protein oxidation/denaturation with consequent enzyme inhibition
(Mittler, 2002; Apel and Hiter, 2004), thus, decreasing the GSTs activity (Galati et al.,
2002; Guiloski et al., 2017; Stancova et al., 2017; Owumi and Dim, 2019). SA
application caused an increase in the GSTs activity, improving the biotransformation
system functionality. Chlorophylls are responsible for capturing light energy, converting
it into chemical energy; they rarely occur outside of photosynthetic tissue (Simon,
1997). The numbers of naturally occurring chlorophylls may not yet be fully known
(Pareek et al., 2018) and the photosystems in photosynthetic organisms are mainly
constituted by chlorophyll a (Chl a) as the major pigment, and of chlorophyll b (Chl b)
as an accessory pigment (Lichtenthaler, 1987). Chlorophyll a is present in the light-
harvesting antenna pigment complexes and in the reaction center complexes, and
functions as an accessory pigment, as well as the primary electron donor in the reaction
centers of photosystems | and Il (PSI and PSII). Chlorophyll b is present in the light-
harvesting antenna complexes, preferentially in the major antenna of PSII, and is absent
in the reaction center (Grimm, 2001). In this study, DCF at the highest concentration
(1.5 mg/L) + SA caused a decrease in Chl a content. This is an important finding,
especially if ones take into account that this same treatment was responsible for the
higher enhancement of both CAT and GSTs activities. These data may indicate that, at
higher levels of DCF, a high amount of ROS must have occurred, being potentially
associated to the here observed decrease of Chl a. This suggestion is supported by the
data obtained by Aarti et al. (2006) that demonstrated that in cucumber, oxidative stress
generated by ROS accumulation, prevented key steps in the process of chlorophyll

biosynthesis, by either directly or indirectly inhibiting the activity of the required
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enzymes (Foyer, 2018). However, further studies are necessary to elucidate which step
of the biosynthetic pathways is compromised by the NSAID(s), especially DCF. In
addition, in this endpoint, the DCF-SA interaction was deleterious to the plant. This
effect is of significant importance, since it suggests that exposure for long periods to
ecologically realistic conditions, with the co-occurrence of several xenobiotics, may
affect the photosynthesis machinery and interfere with plant energy conversion.

There is only a minor difference between the structures of Chl a and Chl b: in the latter,
a-CHO group is found in place of CHs at the C-7 position (Pareek et al., 2018), being
Chl b synthetized from Chl a, with the intervention of chlorophyllide a oxygenase
(CAOQ; Espineda et al., 1999). In fact, previous data show that the biosynthesis of Chl b
is regulated by the stability of this enzyme (Masuda and Fujita 2008). It is thus possible
to suggest that high concentrations of DCF may interfere with this pathway of Chl b
synthesis, by altering the activity of CAO, since the higher DCF concentration was
capable to increase que Chl b amount in exposed plants. Despite the general absence of
ecotoxicological data supporting this possibility, studies on plant physiology may
indicate that this assumption is likely to occur. Espineda et al. (1999) showed the
relationship between Chl b deficiency in Arabidopsis sp. with impairment of the CAO
gene, and Hirashima et al. (2006) demonstrated that overexpression of cyanobacterial
CAO lacking the A domain caused the substantial accumulation of Chl b in Arabidopsis
sp.. However, despite the here presented results, the Chl a and b ratio was not
significantly changed, showing that individually observed alterations were not extensive
enough to cause any alteration in these pigments ratio. On the other hand, these same
results, concerning Chl a and b can support the observed trend for the TChl content.
TChl was increased in plants exposed to the highest DCF concentration and decreased

in plants only exposed to the same concentration of DFC + SA.

Carotenoids, and their oxidative and enzymatic cleavage products, are crucial for
several biological processes in plants, namely, for the assembly of photosystems and
light harvesting antenna complexes, for photosynthesis and photoprotection, and for the
regulation of growth and development (Hauvax, 2013; Simon, 1997). The levels of
these piugments, remained generally unchanged after exposures to DCF, and to DCF +
SA, leading to hypothesize that, in these conditions, the antioxidant system was capable

of coping with the generated stress, being not necessary the alteration of the natural
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levels of this accessory antioxidant. However, the combination of the higher DCF
concentration and SA was capable do induce a decrease in TChl and Car ratio. These
data indicate that this treatment can be deleterious to the plants, since this ratio is a good
indicator of stress in plants and reflect the degree of adaptation of plants to

environmental adverse conditions (Hendry and Price, 1993).

Phenotypic variation in plants is often observed and is considered a functional response
that can maximize plant fitness in different and variable environments (Mishra, 2019).
The roots are the first contact of macrophytes with dissolved contaminants in the water,
and root structure can reflect adaptations of plant to the different habitats and
conditions, including chemical contamination (Taub and Goldenberg, 1996). In this
study, it was observed that DCF was capable of causing a decrease in the root length in
plants exposed to all tested concentrations. Two hypothesis may occur due to two
causes; first, the high ability of the roots to uptake DCF, being the pharmaceutical
detected around 22% of initial exposure concentration in this organ in Typha latifolia
and the probably oxidative stress suffered by the roots after DCF exposure, confirmed
by the increase in 250% of peroxidase after 7 d of exposure (Bartha et al., 2014). In
addition, these results can indicate that macrophyte species can be more sensitive to
DCF than soil plant species. Ziolkowska et al. (2014) recorded an inhibition of root
lengths of three leguminous plants after being exposed tolevels of 17 mg/L (and higher)
DCF in soil. On the other hand, SA was able to revert (at least partially) the effects of
DCF on this parameter, root length, in all tested concentrations. This effect is not
completely described, however, Echevarria-Machado et al. (2007) suggested that SA
promotes lateral root initiation, emergence, and growth, possibly due to the effects of
cytokinins or auxin. These are phytohormones related with cell division and
consequently with plant growth and development and, in general, they work to

coordinate these functions.

Similar to here observed, and in agreement with our data, Kummerova et al. (2016),
also detected a decrease in the L. minor growth after exposure to 100 pg/L of DCF
during 10 days, concentration almost four times lower than the lowest concentration
used in this study. This trend suggests that DCF is highly capable of causing alterations
in macrophyte species. The effects of exogenous SA on growth is controversial, since it

depends on the plant species, developmental stage, and also on the tested SA

153



concentrations (Rivas San-Vicente and Plasencia, 2011). In addition, the SA application
was capable to modulate the toxic response to DCF, since plants simultaneously co-
exposed to DCF + SA presented higher growth rate than those exposed only to DCF.
According to Koo et al. (2020), in general, high levels of SA negatively affect plant
development and growth; nevertheless, the application of optimal concentrations of SA
showed beneficial effects on these features. The authors still conclude that depending on
the experimental conditions, SA distinctly stimulated growth under both normal and
different abiotic stress conditions, in different plant species. However, the plants species
dealt with in this review were only of terrestrial habitats. Concerning aquatic plants,
there is still a huge gap in this field of knowledge. In addition, the here observed results
for fresh weight can be a consequence of the other two morphometrical parameters
already discussed (root length and growth rate), since the variation of fresh weight
followed the same pattern that was described, i.e. a decrease in plants exposed to all
DCF concentrations, and an partial reversion of these effects with SA application. This
effect confirmed, in another morphometrical parameter, the positive influence of an
exogenous SA application, as well as its ability to modulate toxic responses. In general,
the reason for the occurrence of some of these processes may be indirect, because SA
modulates the synthesis and/or signaling of other hormones such as jasmonic acid,
ethylene, and auxin (Yusuf et al., 2013) that are directly involved in plant growth and

development.

Finally, considering that the environmental concentrations of DCF are well below that
those here tested, it is possible to hypothesize that under likely environmental
conditions, SA is capable of conferring protective effects in L. minor, namely against
this stressor, by modulating the type, nature and extent to the toxic responses. In
addition, besides the exposure to ecologically unrealistic DCF concentrations, these
results serve as a mechanistic insight about the ability of SA to act as a response
modulator when in co-exposure with other contaminants, in plants. Moreover, the here
presented mechanistic interaction is a warning and a justification for the difficulty of
evaluating effects in more complex matrices, such as the aquatic environment, where
several substances coexist. However, the SA protective role and/or modulation of the
toxicological response against pharmaceutical compounds in plants (especially aquatic

species) has been neglected by the scientific community. The crosstalk between
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chemicals such as SA and environmental contaminants has been generally unaddressed,
and this conclusion was made possible only by analyzing the number of review articles,
published along time. In general, the already published studies are limited to terrestrial
plants with commercial interest; in addition, the considered factors include metal stress,
heat, chilling, drought and UV-B radiation (Horvath et al., 2007; Hayat et al., 2010; Das
and Roychoudhury, 2014; Khan et al., 2015; Koo et al., 2020; Pal et al., 2013),

excluding chemical contamination by drugs from this arena.

4.6 Conclusion

In general, parameters such as growth rate, fresh weight, and root length were the most
affected by DCF application, being however the most responsive to SA application.
Following the results, the biochemical traits also were affected, namely the antioxidant
system, since CAT activity was more affected by DCF+SA, than DCF alone. On the
other hand, biotransformation system (GSTs activity) was largely affected by DCF, but
reverted by SA application. Lastly, the pigments were the less affected parameter by
DCF exposure and/or SA application. Finally, in all analyzed organizational levels
(biochemical, physiological and population) the SA application was capable to
ameliorate (and in some cases even revert) the toxic DCF effects on L. minor, having
these analyzed parameters returned to the basal values determined in control organisms.
Thus, it is extremely important that this research subject gains further attention in the
future among the scientific community, to fully understand how SA acts when
interacting with exogenous organic compounds, namely pharmaceutical drugs in aquatic

plants.
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5.1 Abstract

Among the most used non-steroidal anti-inflammatory drugs (NSAIDs), ketoprofen
(KTF) assumes an important position. Nevertheless, its ecotoxicological effects are in
non-target organisms poorly characterized, despite its use and frequency of occurrence
in aquatic matrices. Thus, the aim of this study was to evaluate the possible
toxicological effects of realistic environmental concentrations of KTF, and worst
scenario cases of KTF contamination, in two freshwater species, Lemna minor and
Daphnia magna, by measuring biochemical, physiological and population parameters.
To attain this objective, both species were exposed to the same KTF concentrations (0,
0.24, 1.2, 6 and 30 pg/L). L. minor plants were exposed during 4d to these levels, and
the plants were analyzed in terms of enzymatic activity (catalase (CAT), glutathione S-
transferases (GSTs) and carbonic anhydrase (CA)), and pigments content (chlorophyll a,
b and total and carotenoids). D. magna was acutely and chronically exposed and
enzymatic activities (CAT, GSTs and cyclooxygenase (COX)), the feeding rates and
reproduction were assessed. In L. minor, KTF provoked alterations in all enzyme
activities, however, it was not capable of causing any alteration in any pigment levels.
On the other hand, KTF also provoked alterations in all enzymatic activities in D.
magna, but did not affect feeding rates and life-history parameters. In conclusion,
exposure to KTF, provoked biochemical alterations in both species, that were not
reflected into deleterious effects on physiological and populational traits of L. minor and

D. magna.
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5.2 Introduction

Thousands of tons of pharmaceutical substances are used yearly to prevent or treat
illnesses (Kosjek et al., 2005), and drugs have been recognized as a large class of
chemical contaminants which may originate from human and aquaculture usages, as
direct results of excretions of metabolites and residues after metabolism (Eslami et al.,
2015), among other sources. The presence and potential effects of these chemicals has
been gaining attention due the increase of their discharges, leading to an augmented
frequency of their detection in the environment (Kosjek et al., 2005).

Non-steroidal anti-inflammatory drugs (NSAIDs) are among the most frequently
prescribed drugs in modern medicine (Meek et al., 2010). It is estimated that the
worldwide NSAIDs production is of several kilotons each year (Cleuvers 2004). These
drugs are commonly used in the treatment of symptoms such as inflammation, pain, and
fever; this usage occurs since their pharmacological activity occurs through
cyclooxygenase (COX) inhibition, enzyme responsible for the production of
prostaglandins, which are chemical mediators involved in inflammatory processes,

leading to swelling and pain (Hernando et al., 2006).

Among the NSAIDs that are now in use for human therapeutics, it is possible to cite
ketoprofen (KTF), the third most used NSAID; available data from the bibliography
show that, in Croatia and between 2007 and 2013, KTF consumed amounts were just
behind values for diclofenac and ibuprofen (Krnic et al., 2015). Beyond its use for the
general purposes that NSAIDS are used for, KTF may also be used to treat rheumatoid
arthritis and osteoarthritis, and to relieve muscle and joint pain (Praskova et al., 2011).
This drug, in humans, is extensively and rapidly metabolized by the liver, mainly via
conjugation with glucuronic acid (Gierse et al., 1999) and approximately 80% of the
administered dose is excreted in the urine in a 24-hour period after the administration

(Praskova et al., 2011); however, there is no information about these parameters for
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aquatic organisms, which is now critically required for the assessment of its putative

toxicological environmental assessment.

NSAIDs are one of the most frequently detected pharmaceutical compounds in the
aquatic environment, and their environmental distribution is widespread (Gentili 2007),
including KTF. These drugs, in general, are not efficiently eliminated in sewage
treatment plants, being released to surface waters (Martinez-Sena et al., 2016). Thus,
KTF is reported in aquatic environment up to 0.3 pg/L and up to 0.87 pg/L in Catalonia
(Spain) rivers and effluents respectively (Farré et al., 2001), around 0.2 pg/L in German
municipal sewage treatment plant (Ternes, 1998), 0.18 pg/L (Tixier et al., 2003) in
Switzerland waste water treatment plant and 5.7 pg/L in effluents of Canadian sewage
treatment plants (Metcalfe et al., 2003), besides that, KTF was recorded up to 2 pg/L in
Finland influents (Lindqvist et al., 2005).

Considering the large number of NSAIDs, in general, their environmental fates and
effects are still poorly understood, despite there are already described persistent and
bioaccumulable in aquatic organisms (Geng et al., 2018). This is a pertinent gap in the
knowledge of the environmental effects of drugs, since NSAIDs were designed to be
biological active in a specific group of organisms (Kosjek et al., 2005). Mammalians,
for instance, have both COX isoforms (COX-1 and COX-2, principally), enzymes
responsible for the regulation and onset of the inflammatory process (Heckmann et al.,
2008a). However, one COX isoform, at least, is generally present in invertebrates and
lower vertebrates (Rowley et al., 2005) and, consequently, these organisms may also be
affected by NSAIDs too. Consequently, these pharmaceuticals may be responsible for a
large number of toxicological effects in non-targets organisms, including macrophyte
species (Alkimin et al., 2019a), mollusks (Almeida and Nunes, 2019; Piedade et al.,
2020), polychaetes (Gomes et al., 2019) and fish (Nogueira et al., 2019). In relation to
this, toxicological effects of KTF has mostly be limited to few fish species such as the
Danio rerio (Diniz et al., 2015; Rangasamy et al., 2018) and Cyprinus carpio (Praskova
etal., 2013).

Besides their pharmacological activity, which occurs through COX inhibition, some
NSAIDs have the ability to interact with biota, thereby affecting other biological
parameters. In humans, NSAIDs are capable of inhibiting the carbonic anhydrase (CA)
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activity (Knudsen et al., 2004), an enzyme responsible for carbon dioxide hydration
(Lindskog, 1997). NSAIDs also induce the generation of reactive oxygen species (ROS)
(Galati et al., 2002; Adachi et al., 2007) that can lead to oxidative stress. The effects of
NSAIDs are not limited to the here-described toxicity, since they may also directly
compromise the eicosanoids biosynthesis, an important molecule in reproductive traits
of crustaceans (Heckmann et al., 2008a), and provoke physiological alterations on
macrophyte species (Wrede, 2015). Thus, it is possible to assume that more studies
about these effects associated to NSAIDs exposure, namely KTF, are urgently required,
in a comprehensive range of organisms. In addition, these studies were performed by
testing much higher concentrations than those found in the aquatic environment,
considering the already mentioned studies reporting the environmental presence and

levels of this drug.

Thus, the aim of this study was to evaluate the toxicological effects of KTF at realistic
environmental concentrations and worst scenario case scenarios, in two freshwater
species, namely a macrophyte species (Lemna minor) and a microcrustacean (Daphnia

magna), by measuring biochemical, physiological and populational parameters.

5.3 Material and methods
5.3.1 Chemicals

Ketoprofen (CAS number: 22071-15-4) was purchased from Sigma-Aldrich (Belgium)
with > 98% of analytical purity; all other chemicals used in this study (buffers, protein
determinations) had analytical purity and were purchased from Sigma Aldrich and Bio-

rad® labhoratories.

5.3.2 Organisms culture and maintenance

All organisms (Lemna minor and Daphnia magna) were cultured and maintained at the
Department of Biology at Aveiro University, as described by Alkimin et al. (2019b) for
L. minor, and by Daniel et al. (2019) for D. magna.
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5.3.3 Exposures of test organisms

All experiments performed in this work involved exposing both species to the same
range of concentrations, based on already reported environmental levels (up to 5.7
pg/L) (Farreé et al., 2001; Metcalfe et al., 2003; Lindgvist et al., 2005). The nominal
exposure concentrations were: 0, 0.24, 1.2, 6 and 30 pg/L; the control treatments
involved exposing organisms only to the culture medium of each species. The KTF
stock solutions were directly prepared in each specific culture medium by dissolving the

pure compound.

5.3.4 Macrophytes — Lemna minor

Plants of the macrophyte species L. minor were exposed in a 6-well plate, filled with 10
mL of medium and/or stock solution per well. The test started with macrophytes
covering around 20% of the surface of each well, and had 96 h of duration (Alkimin et
al., 2019b), with 10 replicates per condition. Exposures were conducted according to
OECD (2006) under controlled conditions (temperature 23+ 1 °C; continuous light
exposure; light intensity, ~84 umol photons m? s?) in a climate chamber (Binder).
After the exposure period, Lemna fronds from each treatment were collected, and this
biomass was divided and placed in Eppendorfs microtubes, and stored at -80 °C for the
analyzes - quantification of pigments (chlorophyll a, b and total and carotenoids) and
determination of biochemical endpoints (catalase, CAT; glutathione-S-transferases,

GSTs; and carbonic anhydrase, CA, activities).

5.3.5 Microcrustacean — Daphnia magna

Three different experiments were performed with D. magna. In the first one, juveniles
(5 d old) were exposed to KTF during 48 h in 300 mL glass flasks filled with 200 mL of
KTF or medium solution. For each concentration, 5 replicates with 12 organisms each
were adopted. This experiment was repeated thrice, each one for obtaining biological
samples to quantify a specific enzyme (biochemical markers). At the end of the
exposure periods, animals were collected with a plastic pipette to Eppendorfs

microtubes and stored at -80 °C for ulterior analyzes (determination of CAT, GSTs, and
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COX activities). Feeding rate experiments were conducted in test-chambers consisted of
50 mL glass flasks filled with test solution, where five 5 d old daphnids were positioned
(five replicates per treatment). Briefly, this test was used to measure the filtration
capacity on algal cells (Raphidocelis subcapitata) by test organisms, when exposed to
the drug. The animals were exposed for 24 h, in the dark, to all experimental conditions,
with 5x10° cells/mL of the algae R. subcapitata in the test-chambers. Afterwards,
animals were transferred to a new test-chamber (with clean media), also in the dark, for
4 h, with the same algae density (post-exposure period), to evaluate the recovery from
exposure to toxicants. Blank controls (media with no daphnids) were included in the
experimental design in both cases. At the end of each period, the algae cells densities
were spectrophotometrically measured (Thermo Scientific Multiskan (Scanlt Software
2.4.4)) at 440 nm. Finally, the feeding rate was calculated converting the obtained
values to proportional algae consumption (%) relative to control. Finally, a chronic
reproduction test was conducted, based on the OECD guideline 211 (OECD 2012) with
the exposure period modified according to Ribeiro et al. (2011) and Alkimin et al.
(2020). The test duration was approximately 16 days and/or the third brood. The
experiment was performed in 50 mL glass flasks, and 10 replicates with < 24 h old
neonates were used for each concentration. Medium test was totally renewed every
other day, and the animals were maintained in the same culture conditions. The
parameters day of first brood, number of neonates from first brood, and total number of

neonates were the evaluated endpoints.

5.3.6 Quantification of physiological and biochemical parameters
5.3.6.1 Pigments analysis (chlorophylls and carotenoids)

Total, a, and b chlorophylls (TChl; Chl a; Chl b), and carotenoids (Car) amounts were
determined spectrophotometrically, according to the method described by Hiscox and
Israelstam (1979). Pigments were extracted from the previously exposed fronds of L.
minor (about 10 mg per replicate - fresh weight, FW) in 1.8 mL of dimethyl sulphoxide
(DMSO). The extract was placed in water at 65 °C during 30 min and allowed to cool in
the dark and at room temperature. The obtained supernatants were used to quantify the

amounts of chlorophylls (a, b, and total), and carotenoids levels, by spectrophotometry,
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by measuring the absorbance of the extracts, at wavelengths of 470, 645, 646, and 663.
The calculation of the pigments followed the equations proposed by Arnon (1949) and
demonstrated by Hiscox and Israelstam (1979) to be suitable if the extraction was
undertaken with DMSO, to calculate the amounts of Chl (a, b, and total), and by
Lichtenthaler (1987) to quantify the Car amount. In addition, two ratios were
determined: [Chl a] / [Chl b]; and [TChlI] / [Car].

5.3.6.2 Tissue homogenization — biochemical markers

For CAT and GSTs determinations, samples were macerated with mortar and pestle (L.
minor) or sonicated (D. magna — Branson sonicator, model 250) in ice-cold phosphate
buffer (50 mM, pH 7.0, with 0.1% Triton X-100). Each homogenate sample was
composed by ~ eight fronds of L. minor, or 12 individuals of D. magna, and 1.2 mL
phosphate buffer. Homogenized samples were centrifuged at 15,000 g at 4°C for 10
min. For carbonic anhydrase activity (CA) determination, samples of L. minor were
macerated in 1 mL ice-cold Tris-sulfate 25 mM (pH 7.5) with 25 mM of sodium sulfate.
Homogenized samples were centrifuged at 10,000 g at 4 °C for 40 min. Cyclooxygenase
determination (D. magna) was performed using 0.8 mL of 0.1 M Tris-HCI buffer (pH
7.8) with 1 mM EDTA to sonicate animals, followed by a cycle of centrifugation at
10,000 g at 4 °C for 15 min. After the centrifugation process, supernatants were divided
into aliquots, which were used for the different enzymatic determinations, as described

below.

5.3.6.3 Catalase activity determination

Catalase activity was determined in a 96-well microplate, by the procedure described by
Aebi (1984), based on the degradation rate of the substrate H,O2, monitored at 240 nm
for 5min. The results were expressed by considering that one unit of CAT activity

equals the number of moles of H.O2 degraded per minute, per milligram of protein.
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5.3.6.4 Glutathione-S-transferases activity determination

The procedure to determine GSTs activity monitored the increment of absorbance at
340 nm of a thioether resulting from the catalysis of the substrate 1-chloro-2,4-
dinitrobenzene (CDNB) with glutathione by GSTs, as described by Habig et al. (1974),
adapted to a 96 well microplate. Results were expressed as millimoles of thioether

produced per minute, per milligram of protein.

5.3.6.5 Carbonic anhydrase activity determination

To determine CA activity, the method by Verpoorte et al. (1967) was adapted to 96-well
microplates. This methodology is based on the hydrolysis of the substrate p-nitrophenol
acetate (pNPAC), catalyzed by CA. This reaction was then monitored for 5 min at a
wavelength of 400 nm. One unit of CA is defined as the amount of enzyme needed to
hydrolyze one umol of pNPAc per minute, and the data were expressed in U/milligram

of protein.

5.3.6.6 Cyclooxygenase activity determination

This method is based on the ability of cyclooxygenase (COX) to convert arachidonic
acid into a hydroperoxy endoperoxide (Prostaglandin G2; PGG2). This is reduced in the
presence of N,N,N',N'-tetramethyl-p-phenylenediamine (TMPD) to its alcohol
(Prostaglandin H2; PGHZ2); then, the oxidation of TMPD was monitored during 5 min at
590 nm (Petrovic and Murray, 2010).

5.3.6.7 Protein determination

Protein quantification was performed at 595 nm using the Bradford method (Bradford
1976), adapted to microplate, with bovine y-globulin as standard (Img/ml), in order to
express enzymatic activities per mg of protein of the analyzed samples. Finally, all
spectrophotometric readings were performed in a microplate reader Thermo Scientific
Multiskan (Scanlt Software 2.4.4).
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5.3.7 Statistical analysis

Data for all parameters were tested for homogeneity and normality, and a one-way
analysis of variance (ANOVA) was performed, followed by a post-hoc Dunnett's test
(or the equivalent non-parametric test, according to the data). Statistical analysis was

performed with SigmaPlot v.14.0. The adopted level of significance was 0.05.

5.4 Results

The lowest concentration of KTF provoked a decrease in GSTs activity in L. minor; on
the contrary, this enzyme’s activity was increased in plants exposed to all other
concentrations (Fa, 28y = 57.177, p <0.001; Figure 1A). With the exception of the highest
concentration (30 pg/L), KTF increased CAT activity (F 4, 32) = 23.157, p<0.001; Figure
1B). KTF caused a decrease of CA activity in plants exposed to levels of 0.24 and 1.2
Hg/L (F (s, 46) = 10.055, p<0.001; Figure 1C).

Photosynthetic pigments (Chl a, b and TChl) measured in L. minor did not suffer any
alteration after KTF exposure (F, 47y = 0.922, p = 0.460; F, 47y = 1.426, p = 0.242 and
F@, 47y = 1.003, p = 0.416, respectively). No alterations were also detected for Car
content (Fe, 47 = 1.139, p = 0.351,) or for both determined ratios (Chl a/b — Hagr =
4.255, p = 0.373; TChl/Car — F, 47y = 2.022, p = 0.108) (Figure 2A — F).
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ANOVA and Dunnett's or the equivalent non-parametric test.
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and F) total chlorophyll and carotenoids ratio. Bars and errors bars are Mean + SE (N= 10). * stands for

statistical differences in relation to control following ANOVA and Dunnett's or the equivalent non-

parametric test.
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In D. magna, KTF caused an increase in CAT activity (Fu20=31.597; p<0.001) in a
concentration related manner (figure 3A); GSTSs activity also presented an increase, but
only statistically different in organisms exposed to concentrations of 1.2 and 6 pg/L
(F4,22=5.048; p=0.007)(figure 3B). On the other hand, COX activity was reduced after
KTF exposure (F@,18=4.695; p=0.013) for organisms exposed to all tested

concentrations, in a dose-response manner (figure 3C).

CAT activity (mmol.min-l.mgl.protein)

0 T T T T T
0 024 12 6 30

KTF concentrations (ug/L)

B

z 2.0

Q

B 1.8 .

S *
O 1.6 . T

E 144
o —

£ 124

E

5 1.0+

£

£ 08+

> -

g 06

S 04 -

2 0.2

)

(U] 0.0 ! I

0 024 12 6 30
KTF concentrations (ug/L)
800 ¢
0 L x
1 .

400

200

COX activity (mmol.min«l.mg'lprotein) 0

O T T T T T
0 024 12 6 30

KTF concentrations (ug/L)
Figure 3 — Effects of ketoprofen in D. magna after acute exposure (48h). A) catalase activity B)
glutathione S-transferases activity, and C) cyclooxygenase activity. Bars and errors bars are Mean + SE
(N=5). * stands for statistical differences in relation to control following ANOVA and Dunnett's or the

equivalent non-parametric test.
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Ketoprofen did not affect D. magna feeding rates during exposure (F@24= 3.515; p =

0.025) or during recovery (Fa,24y= 1.636 p=0.0204; figure 4).
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Figure 4 — Effects of ketoprofen in D. magna feeding behavior, after exposure and after recovery (post-

exposure). Bars and errors bars are Mean £ SE (N=5). * stands for statistical differences in relation to

control following ANOVA and Dunnett's or the equivalent non-parametric test.

Ketoprofen did not affect reproductive endpoints in D. magna, which included day of

first brood (Hast =4.091; p=0.394; figure 5A), number of neonates from first brood
(Ha4=2.803; p=0.591; figure 5B), and total number of neonates (Fs, 44y=0.938; p=0.452;

Figure 5C).
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5.5 Discussion
5.5.1 Lemna minor

NSAIDs, including diclofenac and paracetamol, are capable to induce ROS production
in L. minor, as already demonstrated by Kummerova et al. (2016). This is highly
important in our context, considering that reactive oxygen species (ROS), and
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particularly hydrogen peroxide (H20.), are generated during the normal plant
metabolism and are involved in a diversity of signaling cascades and reactions
necessary for the physiological regulation of diverse aspects, such as plant growth
(Cheeseman, 2007). Exposure to anthropogenic xenobiotics, such as the referred drugs,
may enhance this production, leading to toxic effects in plants. A similar finding was
made clear in this study, since CAT activity was increased following KTF exposure.
Increased CAT activity must be understood as the activation of enzymatic detoxification
mechanisms that to minimize cellular levels of superoxide radicals (O2") and H2O2. This
is the main role of antioxidant enzymes such as CAT (Sairam and Tyagi, 2004). It is
thus possible to hypothesize that low levels of KTF were causative of the triggering of
an antioxidant response. Conversely, the activity of CAT measured in plants exposed to
the highest KTF concentration was closely similar to the control values; this can be
assumed as a possible plant resilience mechanism, since macrophytes are known for
their ability to recover along time (Wang, 1990), when kept in a contaminated
environment by different contaminants, such as metals (Jaramillo et al., 2019) and
pharmaceutical drugs (Alkimin et al., 2019a). The normalization of CAT means that
plants were able to activate alternative detoxification and antioxidant mechanisms, such
as ascorbate peroxidase and superoxide dismutase, another two enzymes very important
for the antioxidant defense system of plants (Mittler, 2002). For example, the different
affinities of ascorbate peroxidase (APX; um range) and CAT (mm range) for H20:
indicated that they belong to different classes of ROS-scavenging enzymes, namely,
H2O2 (Mittler, 2002). This means that the fine modulation of ROS signaling might
occurs through APX, whereas CAT might be responsible for the removal of excess ROS
during stress (Mittler, 2002).

The alterations of CAT activity may be linked to the observed changes in GSTSs activity.
Plants exposed to the lowest concentration of KTF had a decrease in GSTs activity. It is
possible to suggest that the overproduction of ROS by KTF exposure (signaled by the
enhancement of CAT activity) may have caused direct damages in cellular molecules.
This a common feature of ROS, and their damaging action may include deleterious
alterations of DNA, lipids, and proteins; this often causes a decrease in enzymatic
activity by denaturation (Schieber and Chandel, 2014), an effect that may be held

accountable for the here-observed decrease of GSTs activity. On the other hand, plants
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exposed to the other tested concentrations were capable of increasing their GSTs
activity. This pattern is indicative of distinct effects, related to the increase of
biotransformation capacity of the organism to cope with the excess of this xenobiotic.
Since, this isoenzyme group is part of phase Il metabolic mechanisms that is responsible
for the detoxification of exogenous compounds; conjugating glutathione (GSH) with
compounds containing an electrophilic center to modify the substrate into a more water
soluble, less toxic complex (Habig et al., 1974). In addition, GSTs had also a role in
resisting pro-oxidative effects, being useful in enhancing plant survival on toxic sites
(Cummins et al., 2011). This effect occurs since GSTs contribute for the efficacy of the
antioxidant defense system, which does not directly relate to their role in xenobiotic
detoxification (Moons, 2005).

Macrophytes (such as L. minor) are primary producers in the aquatic environment,
consequently being at the basis of the food web of freshwater systems; thus, adverse
effects that may occur in these plants can also deleteriously affect the entire aquatic
food web. So, if the L. minor antioxidant stress system was not able to efficiently reduce
the adverse effect of xenobiotics upon exposure, deleterious effects might occur in this
species, from cell death to other unpredictable consequences (Demidchik, 2015; Xie et
al., 2019). Despite the general absence of data for plant organisms, it is possible to
consider the assumptions made by Monaghan et al. (2009), when referring that
life-history trade-offs in animals are likely to be associated to oxidative stress and to the
antioxidant response, which occur at the most fundamental metabolic activities of living
organisms. Such traits are likely to impact not only the individual, but to escalate at
higher levels of organization, with unforeseen outcomes. So, changes in plants of L.

minor may indeed correspond to alterations at the ecosystem level.

Carbonic anhydrase is a zinc-containing enzyme that catalyzes the rapid conversion of
CO, over water in a proton and bicarbonate ion (HCOs - reversible
hydration/dehydration reaction) (Coleman, 2000; Escudero-Almanza et al., 2012). In
plants, CA is important in many physiological functions that involve carboxylation or
decarboxylation reactions (Moroney et al., 2001) by increasing CO2 concentrations in
the chloroplast to increase the carboxylation rate of the ribulose 1,5-disphosphate
carboxylase (RuBisCO) enzyme. This chemical reaction is responsible for the

incorporation of CO. into carbohydrates during photosynthesis; however, it and can
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only use C coming from CO., instead of C from carbonic acid or bicarbonate
(Escudero-Almanza et al., 2012). In addition, CA also actively participates in the
inorganic carbon transportation into actively photosynthesizing cells or away from
actively respiring cells (Henry 1996). Few studies reported the effects of pharmaceutical
drugs in CA enzymatic activity of macrophytes. Previous data have shown that
acetazolamide (diuretic drug) and salicylic acid (NSAID), had the capacity to decrease
CA activity, also in a macrophyte species, namely L. gibba (unpublished data).
However, the here obtained data showed a decrease of CA activity only in plants
exposed to the lowest concentrations of KTF (0.24 and 1.2 pg/L), which may indicate
hormesis. In general, a hormesis effect represents an adaptive response of organisms to
environmental or self-imposed challenges through which they improve its functionality
and/or tolerance to more aggressive challenges (Calabrese and Mattson, 2017). Such
challenging conditions, in this case, correspond to the higher concentrations of the
tested pharmaceutical. The exposed plants showed to be resilient, by decreasing their
CA activity. Hormesis effects were also observed in CAT activity, which only increased

in plants exposed to the lowest concentrations.

Generally, higher plants have three groups of pigments: carotenoids, chlorophylls, and
phycobilins; the most important pigments involved in photosynthesis are chlorophylls,
which are prone to be targets for toxic alterations. Changes of the qualitative
composition or of quantitative content of pigments, are physiologically important
characteristics that indicate the general health condition of plants, informing also on the
function of photosynthetic apparatus, including the adaptive responses after being
subjected to stressful situations (Belous et al., 2018). Levels of the main photosynthetic
pigments here analyzed (Chl a, b and total) did not suffer any alteration after KTF
exposure; in addition, the ratio between levels of chlorophylls a and b were not altered.
This ratio is a calculation that characterizes the photosynthetic apparatus operation, by
indicating the potential photochemical activity of leaves. The absence of effects may
lead us to conclude that KTF does not compromise the normal photochemical potential
in L. minor, despite pervious indications that, in general, NDSAIDs may exert this

effect.

Carotenoids are well known free-radical scavengers, also playing an important role in

photoprotection of photosynthetic apparatus (Sytar et al., 2013). KTF-exposed plants
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did not show changes in Car, in terms of their presence, quantity, and proportion (in
comparison with chlorophylls, assessed by the determination of TChl/Car ratio). The
ratio of TChl to Car is more informative that the simple measurement of pigment levels,
because it indicates the degree of adaptation of plants to light and to adverse conditions.
This entire set of results concerning pigments demonstrates that L. minor was
physiologically adapted to KTF, and no deleterious effects were caused by KTF in

terms of the pigments levels of exposed organisms.

Finally, the observed biochemical effects were not evident enough to sustain the
occurrence of physiological alterations. Despite the occurrence of biochemical changes
caused by KTF exposure, these were not followed by deleterious changes in
photosynthetic pigments (Chl a, b, total and Car). Thus, it is possible to assume that the
antioxidant and biotransformation systems of L. minor were efficient enough to protect

these plants from other injuries.

5.5.2 Daphnia magna

The genus Daphnia is considered as a dominant herbivorous in the zooplankton group,
and animals from this genus play an important role in temperate freshwater ecosystems
as primary consumers (Smirnov, 2013). Thus, their feeding activity is an important
aspect in their ecology, being necessarily assessed in a stressful situation, including
exposure to contamination by pharmaceutical drugs. In this work, it was possible to
observe that KTF, in the tested concentrations, did not alter feeding, consequently, the
recovery period was equal too, and yielded not any substantial effect. However, other
NSAIDs, like diclofenac, are capable of reducing D. magna feeding rate (Nkoom et al.,
2019) in concentrations between 5 and 100 pg/L. However, it is necessary to take into
account that Nkoom et al. (2019) experiment was conducted with neonates <24 h old,
and our work involved only juveniles (5 d old), which can be more tolerant. Feeding
rate can affect a large number of life-history traits that may have context-dependent
effects on fitness (Garbutt and Little, 2014), being putatively associated with the
reproduction. Indeed, KTF did not affect the studied life-history traits. Data for another
crustacean species, namely Ceriodaphnia dubia, showed the absence of effects after
exposure to KTF at concentrations up to 100 pg/L, with a decrease in the offspring per
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female, when animals were exposed to 1 mg/L (Mennillo et al., 2017). This level is
nevertheless much higher than the here tested concentrations, and also well above the
amounts detected in the environment, as already cited. These data are coherent, since
the D. magna 48h ECso, is higher than 100 mg/L of KTF (Bostrom and Berglund,
2015), a value approximately 3300 times higher than the levels tested in this study.

Despite not causing alterations in the feeding behavior and in life-history traits, KTF
was able to trigger the D. magna antioxidant system, increasing the CAT activity of
exposed animals. This occurred most likely as an attempt to cope with the putatively
higher levels of generated ROS. Among NSAIDs, KTF has been shown to be more
toxic than other drugs from this class to the D. magna antioxidant system, generating
changes in the antioxidant mechanisms in concentration as low as 0.24 pg/L of KTF
(9.43 10° moles/L). Daniel et al. (2019) reported an increase of CAT activity in
animals exposed to 2.56 mg/L (1.69 10®° moles/L) of paracetamol, and, even a
concentration of 50 pg/L (2.39 10 moles/L) of ibuprofen was not able to trigger this
system (Wang et al., 2016).

KTF seems also to have activated the biotransformation system in D. magna, by
increasing the activity of GSTs, a response that occurred for animals exposed to the
intermediate concentrations (1.2 and 6 pg/L). Phase Il enzymes are crucial in
eliminating NSAIDs, but the interaction between GSTs and KTF is poorly understood
for aquatic organisms. In other animals, such as mammals, KTF can be eliminated in its
free forms: conjugated via glucuronic acid, or as hydroxyl (OH) metabolite, with or
without conjugation (Alkatheeri et al., 1999). However, the metabolic pathway of
conjugation seems also to occur in aquatic organisms. In fact, KTF triggered the
biotransformation system, increasing the GSTs activity, in a fish PLHC-1 cell line
(Mennillo et al., 2017). Thus, it is possible to hypothesize that KTF can be excreted
following conjugation with glutathione (via GSTs) and/or with glucuronic acid, prior to
be delivered to phase Il detoxification system. In addition, the lowest (0.24 pg/L) and
the highest (30 pg/L) concentrations did not cause any alteration of GST activity. Thus,
hermetic effect can be interpreted as follows: at low concentrations hydroxylation
processes were effective enough to detoxify the pharmaceutical, turning the phase Il
biotransformation system of glutathione conjugation redundant (Bartha, 2012).

However, in animals exposed to higher concentrations, more complex metabolic
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pathways should be activated by the drug (Bartha, 2012) leading to no alteration in the
GSTs activity. On the other hand, as already mentioned, ROS have the capacity to cause
molecular damage and this effect can be linked to a decrease in enzymatic activity by
denaturation (Schieber and Chandel, 2014) and consequently, may be responsible for
the decrease of GSTs activity in the higher concentration, attaining values near those of
the control treatment.

Eicosanoids are oxygenated metabolites of arachidonic acid (AA) with different
functions. Their biosynthesis may occur according to different pathways, such as the
cytochrome P450 epoxygenase pathway (epoxyeicosatrienoic acids), lipoxygenage
(LOX) pathway (leukotrienes and lipoxins), and cyclooxygenase (COX) pathway
(prostanoids: thromboxane and prostaglandins) (Stanley, 2006). As mentioned, COX or
PGH. synthase is an enzymatic form producing prostaglandins, and it is conserved in
crustaceans, such as daphnids (Kyoto Encyclopedia of Genes and Genomes, KEGG).
Prostaglandins are signaling molecules with crucial importance in crustacean
reproduction and immune system (Smirnov, 2017). NSAIDs can interfere/inhibit
prostaglandins biosynthesis, since NSAIDs are competitive inhibitors of some of the
involved enzymatic forms, by competing with AA, which is the physiological substrate
of COX; NSAIDs thereby affects eicosanoids biosynthesis and their physiological
functions (Charlier and Michaux, 2003). Heckmann and co-workers (2008a)
demonstrated the existence of a COX pathway in D. magna, which appears to be
simpler than the COX pathway observed in mammals. In addition, another study
indicated that ibuprofen, also a NSAID, is capable of affecting the sequential processes
of oogenesis and embryogenesis in daphnids, by interrupting the COX metabolic
pathway of eicosanoids (Heckmann et al., 2008b). By acting this way, this drug is
responsible for a dose-dependent decrease in D. magna reproduction (Han et al., 2010;
Heckmann et al., 2007) and also affects reproduction in another crustacean species,
namely Moina macrocopa (Han et al., 2010). The NSAID effect in COX also was
possible to be observed in this study, since KTF exposure clearly decreased COX
activity in a dose-response manner, as already discussed here. However, reproductive
effects were not observed in D. magna after KTF exposure, which means that NSAIDs
affect crustacean reproduction at higher concentrations (in the mg/L order) as observed

by Han et al. (2010) and Heckmann et al. (2007). These assumptions reinforce the

189



notion that deleterious NSAIDs effects in the eicosanoids biosynthesis pathway may be
important for the reproduction of crustaceans. However, the alterations that were
observed in this study constitute a warning for the possible long-term effects of KTF in

a worst environmental case scenario.

5.6 Conclusions

In conclusion, both species responded to low, realistic levels of KTF. However, the
toxic effects of KTF were only limited to biochemical parameters, without extrapolating
to physiological and population modifications. However, changes of the biochemical
parameters were clearly different between both species, being L. minor more susceptible
to low KTF concentrations, hypothesizing the resilience capacity and hormetic effects;
while D. magna, in general, presented a dose response pattern. This comparison is
highly interesting and allows us to assume that KTF toxicity is eminently species-
specific. Finally, the results here obtained are a clear indication about the possibility of
KTF in causing toxicological effects in the aquatic organisms, even when organisms
were exposed to realistic conditions simulating the already described scenarios of

contamination in the wild.
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6.1 Abstract

To avoid being preyed, organisms must be able to identify predatory threats by sensing
molecules released by predators (kairomones), and to employ effective strategies to
avoid detection by predators. Furthermore, in the wild, organisms are also exposed to
chemicals that may alter their behavioral traits, such as neuroactive pharmaceuticals.
Considering the co-occurrence of both types of chemicals, their possible interaction
needs to be studied. To address this topic, the aim of this study was to verify the effects
of fish kairomone (FK — a chemical associated to putative predation by fish) and
chlorpromazine (CPZ - neuroactive pharmaceutical drug, environmental contaminant),
isolated and in combination, in different functional endpoints of Daphnia magna, such
as oxygen consumption, feeding rate, behavior and reproduction. Among these
endpoints, oxygen consumption was only affected by the combination of compounds
(FK + CPZ). On the other hand, feeding rate was affected by all treatments, being
smaller than control. For life history traits and phototactic behavior, the effects of FK
predominated over the ones caused by CPZ exposure, incrementing the reproductive
output of females t, leading to greater population growth rates and decreasing

swimming behavior.
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6.2 Introduction

Among aquatic animals, chemical signals can mediate many intra- and inter-specific
interactions (DeMile et al., 2016) and even visual species respond strongly to such cues
(Hay, 2009). In aquatic systems, chemical cues are recognized as being highly
important for the detection of predators, thereby determining prey survival (Mirza and
Chivers, 2000). Alarm cues and predatory cues (i.e. kairomones) are the first two
primary stimuli extracted from the sensory landscape as information about the potential
predation (Schoeppner and Reylea, 2009). In addition, many predator—prey
relationships are mediated by the release and detection of kairomones. The importance
of these agents as chemical mediators is extreme, since they are responsible for the
induction of different responses, such as modifications in behavior, feeding, and
reproduction (Lima and Dill, 1990).

A biological interaction during which one organism kills and feeds on another organism
is one of predation. This relationship not only shapes natural ecosystems but is also
likely to occur in anthropogenically impacted environments (Birkhofer et al., 2017). To
avoid becoming someone's meal, an organism must be able to identify predatory threats
and employ effective strategies to avoid being detected by predators. In the event that
such avoidance fails, animals can trigger behaviors to prevent predators from attacking,
and also deploy tactics that will increase their chances of surviving the attack, in the
case if it does occur (Rosier and Langkilde, 2011). This can be achieved by avoiding the
same habitat that is occupied by predators, or by being active at different times of the
day or altering the behavioral activity in response to changes in predatory risk (Rosier
and Langkilde, 2011), among others. Besides these behavioral alterations, predator-
induced responses are important aspects of the population and even community ecology
of freshwater zooplankton (Dodson, 1989). This happens since a good perception of
danger and a correct anti-predator strategy should increase the chances of survival at the

population level, regardless the species-specific reaction (Smejkal et al., 2018).
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Furthermore, in the wild individuals interact with other individuals of the same (or of
other species) and are exposed to chemicals. Among the array of environmental
pollutants, one may find pharmaceutical compounds, which can alter population
dynamics, animal behavior, reproduction, health and other features (Daniel et al., 2018;
Falcdo et al., 2019). In terms of behavioral alterations, especially those drugs with
neuroactive properties are particularly troublesome. Pharmaceutical drugs are a global
concern in aquatics environments, since the number of these chemicals that are found in
the wild is ever increasing (aus der Beek et al., 2016). One of these pharmaceuticals is
chlorpromazine (CPZ), a low-cost aliphatic phenothiazine, widely available and used in
treatments of psychiatric disorders worldwide, including schizophrenia (Adams et al.,
2014). Its primary antipsychotic activity is due to the blockade of dopamine (D2)
receptors in the mesolimbic pathway of the brain (Bryan, 2011). This pharmaceutical
has been shown to cause toxicological effects in non-target organisms, such as
macroinvertebrates (Oliveira et al., 2015a), macrophytes (Alkimin et al., 2019), and fish
(Li et al., 2008), and it has been found in different aquatic compartments in
concentrations ranging from 1 to 364 ng/L (Roberts and Bersuder, 2006; Yuan et al.,
2013).

The toxic effects of environmental chemicals needs a better and more realistic
comprehension about their consequences and their impact; to attain this purpose, the
organisms must be analyzed in more complex interaction scenarios, mimicking the
actual and more realistic conditions of the ecosystem in which organisms live in
(Beklioglu et al., 2010). Ecotoxicological studies focusing on the crosstalk between
predation avoidance (and the effects of chemicals that act as chemical signals during
this intercourse) and pharmaceuticals are adequate to study the joint contribution of
natural and anthropogenic stressors. Despite the increasing number of studies dealing
with the effects on living organisms caused by a large set of both natural and
anthropogenic stressors, the characterization of these two combined factors is still
scarce, despite being recognized as very important to understand how environmental
contamination can affect the natural responses of aquatic animals to predation. Daphnia
species are sensitive to a large number of substances and can be easily cultured under
laboratory conditions, being therefore very useful in ecotoxicology as a model

organisms (Bownik, 2017). In addition, Daphnia species seem particularly sensitive to
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chemicals that are released by their predators, and somehow involved in their predation.
The adaptive responses induced by predator kairomones are a key element in the
modulation of individual fitness, which is the result of the contribution of both survival
and reproduction success. Therefore, the success of a population is the consequence of
individual survival and fitness, consequently, for the maintenance of Daphnia
populations in aquatic ecosystems, the protection conferred by kairomone-mediated
antipredator defenses is vital (Barry, 2002).

Daphnia species are ecologically important due to their role in many aquatic food webs.
Daphnia act as primary consumer, and thereby control populations of primary
producers; in addition, they also provide a food source for many secondary consumers
(DeMille et al., 2016). Consequently, the responses of Daphnia towards aquatic
contamination and/or kairomones may affect the entire ecosystem. To address this topic,
the aim of this paper was to verify the effects of fish kairomone (indicative of predation)
and chlorpromazine (environmental contaminant), alone and in combination, in

different functional endpoints in Daphnia magna.

6.3 Material and methods
6.3.1 Chemicals

Chlorpromazine hydrochloride (CAS: 69-09-0) was purchased from Sigma-Aldrich
(USA) with 98% of purity. All other used reagents had analytical purity.

6.3.2 Daphnia culture and maintenance

Clone P132,85 was obtained from two generations of intraclonal mixes within clone Py,
isolated from a small pond which contained fish (located at Driehoeksvijver, Heusden,
The Netherlands; animals were isolated in August 1986). According to De Meester
(1993) organisms from this clone, in the presence of fish kairomones, became
negatively phototactic. Cultures of 10 animals/L. were maintained in ASTM hard water
(ASTM, 1994) and fed every other day with 5x10° cells/mL of the freshwater algae of
the species Raphidocelis subcapitata. Three times a week the culture medium was
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renewed and a set up to of 14h:10h light:dark cycle and 20+2°C was used as
photoperiod and temperature, respectively.

6.3.2 Chemical stability experiment

The stability of the studied chemicals in ASTM water was assessed measuring the
concentration of 1000 pg/L of the tested chemicals in water in freshly prepared and old
(24, 48 h) test solutions by liquid chromatography connected to a triple quadrupole
detector (Xevo TQS, Acquity Waters, Mildford, USA) (LC-MS/MS). The analysis was
performed in selected reaction monitoring (SRM) mode using two transitions from de
precursor ion to the product ion to identify each compound. The system and data

management were processed using MassLynx v4.1 software package.

6.3.3 Obtaining Fish kairomone

To obtain fish kairomone (FK), two 8 cm juvenile fish (Leuciscus idus) were allowed to
swim in al2 L aquarium, filled with ASTM hard water medium for 24 h, after which the
medium was filtered (0.045 pum). This procedure was repeated for every experiment, to
use a fresh FK solution for every experiment. Only for the reproduction tests, a single
FK preparation was used in three media changes. This method is routinely used to
simulate fish predation risk (De Meester and Cousyn, 1997; Jansen et al. 2013). The
kairomone dilution was roughly to 1 fish in 50 L.

6.3.4 Experimental conditions

The experimental conditions for D. magna exposures were defined as control, FK (fish-
kairomone conditioned water); CPZ (10 pg/L of CPZ); and the combination of both
treatments (FK + CPZ). These conditions are designated along this study as Control,
FK, CPZ, and FK + CPZ respectively. The dilution of 1:8 of FK was chosen in order to
avoid interference of ammonia on the toxic effects elicited on D. magna, as
demonstrated by previous experiments performed by our research group; and the
concentration of 10 pug/L of CPZ was chosen after the analysis of the results obtained

for the behavior preliminary tests (data not shown).

206



6.3.5 Respiration assay — oxygen consumption

Respiration rate was assessed by measuring the oxygen consumption through the
difference between the initial and final oxygen concentrations and converted to
proportional oxygen (%) relative to control. To attain this purpose, five replicates with
four 15 d old synchronized daphnids (Clone P132,85) per experimental treatment were
used. The animals were maintained during 24 h in the dark at 20 £ 2 °C in 50 mL
gastight syringes (Hamilton, USA — final volume of 30 mL of test-solution). Oxygen
interface (model 928, Strathkelvin Instruments, Glasgow, UK) was used to measure
initial and final oxygen concentration. Media with no daphnids (blank controls) for each
treatment were used to correct natural oxygen depletion and to avoid the interference by
algae oxygen consumption no food was added.

6.3.6 Feeding rate (F)

The test-chambers (five replicates per treatment) consisted of 100 mL glass flasks filled
with test-solution, each replicate was composed by five 15 d old daphnids (Clone
P132,85). Briefly, the animals were submitted during 24 h, in the dark, to all
experimental conditions, with 5x10° cells/mL of R. subcapitata in the test-chambers.
Afterwards, the animals were transferred to a new test-chamber (clean media), also in
the dark, for 4 h with the same algal concentration (post-exposure period) to evaluate
the recovery from exposure to toxicants. Blank controls (media with no daphnids) were
included in both cases. At the end of each period, the algal concentrations were
spectrophotometrically measured (Du® 730) at 440 nm (Allen et al., 1995). Finally, the
feeding rate was calculated converting the obtained values to proportional algae

consumption (%) relative to control.

6.3.7 Swimming behaviour assay

The swimming tracks of the 15 d old females from clone P132,85 pre-exposed for 24 h
to the four studied treatments were assessed using the arena video tracking system
described by Simao et al. (2019). The pre-exposure period was chosen taking into

account that after 3 h of FK exposure, it is possible to detect changes in behaviour of
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daphnids, according to De Meester and Cousyn (1997). Groups of five adults were pre-
exposed to the tested treatments in 100 mL media containing food (R. subcapitata,
5x10° cells/mL) for 24 h prior to behavioral tests, each with five replications. Five
behavioral trials were performed per treatment. In each trial, groups of five organisms
from two different randomized treatments were distributed among the two arenas filled
with 50 mL of test solution. Animals were then acclimated in the dark (only infrared
light on) for 5 min before video recording. For the behavioral analysis, animals were
initially subjected to a dark period (5 min), and then to a moderate light intensity period
(10 lux, 15 min,). The software EthoVision XT12 video tracking (video-recording at 20
frames per s) was used as a tool to analyze the position changes of each animal. The
first step of this procedure was of dividing the arenas in three virtual zones: bottom,
middle and top, to simulate a water column. Then, the social interaction module was
used to analyze, individually, tracks of 5 organisms and to determine time spent in the
top of water column (virtual zone determined in the arena; %), total distance moved
(cm) and the distance inter-organisms (aggregation) measured by the average distance
(cm) among individual animals in the arena. For statistical analysis three periods were
considered: the last two minutes of the dark period, the first two and the last ten minutes
of light period, hereafter referred as dark, first and late light, respectively. Values were
determined per min. In addition, the used software measures the complete tracking in
the two dimensions. So, it also includes the different types of organisms’ behavior, with
the exception of the rotational behavior of animals (turning around, without
displacement in the x-y axis). Besides, the use of 15 d old organisms was necessary to
ensure that test organisms had a minimum size to be reliably detected by the hardware +
software. This age was also chosen, since it corresponds to the complete development of
phototaxis. Finally, animals with the same age were used in the feeding and oxygen
consumption tests, to allow the possibility of comparing data from all these endpoints,
and, in our laboratory conditions, 15 d old organisms have an average size of 2.76 £ 0.2
cm (N =56, Mean + SD).

6.3.8 Reproduction assay

Reproduction test was conducted according to OECD recommendations (OECD, 2012).
Organisms less than 24-h old were exposed, individually, in 100 mL glass flasks, to
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each experimental condition and a total of 10 replicates per condition was used. The
organisms were maintained and fed as previously described in Daphnia culture and
maintenance section and every other day the medium was renewed. Throughout the 21-
d assay period the individuals were monitored daily and the endpoints evaluated were:
total number of neonates, brood number, time to first brood, neonates in the first brood
and Intrinsic rate of population increase (r), this last one calculated using the Euler's
(1=>"x=0 e ™Ixmyx) Where r is the population increase rate (per day), x is the age in days
(0 ... n), Ix is the survival probability in the age x, and mx is the fecundity in the age x.
Pseudo-values from replicates were generated using the jackknife procedure (Meyer
et al., 1986).

6.3.9 Data analysis

Treatment effects on life-history and behavioral traits, proportional oxygen
consumption and feeding rates were compared against the control by one-way ANOVA
followed by post-hoc Dunett’s test. Prior to analyses, data were checked for ANOVA
assumptions of normality and variance homoscedasticity. After transformation, not
normally distributed data were compared using a Kruskal-Wallis test followed by
Wilcoxon and Wilcox test (Zar, 1996). These analyzes were performed using the
statistical software SigmaPlot 14.0 and the adopted significance was p <0.05.

6.4 Results

Obtained results indicated that the tested compound was stable in ASTM water since
concentrations in freshly prepared solutions (N = 4, Mean + SE, 1092.8 + 10.4 pg/L)
were similar to those aged for 24 (1073.5 + 5.6 pg/L) and 48 h (1063.2 + 11.5 pg/L).

The oxygen consumption was smaller (Fs;12 = 4.091, p<0.05) than control in the
combination (FK + CPZ) (fig. 1). On the other hand, feeding rates (fig. 2) were
significantly smaller (p<0.05) in all treatments, during the exposure (Fs:16 = 4.825) and
post-exposure (F3:15 = 5.444) periods, relative to controls.
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Figure 1. Effects of chlorpromazine (CPZ), of fish kairomone (FK) and of the mixture (CPZ+FK) on D.
magna oxygen consumption. For each parameter, mean and standard error are shown. * stands for
statistical differences in relation to respective control following ANOVA and post-hoc test (or the

equivalent non-parametric test).
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Figure 2. Feeding rate (cells/h/org) of D. magna exposed to chlorpromazine (CPZ), to fish kairomone
(FK) and to the mixture (CPZ+FK). For each parameter, mean and standard error are shown. * stands for
statistical differences in relation to respective control following ANOVA and post-hoc test (or the

equivalent non-parametric test).

Figure 3 includes the behavioral responses per min in the left panel graphs (fig. 3A, C,
E) and grouped by the three analyzed periods (right panel graphs, Fig 3B, D, F).
Females exposed to fish waterborne kairomone of fish (FK) alone or with CPZ were
situated closer to the bottom (fig. 3A) when light was present, and those exposed to FK
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and CPZ moved less and aggregated less when light was on (fig 3C, E). Consequently,
there were significant differences in the % of time that animals swam close to the
surface, between FK and FK+CPZ treatments and controls (F3:g7 = 17.660, p<0.001, fig.
3B). The combination of CPZ+FK was able to decrease significantly the moved
distance in all analyzed periods (dark — Fz;s1 = 8.945, p<0.001; fist light — Hzgr = 18.359,
p<0.001; late light — F3;79 = 12.934, p<0.001) (fig. 3D). In addition, FK exposure caused
a significant decrease (Hsg¢r = 13.051, p = 0.005) in the inter-organismic distance in the
dark, while CPZ+FK caused an increase (Hsqaf = 22.015, p<0.001) in a late light period
(fig. 3F).

The cumulative number of neonates per female (fig. 4A) was significantly higher (Haqr
= 16.037, p<0.001) in females exposed to FK treatments (FK, CPZ+FK), whereas the
clutch size of the first brood was larger in all exposed females (Fz:3s = 4.592, p<0.01,
fig. 4B) in comparison to control. CPZ, alone, was capable of causing a delay (Haqdr =
25.497, p<0.001; fig. 4C), approximately of 4 days, in the age of the first brood. This
pharmaceutical was also responsible for a decrease (Hzqf = 18.145, p<0.001) in the total
number of broods (fig. 4D). Finally, the population growth rate (fig. 4E) was
significantly higher (Hssr = 36.018, p<0.001) in organisms exposed to FK (FK,
FK+CPZ).
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Figure 3. Effects of chlorpromazine (CPZ), of fish kairomone (FK) and of the mixture (CPZ+FK) on D.
magna behavior, plus control. (A) and (B) correspond to time to top (%), (C) and (D) to distance moved
(cm) and (E) and (F) to inter-organisms distance. (A), (C) and (E) correspond to the results on the integra
and (B), (D) and (F) to the results divided in categories (dark, first light, and late light). For each
parameter, mean and standard error are shown. * stands for statistical differences in relation to control

following ANOVA and post-hoc test (or the equivalent non-parametric test).
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Figure 4. Effects of chlorpromazine (CPZ), fish kairomone (FK) and the mixture (CPZ+FK) in D. magna
reproductive parameters. (A) Total number of neonates per female; (B) Total number of neonates in the
first brood; (C) Age of the first brood (d); (D) Total number of broods and (E) Population increase rate
per day (r). For each parameter, mean and standard error are shown. * stands for statistical differences in

relation to control following ANOVA and post-hoc test (or the equivalent non-parametric test).

6.5 Discussion

Zooplanktonic organisms, and in particular, Daphnia species, have been shown to
exhibit responses to predator-specific chemicals (i.e. kairomones) in different
parameters, as life history and behavioral traits (Larsson and Dodson, 1993). However,
the association of this natural stressor with anthropogenic ones (i.e. pharmaceuticals) is
less studied, and this study brings some perspectives about this potential association.
The here-adopted strategy is a comprehensive framework that includes a series of
multiple endpoints with high physiological importance, whose impairment may result in

strong population effects.
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As a sensitive metabolic biomarker and a high potential for toxicity screening,
monitoring oxygen consumption can be an advantageous tool when compared to
mortality (Zitova et al., 2009). In Daphnia spp. the oxygen consumption, in the absence
of food, is an important tool to provide estimates about costs of physiological
maintenance, which include swimming/ventilation and basal metabolism, activities that
are essential to life (Campos et al., 2012). In this study, the oxygen consumption was
smaller when the organisms were exposed to the mixture, that is, less oxygen was
consumed. This can be an indication that anthropogenic and natural stressors can
interact and cause metabolic alterations in exposed animals. Although not significantly,
oxygen consumption in CPZ and FK alone were smaller than control, thus it is possible
to hypothesize that the joint effect of both stressors was additive. Concomitant with the
reported oxygen effects, females exposed to the combination of FK and CPZ also
moved less, thus, requiring lower oxygen consumption. In addition, another explanation
for the here observed effects is the relationship between oxygen consumption and
distance moved; both analyzed endpoints suffered a decrease after exposure to the
combination FK+CPZ. Thus, these two effects possibly indicate that impaired oxygen

consumption is associated with shorter distance moved, i.e. reduced swimming activity.

In metabolic or respiration rate, food ingestion is an energetically expensive action and
can represent up to 40% of this expense of energy consumption (Philippova and
Postnov, 1988; Barber et al., 1994). The maintenance costs may increase in the presence
of pollutants by increasing the rate of detoxification, a demand side effect. However,
more often, these compounds decrease metabolic rates inhibiting food ingestion (supply
side effects) when food is present (Barber et al., 1994). Beside that, a functional and
fitness link between food impairment and feeding behavior can be a crucial endpoint
measurable through the feeding performance (Loureiro et al., 2012) which is related to
the reproductive outputs (Pieters et al., 2005; Barata and Baird, 2000). Filter-feeding
zooplanktonic organisms demand movement of appendages coordinated by the nervous
system to assure food filtration (Villarroel et al., 1999). During this process, Daphnia’s
feeding apparatus repeats constantly these movements, but not in the same intervals,
making it a dynamic system (Pefalva-Arana et al., 2007). Therefore, loss of
coordination can be caused by toxicants affecting the nervous system and consequently

reducing rates of filtration, as observed in this study. This hypothesis may be
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corroborated by Rocha et al. (2014) after exposing D. magna to neuroactive compounds
such as neostigmine and pyridostigmine, which compromised neuronal transmission by
cholinesterasic impairment, altering behavioral features. Additionally, fish predation
can represent a risk to prey animals, and this stimulus can trigger an adaptation of prey
defense; this should represent a balance between avoiding being preyed (benefit), and
reductions in fitness (cost) caused by the deployment of the defensive measures
(Ramcharan et al., 1992) and consequently a reduction in the feeding rate. Related to
post-exposure period (4h of recovery), daphnids presented similar results, with a
reduction in feeding rate in all experimental conditions in comparison with the control.
This result shows that in the time frame here adopted, the organisms were not capable to
recover from the exposure in any of the tested conditions. This result is in line with data
obtained by Villarroel et al. (1999) and Mc William and Baird (2002) after exposing D.
magna to several contaminants. Overall, the here reported results for oxygen
consumption, feeding and swimming speed indicated that, upon the presence of fish
kairomone in water, females moved to a lesser extent, hence reducing their oxygen
consumption and feeding rates. These parameters have been investigated in other
researches, e.g., Pestana et al. (2013) also found a decrease in filtration after a 24 h
exposure to FK and to alarm cues (crushed Daphnia), however, the authors reported an
increase in oxygen consumption. These differences can be assumed by the age of
exposed animals and the use of different clones. Contrary to the present study Pestana et
al. (2013) used 4 d old juveniles, while our study was conducted with 15 d old adults,
and behavior differences can be related with the daphnids age and genotype (De
Meester, 1991, 1992). These effects, in general, result from reversible behavioral
responses, which can include changes in feeding behavior, increased vigilance, decrease
activity, alertness and change in the swimming speed (Pijanowska, 1997). All the

above-mentioned behaviors can alter respiration and feeding rates.

A phototactic response is an orientated reaction to light stimuli (Ringelberg, 1964). In
D. magna this characteristic is heritable (varying from clone to clone), and can be
distinguished between positively, intermediately and negatively phototactic genotypes
(De Meester, 1991). Phototactic-positive genotypes spend much time in the upper water
level, whereas phototactic-negative genotypes spend most of their time close to the

bottom sediments (Ebert, 2005). The behavior of juveniles is less clone-specific than
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that of adults (De Meester, 1992). The here studied clone is a phototactic-positive
genotype, thereby explaining why organisms spent most of the time in the top of water
column. Thus, this behavior was affected by FK in late light exposure, since the animals
remained less time near the top of the water column. This happened because, in general,
the phototactic behavior may be modulated by environmental factors, such as the
presence of predators, temperature and food availability, which are likely to fluctuate
continuously in the wild (Michels et al., 1999), and the fish presence can increase the
phototactic negative response of organism (Eber, 2005). On the other hand, and
according to Barrozo et al. (2014) there are some evidences that specific dopaminergic
signaling pathways are involved in the decrease of Daphnia swimming behavior. This
trend confirmed after exposing these organisms to neurotoxins that specifically act on
such dopaminergic neurotransmission route. Nevertheless, CPZ, a dopamine antagonist,
was not capable of changing the phototactic behavior of daphnids, either alone or in
combination with the natural stressor (FK), since animals exposed to the combination
(CPZ+FK) presented the same behaviour was when exposed only to FK. This similar
trend possibly indicates that no interaction between stressors occurred, concerning this

specific endpoint.

In general, various mechanisms of action can be affected by neurotoxic substances,
which may result in depression or excitation of the nervous system, which in turn may
induce opposite effects on the cumulative moved distance (Bownik, 2017).
Chlorpromazine is a dopamine antagonist, mostly blocking dopamine receptors, thus,
blocking these receptors causes diminished neurotransmitter binding in the forebrain
and consequently cause a depression in the nervous system. Considering that daphnids
also have dopaminergic neurotransmission (Hartline and Christie, 2010), it is possible to
suggest a similar pathway. However, these effects seem not to have happened in this
study when the organisms were exposed to the pharmaceutical alone. Interestingly, only
the combination of CPZ with waterborne fish kairomone (and not both stressors alone)
decreased swimming speed; light also decreased aggregation rates. Both effects may
diminish the ability of D. magna females to escape from fish predation since most fish
prefer to prey on isolated prey that swim slower (Allen, 1920). It is possible that an
additional stress, FK in this case, can consequently increase the D. magna susceptibility

to CPZ toxicity. This type of interaction was also reported by other studies: the presence

216



of predator increased the mortality of tadpoles when exposed to carbaryl (Relyea and
Mills, 2001) and predation was responsible for an increase of the toxic effects provoked
by esfenvalerate in Artemia sp., resulting in a population decrease (Beketov and Liess,
2006). However, evaluations regarding the putative effects of xenobiotics (namely
chemicals whose environmental presence derives directly from anthropogenic
contaminant) considering simultaneously the occurrence natural compounds (e.g. FKs),
are still scarce within the scope of plankton ecotoxicology (Guitierrez et al., 2012). This
is aggravated if one considers only studies focusing on the interaction of such FKs with
pharmaceutical drugs, since most of the studies conducted so far were carried out with
metals and pesticides (Gutierrez et al., 2012; Hanzato, 1999; Scherer et al., 2013;
Pestana et al., 2010). On the other hand, the prediction of potential effects of these
combinations, and the characterization of such interactions, can be a complicated issue
since the nature and origin of FKs was not fully elucidated yet, despite the efforts of
several work teams. Ringelberg and Van Gool (1998) suggested that FKs may in fact be
a bacteria present in the fish skin. In addition, Boriss et al. (1999) proposed that
trimethylamine, a tertiary amine produced by fish, is the compound responsible for
triggering the defensive behavior of Daphnia against predatory fish. In addition, other
chemicals have been identified, being extracted from fish water; these chemicals are 5-
hydroxidy-4-decanolide (Tjossem, 1990), 6-hydroxy-5-tetradec-2-enolide (Lass et al.,
2001) and phenylalanine-proline diketopepirazine (Dawidowicz et al., 1990). However,
as previously cited, these are assumptions, and the complete nature, origin, and
composition of FKs are still unclear. Furthermore, the precise fundamental pathways by
which kairomone perception occurs in daphnids remain to be determined, which is a
critical step for the understanding of mechanisms, which are activated and induce
Daphnia defenses (Weiss et al., 2015a). However, these same authors showed that, in
D. longicephala, the first antennae are a location of kairomone-detecting
chemoreceptors, a finding in agreement with data for other cladocerans (Ekerholm and
Hallberg, 2002; Hallberg et al., 1992). We are thus able to hypothesize that this
mechanism, being conserved, may also occur in D. magna as one of the pathways for
the detection of kairomones. Considering the absence of information about the putative
mechanisms of action of these kairomones in freshwater crustaceans, it is impossible to
predict the type and extent of the interaction of kairomones with environmental

toxicants. However, kairomones are able to trigger neuronal responses, which are
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responsive without any pre-existent learning process. In rodents, this chemosensing
system exists in specialized structures, such as the vomeronasal organ and the main
olfactory epithelium. These receptors are specialized in sensing kairomones from the
external media, sending information about their presence for central integration
(Stowers and Kuo. 2016). The underlying mechanisms of chemosensing of kairomones,
and the subsequent biological response, are still not elucidated in rodents, and are not
likely to have been also described in crustaceans. But it is possible to suggest that, being
based on neuronal networks, these processes are likely to be affected and compromised

by the exposure to neuroactive chemicals, including pharmaceutical drugs such as CPZ.

Many chemicals are able to decrease reproduction and delay first reproduction (brood)
(Heckmann et al., 2007; Oliveira et al., 2015b), often by impairing food acquisition
(Barata and Baird, 2000). There are, however, trade-offs between producing more
offspring and delayed reproduction (Barata and Baird, 1998). In this study, CPZ delayed
reproduction and increased the offspring production in the first brood, but not in
subsequent ones. As a result, females exposed to CPZ had equivalent levels of
population growth rates (r) as control ones. Additionally, predators’ exudates can exert
a selective pressure in planktonic animals and, in response, many morphological
aspects, life-history and behavioural traits can suffer changes (Pijanowska and Stolpe,
1996). In aquatic environments size-selective predation can greatly influence both
community and population dynamics by altering the onset of reproduction, the size of
the first clutch and hence the age structure of population (Weider and Pijanowska,
1992). For example, fish prefer to predate on larger prey, thus Daphnia individuals
should reproduce more efficiently and earlier upon fish predation (Barata et al., 2001;
Riessen, 1999). Our results are in agreement with previous studies since females
exposed to FK alone, or to FK and CPZ, produced more offspring in the first clutch.
Again, CPZ did not affect life-history responses when combined with FK. Following
detection, predator-specific signals are transferred via independent neurosignalling
pathways (Mitchell et al., 2017). Responses of D. pulex e. g. to fish predators are
mediated via the suppression of the inhibitory GABAergic pathways, resulting in the
release of ecdysteroids (Dennis et al., 2014; Weiss et al., 2012, 2015b). Ecdysteroids
promote the reallocation of energy from somatic growth to reproduction, which results

in the life-history changes described above (Mitchell et al., 2017). The here obtained
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results show this trend. This outcome occurred even when the exposed organism had the
same number of broods than control animals, confirming the reallocation of energy
provoked by ecdysteroids to reproduction. This trend also supports the hypothesis
formulated by Stibor (2002): the predator can induce life history shifts, which are not
the result of changes in metabolism but rather the result of changes in energy allocation
induced early in the development, as previously cited. In addition, the interaction
between CPZ and FK resulted in the alteration of some life history parameters; this
effect may be associated to the known CPZ mode of action, which occurs by blocking
dopamine (D2) receptors (Bryan, 2011). This is of critical importance, since the
dopaminergic systems in daphnids are involved in the recognition of predator (by
sensing FKs), and in triggering the defensive system. The dopaminergic system of
daphnids seems to be interconnected with endocrine pathways, namely in the control of
juvenile hormone and ecdysone levels, which are important in the physiological
regulation of crustacean growth, thereby causing significant alterations in the life
history traits of these organisms (Weiss et al., 2015b). Furthermore, Tams and co-
workers (2019) suggested that the life history alterations in crustaceans are not
necessarily related to changes in gene expression caused by exposures to predator. This
relationship can occur just marginally, and may also occur by additional
posttranslational processes, such as miRNA-mediated gene regulation or increased
degradation (Schwarzenberger et al., 2009). However, we must assume that all
mechanisms of prey-predator interactions have not been fully elucidated. Finally, the
non-consistent patterns of response in terms of several endpoints here analyzed may be
attributed to the specificity of the mechanisms of action, both of the drug and of the FK
itself. In addition, the mechanisms by which CPZ and FK interact remain little
elucidated in the literature. Thus, more studies of this nature are required to understand
the mode of action of isolated chemicals, and underlying mechanisms of drug+FK
interaction, that may serve as the basis for the here-observed modifications.

6.6 Conclusions

In summary, the tested natural and anthropogenic stressors (FK and CPZ, respectively)
acted jointly decreasing oxygen consumption rates, swimming speed and aggregation,
but operated independently on feeding. Concerning life history traits and phototactic
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behavior, the effects of FK predominated over those of CPZ, making females reproduce
to a greater extent and hence having greater population growth rates and also decreasing
positive phototactic behavior. Finally, according to the analyzed endpoints, it is also
possible to assume that these two stressors are capable to interact, since some of the
analyzed parameters were only altered in organisms exposed to the combination of both
stressors. This assumption indicates the ecological importance of the here obtained data,
and of this type of study. Consequently, more studies with this type of combination are
necessary to understand how aquatic organisms can act/react when challenged by two
different risk sources in the environment. However, it is necessary to take into account
that in the environment, organisms are challenged by more risks of predation (other
predator organisms are present) and by more drugs. Consequently, it is difficult to

predict the response resulting from interactions in the natural environment.
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Chapter 7

Final remarks

231



According to the here-obtained data, pharmaceutical drugs have been shown to be toxic
to aquatic organisms, at several distinct levels, including to macrophyte species and
macroinvertebrates. This thesis brought along 5 research chapters, condensing new
insights and perspectives about this subject, in an ecotoxicologically integrated view,
using different approaches to try understanding the complexity of this theme in different
scenarios. Chapters 2, 3, and 4 were instrumental to overlook ecotoxicological assays
involving macrophyte species. When compared with other groups of well-established
invertebrates such as Daphnia species, the comparison of the raw number of
publications is highly unfavorable to macrophytes. The still little use of macrophytes as
test organisms in ecotoxicology may be realized through a simple search in common
search engines for scientific information, searching for keywords with an association
between the term “ecotoxicology” with “macrophytes” or “Daphnia”. These searches
bring values of 205 and 1569 published documents, respectively. If one replaces the
term “ecotoxicology” by “pharmaceutical”, the results of the searches fall to 66 and 350
studies on macrophytes and Daphnia, respectively. As we can observe, the number of
published documents with Daphnia is almost 450% higher than those found for aquatic
plants. This can be interpreted as a sign for the necessity of studies using plants as test
organisms, since, environmentally, macrophytes are as important as all other taxa of

aquatic organisms.

Macrophytes are of undisputable importance in freshwater ecology, and their presence
conditions the survival of a diversity of other organisms; overall, the good function of
an ecosystem strongly depends on macrophytes, as mentioned along this thesis, since
these organisms have several important functions, including being primary producers,
that is, they serve as an important source of food for many types of fish and some
species of birds and aquatic mammals. Macrophytes also participate in the cycling of
nutrients and may function as shelters for some species of animals, and provide shade
for those sensitive organisms at high intensities of solar radiation. Consequently, the
impairment of macrophyte populations may impact the environmental balance in
unpredicted ways. In ecological terms, the here presented results are extremely
important. The effects that were observed in the different experiments described in this
thesis showed that environmentally realistic concentrations of pharmaceutical drugs can

jeopardize physiological and biochemical parameters of macrophyte species. These

232



effects, if occuring in natural environments as a consequence of the prolonged
environmental presence of pharmaceutical drugs, may cause effects in populations of
macrophyte species, thereby disturbing the aquatic environment, affecting all the above

mentioned specific functions of macrophytes.

On the other hand, Chapter 2 showed that the use of non-standard endpoints in
ecotoxicological evaluations based on macrophyte species as test species are likely to be
used under varied circumstances, serving the purpose of attaining distinc objectives, and
may therefore be considered promising tool. This chapter also reported that different
Lemna species may show different response patterns when exposed to the same
contaminants. However, this topic needs to be addressed by the scientific community in
a broader manner, in order to complement standard testing guidelines with macrophytes
with new testing methods, with improved reliability, reduced duration, and high
ecological significance. This is necessary, since the most commonly adopted
international guidelines for ecotoxicity testing using macrophytes as test organisms are
limited to the determination of endpoints such as growth, yield, and biomass. These
parameters reflect only a very narrow suite of endpoints and physiological parameters,
and their underlying mechanisms are far from being the only processes that can be
affected by contaminants. In fact, effects on such pathways do not represent at all the
complexity of biological systems (including in plants), and of environmental
interactions. By adopting standardized guidelines, we will be certainly limited in the
extension of our findings, since the collected biological and ecological information
about pharmaceutical toxicity using these standard bioassays is restricted.

The necessity of new approaches to determine putative ecotoxicological effects of
pharmaceutical drugs (and contaminants in general), was brought to light in Chapter 3.
In this Chapter, it was clear that time is a factor that can influence not just the intensity,
but the types of effects of contaminants. Considering the obtained data, different
durations of exposure need to be taken into account in experimental designs to be
adopted when aquatic plants are used as test organisms. This is a critical assumption
when selecting biomarkers as toxicological endpoints, since without a judicious
selection of putative pathways that are likely to be activated or altered only after
prolonged exposures to toxicants, it will be possible to comprehensively ascertain their

toxicity. Furthermore, in this chapter it was reported that different pharmaceutical
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compounds belonging to the same pharmacological and therapeutic group (NSAIDs)
affected differently the tested Lemna species. Beyond the fact that similarly acting
pharmaceuticals may have different toxicological mechanisms in aquatic plants, aquatic
biota are exposed in the wild to compounds of distinct origin, chemical classes, and
proveniences. Chapter 4 focused on the combined presence of two chemicals: one was a
drug, while the second was a drug that is also a natural plant hormone. The results
showed that, when plants were co-exposed to both substances, the natural hormone was
able to strongly modulate the plant response. Again, these data reinforced the concept
that exposure of plants to environmentally realistic conditions may generate
unpredictable, even paradoxical effects, which deserve further attention.

Chapter 5 presented a comparative toxicological study of two distinc species (Lemna
and Daphnia) exposed to similar concentrations of a NSAID compound, ketoprofen. To
do that, equivalent biochemical and physiological responses were assessed. Results
reported that ketoprofen enhanced antioxidant responses in both species and did not
cause physiological effects (it did not alter pigments in Lemna, and feeding rates in
Daphnia). These results indicated that chemicals may act similarly across distinc
trophic and phylogenetically distant species. More specificaly, the results of this chapter
indicated that oxidative stress effects may be similar across distant species, thus
suporting the species read-across theory. However, the effects of drugs on the
biochemical parameters were clearly different between both species, being L. minor
more susceptible to low pharmaceutical concentrations, allowing to hypothesize about
the resilience of this particular species, and the possibility of establishment of hormetic
effects; while D. magna, in general, responding according to a clear dose response
pattern. In environmental terms, these details are important, since they may imply that
some species may be highly sensitive or resistant, granting different organisms
competitive advantages (and disadvantages) that may be of ecological concern. In this
thesis, this comparison was highly interesting and allowed us to assume that
pharmaceutical toxicity can be species-specific, indicating the necessity of more studies
from this nature. The here presented work evidenced that these differences did in fact
occur. Besides the observed results in this chapter being limited to the alterations at the
biochemical level, they were clearly different between both species, as above

mentioned. Thus, this set of results addresses the already mentioned possibility, of
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establishing an ecological advantage from one organism to another, suggesting that
different organisms may have different abilities to adapt and thrive under unfavorable

environmental conditions, consequently having different ecological success.

Finally, Chapter 6 evidenced that drugs may not only interact with each other (or with
alternative anthropogenic chemicals), but their effects may be altered also by naturally
occurring substances, such as fish kairomones. This chapter addressed interactive
effects of anthropogenic and natural stressors, on oxygen consumption, feeding rate,
behavior, and life history traits in D. magna. This chapter deserves to be highlighted,
since some of the observed alterations were only observed when animals were co-
exposed to the mixture (natural + anthropogenic stressor). That means some
ecotoxicological effects may only be observed under scenarios of more complexity and
realism, which require the adoption of fully dedicated approaches, encompassing the
normal complexity of aquatic ecosystems, and novel systems of observation, including
of subtle behavioral changes. Chapter 6 was eminently related to the findings described
in Chapter 4, which brought the effects on macrophytes, focusing on the interactions
between two compounds, being one an antropogenic stressor (pharmaceutical drug) and
the other, a natural stressor to aquatic plants (phytohormone), a compound that is also a
pharmaceutical drug. This last Chapter studied the single and joint effects of two
compounds, with evident similarities to those analysed in Chapter 4; in the case of
Chapter 6, the anthropogenic stressor was also a pharmaceutical, while the natural
stressor was the fish kairomone. However, Chapter 6 analysed the effects of these
substances on an invertebrate species. By simultaneously analyzing and comparing the
major findings described in both chapters, it was possible to assume that complex
interactions are occurring in the environment all the time; however, and despite the
evident differences, in general, the results that were obtained while testing the
combinations of the several stressors presented commom results, and alterations caused
by exposures to single compounds were largely different from those obtained for
combined chemicals. The data and patterns from these two chapters drew our attention
to the necessity of more investigations with this experimental design and this level of

complexity.

After exploring the main subjects of this thesis, it was possible to conclude that the

ecotoxicological research on pharmaceutical drugs still has a long way to go, exactly to
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study never before addressed issues that now require more attention from researchers. In
general, we may conclude that integrating a further step in the complexity of
ecotoxicological test systems is now mandatory. By answering to the initial proposed
questions, we are able to suggest that non-standard endpoints are suitable to study
ecotoxicological effects in macrophyte species, but definitely durations of exposures are
a highly important feature. In fact, time modulated the response, namely its type and
nature, and not only its extent. In addition, the co-occurrence of anthropogenic and
natural chemicals being released from plants, namely endogenous compounds, can
modulate the responses of challenged macrophyte species. The thesis also demonstrate
that the same pharmaceutical can have different effects in different species, even at the
same trophic level (L. minor — L. gibba), or in different trophic levels (L. minor — D.
magna). In case of same genus species, and considering that both species share the same
habitat, this difference in the toxic response, in ecological aspects, can be assumed as a
competitive advantage, and may grant a stronger dissemination and growth capacity of
one species over the others, when in contaminated environments. On the other hand,
considering only species from different trophic levels, this advantage can cause a long-
term food chain disturbance and may consequently affect the ecosystem balance. We
also conclude that some responses may only be observed in a realistic scenario when
different interactions (both chemical and biological, e.g. pharmaceutical and natural
stressor) occur. This is of extreme ecological relevance, since it grantedus a highly
valuable insight into toxic responses, and further consequences at a larger, ecosystem

level, scale of organization.

In conclusion, pharmaceutical drugs have been shown to be toxic in some extent to
aquatic organisms; more attention is however required to analyse the effects of this vast
group of chemicals on aquatic plants. New experimental designs and approaches need to
be developed, implemented, and validated to understand the toxicological effects of a
complex environment, as aquatic ecosystems, especially when considering the use of

aquatic plant species, and freshwater crustaceans as test organisms.
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