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ABSTRACT

ABSTRACT

Psychoactive substances (PAS) are emergent contaminants frequently detected in
aquatic ecosystems that may pose environmental risks in aquatic organisms even at low
concentrations (ng to pg/L). Many PAS are chiral substances commercialized as
racemate. Amphetamine (AMP) is a central nervous system stimulant used in the
treatment of attention deficit hyperactivity disorder narcolepsy, and obesity. AMP is a
chiral substance that exhibits enantioselective in its pharmacological activity being the
(S)-AMP more potent and clinically effective than (R)-AMP. On the other hand, AMP is
frequently used as a recreative drug. Due to its high consume and low biodegradability
AMP has been detected in wastewaters and surface waters and can occur as
enantiomeric mixtures or pure enantiomers. In this context, the evaluation of its
enantioselectivity in eco-toxicity is crucial for a better understanding of AMP
environmental risk on non-target organisms in freshwater ecosystems. Therefore, the
present study aimed to investigate the enantioselectivity of AMP in toxicity on the
aquatic invertebrate daphnia (Daphnia magna), used as a model organism to assess
different biomarkers of toxicity. For that, neonates (less than 24h old) were exposed to
0.1; 1, and 10 pg/L of the racemate (rac-AMP) and to 0.1 and 1 pg/L of pure enantiomers,
(R)-AMP and (S)-AMP, for 8 days. At selected 3, 5, and 8-days of exposure, different
parameters were determined as morphophysiology (on days 3 and 8, as body size and
heart rate, area, and length); swimming behaviour (on day 5, as swimming speed, active
time, and total distance); reproduction (on day 8, number of eggs per daphnia, number
of daphnia with eggs and number of neonates) and biochemical parameters (on day 8,
like oxidative stress, catalase (CAT) and acetylcholinesterase (AChE) enzymatic

activities).

Data showed a significant decrease in body size found for organisms exposed to (S)-AMP
comparatively to (R)-enantiomer and to the racemate. Effects on the development and
functioning of heart were observed with a significant decrease in heart rate for both
racemate and enantiomers though a decrease was observed in the organisms exposed
to the racemate at days 3 and 8, while for the enantiomers a decrease was observed at

day 3 with an enantioselective effect at 0.1 ug/L (lower decrease for (R)-AMP) but on
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day 8 no differences were found. A significant decrease in the heart area was observed

for both enantiomers.

Regarding swimming behaviour, different results were observed between racemate
and enantiomers. (rac)-AMP caused a reduction of the total travelled distance while for
both enantiomers an increase in total travelled distance was noted though no
enantioselective effects were observed. No changes were observed in active time in the
organism exposed to (rac)-AMP while a reduction of the active time was observed for

both enantiomers.

No changes in the number of eggs per daphnia or the number of daphnia with eggs
were observed for the racemate, however, a tendency to increase of the number of
neonates at 0.1 and 1 pg/L was observed while a significant increase was found at 10
ug/L. Regarding enantiomers, a significant difference was found between enantiomers
with a decrease in the organisms exposed to (S)-AMP in contrast to the increase in the
organisms exposed to (R)-AMP at 1 pg/L. Though no significant differences were
observed for the number of daphnia with eggs, a tendency to increase was observed in
the organisms exposed to (R)-AMP. These results show that AMP affects reproductive
performance of daphnia, and these effects are enantiomer dependent. Changes in
biochemical parameters were also observed with a significant decrease in reactive

oxygen species (ROS) and CAT activity for enantiomers.

These results showed that AMP can interfere with different biomarkers of toxicity
and these effects can be enantioselective demonstrating the relevance and providing
evidence for the need for this kind of study for an accurate environmental risk
assessment. Additionally, some of the effects were observed at environmental reported
concentrations (0.1 and 1 pug/L) AMP both racemate and enantiomers can cause adverse
effects on D. magna reinforcing the concern of invertebrate medium- and long-term

exposure to AMP.

Keywords: Environmental risk assessment, chiral drugs, oxidative stress,

enantioselectivity, contaminants.



RESUMO

RESUMO

As substancias psicoativas (SPA) s3o contaminantes emergentes
frequentemente detetados em ecossistemas aquaticos e podem apresentar riscos
ambientais mesmo quando presentes em baixas concentragbes (ng a pug/L). Muitas SPA
sdo substancia quirais comercializadas como racemato. A anfetamina (AMP) é um
estimulante do sistema nervoso central usado no tratamento do transtorno do déficit
de atencao e hiperatividade, narcolepsia e obesidade. A AMP é uma SPA quiral em que
a sua atividade farmacoldgica apresenta enantiosseletividade sendo a (S)-AMP mais
potente e clinicamente mais eficaz do que a (R)-AMP. Por outro lado, a AMP é
frequentemente usada como substancia recreativa. Devido ao seu elevado consumo e
baixa biodegradabilidade a AMP tem sido detetada em d4guas residuais e aguas
superficiais como misturas ou na forma enantiomericamente pura. Nesse contexto, o
estudo de sua enantiosseletividade na eco-toxicidade é fundamental para uma melhor

compreensao do risco ambiental em organismos ndo-alvo em ecossistemas fluviais.

O objetivo do presente estudo foi investigar a toxicidade enantiosseletiva da
AMP para a dafnia (Daphnia magna) usada como organismo modelo visando avaliar
diferentes biomarcadores de toxicidade. Para isso, dafnias (recém-nascidas com < 24 h
de vida) foram expostas a 0,1; 1 e 10 pg/L do racemato (rac-AMP) e a 0,1 e 1 pg/L de
cada enantiémero (R)-AMP e (S)-AMP durante 8 dias. Em dias selecionados 39, 52 e 82
dias de exposicdo, diferentes parametros foram determinados como os
morfofisioldgicos (nos dias 3 e 8, como tamanho corporal e frequéncia cardiaca, area e
comprimento do coracdo); comportamento de natacdo (no dia 5, como velocidade de
natacdo, tempo ativo e distancia percorrida); parametros reprodutivos (no dia 8,
numero de ovos por dafnia, nimero de défnias com ovos e numero de neonatos) e
parametros bioquimicos (no dia 8, como stress oxidativo e atividades enzimaticas da

catalase (CAT) e acetilcolinesterase (AChE).

Foram observadas alteracbes morfofisiolégicas, e para alguns parametros
estudados foram observados efeitos enantiosseletivos ou diferencas entre os
enantidmeros e o racemato. Por exemplo, foi observada uma diminuicdo significativa
no tamanho corporal em organismos expostos a (S)-AMP comparativamente ao (R)-

enantiomero e ao racemato. Foram observados efeitos sobre o desenvolvimento e

v
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funcionamento do coracdo com uma diminuicdo significativa na frequéncia cardiaca
tanto para o racemato quanto para os enantidmeros, embora para o racemato tenha
ocorrido em ambos os dias (3 e 8), enquanto para os enantiémeros foi observada uma
diminuicdo no dia 3 com um efeito enantiosseletivo na concentracdo de 0,1 ug/L

(decréscimo para a (R)-AMP), mas no dia 8 ndo foram encontradas diferencas.

Em relacdo ao comportamento de natacdo, foram observados resultados
diferentes entre racemato e os enantidmeros. A (rac)-AMP causou uma reduc¢do da
distancia total percorrida, enquanto para ambos os enantidmeros observou-se um
aumento na distancia total percorrida, embora ndo se tenham observado efeitos
enantiosseletivos. Nao foram observadas alteragdes no tempo ativo nos organismos
expostos ao (rac)-AMP enquanto uma redugdo do tempo ativo foi observada para

ambos os enantidmeros.

N3o foram observadas alteracdes no numero de ovos por dafnia e no nimero de
dafnias com ovos para o racemato, porém houve uma tendéncia ao aumento do nimero
de neonatos a 0,1 e 1 ug/L enquanto na concentragdo de 10 pg/L verificou-se um
aumento significativo. Em relacdo aos enantiémeros, foram observadas diferencas
significativas entre os enantidmeros com uma diminuigdo significativa nos organismos
expostos a (S)-AMP em contraste com o aumento nos organismos expostos a (R)-AMP a
1 pg/L. Embora ndo tenham sido observadas diferencas significativas para o numero de
dafnias com ovos nos organismos expostos a (R)-AMP foi observada uma tendéncia para
0 aumento. Esses resultados mostram que a AMP afeta o desempenho reprodutivo da
dafnia e que os efeitos sdo dependentes dos enantiémeros. Mudancas nos parametros
bioquimicos também foram observadas com uma diminuicdo significativa nas espécies

reativas de oxigénio (EROs) e atividade da CAT para enantiémeros.

Esses resultados mostram que a AMP pode interferir em diferentes
biomarcadores de toxicidade e que os efeitos podem ser enantiosseletivos,
demonstrando a importancia deste tipo de estudos para uma fazer uma avaliacdo mais
correta do risco ambiental. Além disso, considerando que alguns dos efeitos foram
observados em concentracGes ambientais reportadas (1 e 1 ug/L), a AMP tanto

racemato quanto os seus enantidmeros podem causar efeitos prejudiciais na D. magna,
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reforcando ainda a preocupacdo com os efeitos da exposicdo a AMP a médio e longo

prazo.

Palavras-chave: Avaliacdo de risco ambiental, substancias quirais, stress oxidativo,

enantiosseletividade, contaminantes ambientais.

Vi
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INTRODUCTION

1. Introduction

1.1. Contaminants of emerging concern

Contaminants of emerging concern (CEC) are a general term used to describe a
broad class of chemicals of environmental contaminants, known or suspected to cause
adverse health effects in wildlife and/or humans and are not yet regulated under current

environmental laws (Su et al., 2020; Yadav et al., 2021).

Among CEC, psychoactive substances (PAS) are a serious environmental issue
since they can cause biological responses at low concentrations due to their pseudo-
persistence. PAS includes pharmaceuticals and illicit drugs. These substances are
designed to change nervous system function and have been shown to interfere with
biochemical, physiological, and behavioural processes of exposed non-target species

(Fontes et al., 2020; Pérez-Pereira et al., 2020).

Like other CEC, PAS and their metabolites, are released into aquatic
environments through multiple pathways, including industrial and urban wastewater
treatment plant (WWTP) effluents, hospital WWTP discharges, urban direct discharges,
improper manufacturers disposal, illicit production, and veterinary use (Ribeiro et al.,
2016; Ribeiro et al., 2017; Fernandez-Rubio et al., 2019; Ribeiro et al., 2020). Figure 1

shows the different sources of pharmaceuticals and illicit drugs that reach water

ecosystems.

Surface water A
(river, sea, estuary)
“ °
2)ilje - 0 » Non-target
- == Oy
Hospital and chemical * o organisms
WWTPs Sewage

manufacturers.

ﬁ
Urban m Veterinary
]
Pharmaceuticals » ﬁ Dog
and illicit drugs 0 3 'ﬁ)@
(¥
]

Wicit production

Figure 2 - Sources of pharmaceuticals and illicit drugs in water resources.
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The increasing consumption of PAS and the limited efficiency of classical sewage
treatment processes contribute to their extensive spread in the aquatic environment. In
fact, PAS has been reported in sewage, river, seawaters, drinking water and even biota
at concentrations ranging from ng/L to pg/L (Ribeiro et al., 2016; Ribeiro et al., 2017;
Fontes et al., 2020). Additionally, the “pool of substances” that can affect non-target
species, even in low doses of exposure, can be even higher due to transformation
products resulting from environment structural changes in both parent compounds and
metabolites by a variety of biotic and abiotic transformations (Subedi and Kannan, 2015;

Ribeiro et al., 2020).

Several studies have shown that PAS induce acute and chronic toxicity in aquatic
organisms at trace levels (Xie et al., 2015; Guo et al., 2016; Yang et al., 2018; Wang et
al., 2020a). For instance, exposure to methamphetamine (MAMP) has been shown to
cause changes in the bacterial community in sediments, alter the neurotransmitter
system of the earthworm and cause physiological changes in the larvae of medaka fish,
Oryzias latipes (Liao et al., 2015; Wang et al., 2019; Wang et al., 2020b). Exposure to
cocaine at environmental levels (50 ng/L and 500 ng/L) induced the production of
reactive oxygen species (ROS) and modulated antioxidant defence system in daphnids
under laboratory studies (De Felice et al., 2019). Exposure to the cocaine metabolite
benzoylecgnonine at concentrations similar to those found in aquatic ecosystems
inhibited acetylcholinesterase activity causing changes in swimming behaviour and

reproduction in Daphnia magna (Parolini et al., 2018b).

Even though, there is still a lack of information about the real effects of PAS.
Knowledge about the impact of these pollutants on aquatic organisms is of high
importance for risk assessment and further establishment of measures for

environmental protection.

1.2. Chiral psychoactive drugs

Most PAS are chiral, and their enantiomers may behave differently in biological
systems. Despite the current understanding concerning the distinct behaviour of the

enantiomers in biological systems, environmental toxicological impacts of single
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enantiomers on non-target organisms are still largely unknown and have frequently
been neglected in most studies. Accurate risk assessment of chiral PAS in the

environment therefore must consider the enantioselectivity in fate and ecotoxicity.

The enantioselectivity in non-target toxicity has been observed. For instance, in
standardized growth inhibition and acute immobilization tests, enantiotoxicity and
different susceptibility of the organisms protozoan Tetrahymena thermophila and the
microcrustacea D. magna exposed to ketamine (K) and its metabolite norketamine (NK)
were observed. (S)-K enantiomer presented higher toxicity than the (R)-K. No toxicity of
NK enantiomers was found for D. magna while the protozoan growth inhibition was
observed after exposure to both enantiomers. In sublethal and behavioral endpoints
studies, (S)-fluoxetine (FLX) was found to be more toxic than (R)-FLX to fathead minnow,

Pimephales promelas (Stanley et al., 2007).

The enantioselectivity in toxicity of dopa, FLX and atenolol was also reported in
three organisms: Pseudokirchneriella subcapitata, D. magna and T. thermophila. The (S)-
enantiomer was the most toxic and T. thermophila was the most sensitive species to the

enantiomers of FLX and atenolol (De Andres et al., 2009).

1.2.1 Amphetamine

Amphetamine (AMP) was first synthesized from ephedrine which possesses a
phenylethylamine structure. AMP use peaked during World War Il, when it was
administered to German and American soldiers to eliminate fatigue, enhance morale,

build endurance, and maintain alertness (ROBINS et al., 1974).

Nevertheless, due to its psychoactive activity, AMP is mostly recognized as a
recreational drug (EMCDDA, 2020, 2021). It remains one of the most frequently abused
drugs however, it is also used in clinical context for the treatment of Parkinson disease,
attention deficit hyperactivity disorder (ADHD) and obesity (Coutts and Baker, 1989; de
la Torre et al., 2004).
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According to the European Monitoring Centre for Drugs and Drug Addiction
(EMCDDA), cannabis is the most used illicit drug followed by amphetamines in the in
northern and eastern Europe, as opposed to cocaine in western and southern Europe

(EMCDDA, 2020, 2021).

AMP has one stereogenic center (Figure 2) and the enantiomers present
different pharmacodynamic response. The (S) enantiomer ((+)-AMP, dexamphetamine)
shows stimulant and anorexia properties. Due to these properties, it is used as a
psychomotor stimulant, in hyperkinetic syndrome and narcolepsy (Coutts and Baker,
1989) and the (R) enantiomer ( (-)-AMP, levoamphetamine) with similar properties but
lower potency. The majority of prescribed AMP consists of the pure (S)-enantiomer, but
therapeutic formulations containing the (R)-enantiomer in various proportions are also

available (Faraone, 2018). lllegal amphetamine remains available mainly as a racemate.

In Portugal, AMP was added in 2019-02-06 to the list of drugs in Decree-Law no.
15/93,"Law to Combat Drugs". Medications that contained the two enantiomers of AMP
and AMP like substances were banned from circulation in “Deliberation n? 431/2001”
due to their danger of addiction, and therefore, formulations with only the (S)-

enantiomer are available such as Elvanse®
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Figure 3 - Chemical structure of amphetamine enantiomers (S and R).

AMP is a neuromodulator of the central nervous system. It stimulates the release of
catecholamines such as adrenaline, norepinephrine, and dopamine from the
presynaptic neurons, blocks their reuptake, and inhibits degradations by the

monoamine oxidase enzymes (MAO) (Coutts and Baker, 1989; Attafi et al., 2021).



INTRODUCTION

In general, catecholamines have a short half-life, and AMP half-life is also considerably
low compared to other psychoactive substances (=6-12 hours). After consumption AMP
is mainly metabolized in the hepatic system. Despite this being quite extensive there is
a large percentage of AMP that is not metabolized, being eliminated in the urine (de la
Torre et al., 2004). Studies further demonstrate enantioselective metabolism of AMP,
with preferential elimination of the (S)-enantiomer (Gunne and Galland, 1967; Caras and
Sharpe, 2019). The biodegradation in WWTP can also be enantioselective due to
microbiological processes during the treatment of effluents, which leads to changes in
their enantiomeric fraction (EF). Nevertheless, AMP has been found in effluents and
aquatic systems in different EF but also as a racemate (Goncalves et al., 2019; Langa et
al., 2021a; Langa et al., 2021b). Concentrations ranging from 7 to 14 ng/L in surface
waters and up to 700 ng/L in effluent samples have been reported (Coelho et al., 2019).
Though some studies have been describing the adverse effects on non-target organisms
of illicit drugs, studies regarding the potential toxicity effects of AMP are scarce and

enantioselective studies are not reported.

1.3. Toxicity assays

Standardized protocols developed by international organizations, such as the -
Organization for Economic Cooperation and Development (OECD) or International
Organization of Standardization (ISO) are used for the assessment of the potential
effects of contaminants (OECD, 2004; ISO, 2012a, b; OCDE, 2012). These protocols use

keystone species and describe the procedure and endpoints that should be evaluated.

European Union directive n. 2 2010/63/EU recommend avoiding unnecessary
tests on vertebrates and cephalopods, and following the 3R principle (refinement,
replacement and reduction). The concern about animal used in research increased the
pressure to use in silico, in vitro test but also to use, when possible, organisms like
microcrustacean as D. magna as a keystone invertebrate organism of freshwater
systems. D. magna is a recommended test species for the OECD and ISO in their chemical

testing guidelines (Figure 3).
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In silico in vitro invivo

Figure 4 - Schematic representation the different methods that can be used to estimate or
evaluate ecotoxicological effects: in silico studies using computational techniques; in vitro
using cell or embryo cultures, and in vivo techniques using diverse living organisms such as
microcrustaceans, fish, earthworms, and rodents adapted from Ribeiro et al., 2021.

Nevertheless, some limitations have been pointed as these ecotoxicity tests are
mainly focused on standard endpoints (e.g., reproduction, immobility or mortality)
however ecological risk assessment requires other endpoints namely at sublethal or

environmental levels.

Therefore, standardized protocols have been adjusted to include
morphophysiological, biochemical, genetical and swimming behavioural endpoints that

can be important biomarkers of toxicity.

1.3.1 Aquatic animal model, Daphnia magna

D. magna is one of the most used model organisms in aquatic ecotoxicological
studies (OECD, 2004; OCDE, 2012). Daphnia sp also known as “water flea” is an
invertebrate planktonic microcrustacean commonly found in freshwater ecosystems
(Mergeay et al., 2006; Loureiro et al., 2011; Serra et al., 2019). They are filter-feeding
organisms (e.g., bacteria, algae, cyanobacteria, protozoans and other small particles
suspended in the water) playing a key role as a primary consumer in the aquatic food

chain and as a key food source contributing to secondary consumers and for
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maintenance of freshwater systems (Tkaczyk et al., 2021). Therefore, Daphnia is an
ecologically relevant organism and there is extensive literature regarding its
characteristics, life cycle, ecological role, ecotoxicity and genomic (Shaw et al., 2008;
Loureiro et al., 2011; Harris et al., 2012; Bownik, 2017; Castro et al., 2018; Ribeiro et al.,
2021).

D. magna presents several advantages as a model organism: it is relatively easy
to maintain in laboratory; has a short life cycle; easy handling and low cost of
maintenance. Easy reproduction and high fecundity are important to obtain many
organisms in a short period. Another practical advantage is the possibility to analyse
numerous parameters (immobility, behaviour, reproduction, heartbeat) with non-
invasive methods such as microscope or loupe (including image and video processing

systems), because of its semi-transparent body (Tkaczyk et al., 2021).

Standard acute assays are based on the observation of mortality or
immobilization and standard chronic assays are mainly based on reproductive endpoints
(Nunes et al.,, 2014; Nevesa et al., 2015). Nevertheless, some studies include other
endpoints as the assessment of behaviour, morphophysiology, biochemical parameters
and even transgenerational effects are important biomarkers to assess environmental
stress at sublethal and environmental concentrations (Masteling et al., 2016; Castro et
al., 2018; Parolini et al., 2018a; Bownik, 2020). Figure 4 shows morphological and

anatomic characteristics of D. magna.
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Figure 5 — Vectorial draw done in powerpoint showing the morphology and anatomy of D.
magna (1); Photography of an adult female D. magna with eggs (yellow arrow) (2)
(magnification 5.0x; scale 1000 um).

1.3.2. Life Cycle and Reproductive Endpoints

Daphnia reproduce either sexually and asexually depending on the
environmental conditions such as photoperiod, temperature, overpopulation among

others (Figure 5) (Antunes et al., 2017; Ribeiro et al., 2021).

When the conditions are non-favourable, reproduction occurs by fertilization of
haploid oocytes in which males contribute to the genetic variability of the neonates.
Sexually produced eggs are typically in pairs and modified to a resistant structure called
the ephippium, which allows the eggs to survive in unfavourable environmental

conditions (Figure 5).

Under favourable conditions, the reproduction occurs by parthenogenesis which
eggs complete embryogenesis in the brood pouch and latter are released as miniature
versions of the adult, with no genetic contribution from males and genetically identical

to the progenitor (Ebert, 2005; Antunes et al., 2017; Ribeiro et al., 2021). This type of
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reproduction under optimal conditions is the most important to ecotoxicological studies

because there is no genetic variability (Figure 5).
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Figure 5 — Scheme representing D. magna life cycle, showing sexual and asexual
reproduction.

Daphnia prefers temperature of 20 £ 29C, can attain a length of 5-6 mm when
mature and the expected lifetime is of about 40 to 56 days depending on water

temperature.

Life cycle is divided into 4 stages, (1) egg; (2) neonate; (3) juvenile; and (4) adult.
The neonates attain maturation within 6-14 days, and the time needed to change from
the first stage to the second is usually 2-3 days and occurs when the progenitor is

detaching the external carapace.

The number of neonates depends on different factors such as food availability
and environmental conditions, mainly temperature. Neonates from the first two broods
are less resistant than the subsequent broods. The highest number of D. magna

neonates born occurs during the fifth adult larval stage (Jonczyk and Gilron, 2005).
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1.3.3. Morphophysiological endpoints

Several morphophysiological endpoints such as body size, heart activity, thoracic
limb movements, post-abdominal claw activity have also been used in many studies as
sensitive and reliable indicators of toxicity since they may be observed earlier than
mortality or immobilization (Bownik, 2020; Szabelak and Bownik, 2021). Further,
changes in physiological parameters can be linked to cellular and molecular responses
(Rivetti et al., 2016; Magni et al., 2017; Yang et al., 2018). Different methodologies may
be used for the determination of morphophysiological endpoints however, due to
daphnid transparent body and small size, even subtle alterations of organs morphology
and physiology may be measured by microscopic observation supported by digital video

analysis (Bownik and Stepniewska, 2015; Bownik, 2020; Szabelak and Bownik, 2021).

1.3.4. Swimming behavioural endpoints

Daphnid behavioural endpoint is also a sensitive biomarker to predict the effects
of various toxicants at environmental concentrations (Szabelak and Bownik, 2021).
Some studies have shown that swimming behaviour may be altered by exposure to
contaminants such as PAS and analysis of the various swimming parameters (e.g.,
swimming speed, active time or distance travel) is an important tool for toxicity
assessment. Also, different methodologies have been used for digital video analysis, and
advantages and limitations of swimming behaviour methodologies as a tool have been

discussed (Bownik, 2017).

1.3.5. Biochemical endpoints

Reactive oxygen species

ROS is a frequently use term for defining oxygen-containing reactive species such
as superoxide radicals, hydrogen peroxide, hydroxyl radicals and oxygen atoms that

occur when the reduction of oxygen is incomplete (Li et al., 2016; Yang et al., 2019).
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ROS play a key role in the immunological defence, the most know is the
production of reactive species from phagocytic cells in killing pathogenic
microorganisms and performing an essential role in regulating various physiological

functions of living organisms. (Li et al., 2016; Yang et al., 2019).

In moderate concentration, ROS species can be second messengers for
physiological regulation, although excessive ROS can cause oxidative damage to the cells
or even induce necrosis or apoptosis. Cellular integrity is guaranteed by maintaining the
balance between ROS generation and elimination by the antioxidant defence system

(Yang et al., 2019; Yang and Lian, 2020).

ROS can be generated at different locations, being the major producer the

mitochondria (Yang and Lian, 2020).

ROS are present in the organisms not only by the endogenous production but
also can be induced by exogenous sources, such as radiation, air pollutants, and
xenobiotics that undertake constant reduction and oxidation cycles. So the levels of the
ROS in the organism not only depend in the production by the organism but also the
cellular antioxidant defences levels because of the exogenous induction of ROS

production (Li et al., 2016).

Catalase

Organisms developed a variety of mechanisms for protection against ROS.
Catalase (CAT) are enzymes that play an important role in protecting cells against the
toxic effects of ROS such as hydrogen peroxide (Goyal and Basak, 2010; Mhamdi et al.,
2010).

The CAT prevent cell oxidative damage by degrading hydrogen peroxide to water

and oxygen (Alfonso-Prieto et al., 2009).

11
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Lipoperoxidation - Tiobarbituric acid reactive substances

The formation of ROS can lead to the development of lipid peroxidation of cell
membranes. Thiobarbituric acid reactive substances (TBARS) are widely used to

measure lipid peroxidation (Wenjiao et al., 2014; Ghani et al., 2017; Tsikas, 2017).

TBARS assays are deemed as a good indicator, of the overall levels of oxidative
stress because the lipid peroxidation is downward of oxidative stress that is harmful to
health (Tsai and Huang, 2015). Oxidative stress is the disorder in the balance between

the ROS species and the antioxidant defences (Betteridge, 2000).

Lipid peroxidation is a process in which free radicals, ROS, attack carbon-carbon

double bonds in lipids (Aguilar Diaz De Leon and Borges, 2020).

Acetyicholinesterase

Acetylcholinesterase (AChE) is an enzyme from the nervous system that belongs
to the family of cholinesterases. This enzyme terminates the action of the
neurotransmitter acetylcholine by hydrolysing it into acetic acid and choline (Silman and

Sussman, 2008; Lionetto et al., 2013).

AChE is most often found in the neuromuscular junctions and cholinergic
synapses in the central nervous system where the enzyme ceases the synaptic
transmission being essential to normal functioning. But AChE is also found in the red

blood cells (Lionetto et al., 2013).

In the last few years, AChE has been used as a biomarker of effect of

contaminants in the nervous system (Lionetto et al., 2013).
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2. Aims

This study aimed to investigate the enantioselectivity in ecotoxicity effects of

AMP using an ecological relevant aquatic organism, D. magna.

For that, a sub-chronic toxicity assay at different concentrations (environmental
reported levels and higher) was performed using neonates. Organisms were exposed to
0.1; 1 and 10 pg/L of the racemate (rac-AMP) and to 0.1 and 1 pg/L of isolated
enantiomers for 8 days [(R)-AMP and (S)-AMP].

At selected 3, 5 and 8-days of exposure morphophysiological (body size, heart
rate, area and length), swimming behaviour (swimming speed, active time and travel
distance), biochemical and first reproductive events parameters were determined

(Figure 6).
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Figure 6 - Aims and parameters considered for toxicity evaluation.
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3. Materials and Methods

3.1. Chemicals and materials

AMP racemate (rac-AMP) and isolated enantiomers standards [(R)-AMP and (S)-
AMP] (purity > 98%) were purchased from Lipomed (Arlesheim, Switzerland). Ultra-pure
water was obtained from an Ultrapure Water System (SG Ultra Clear UV plus). Individual
stock solutions of standards were prepared in ultra-pure water at concentration of 1 mg
mL?! and stored at -20 2C in amber vials. Working solutions were prepared by dilution of

stock solutions in ultra-pure water.

For the ecotoxicity assays, the kit DAPHTOXKIT F MAGNA and small beads of the
microalgae Raphidocelis subcapitata were acquired from MicroBioTests Inc., (Gent,

Belgium).

For the preparation of the daphnia culture medium the following substances were used:
NaHCOs3 (2 99,7 %) acquired from Sigma-Aldrich (Missouri, USA), CaS04.2H,0 (>99%) and
MgS04.7H,0 (>99%) were obtained from Merck (Darmstadt, Germany). KCl (>99%) was
acquired from Panreac (Barcelona, Spain). Ascophyllum nodosum was purchased from
Alltech (Kentuchy, USA), biotin (H, > 99 %) acquired from Panreac AppliChem ITW
Reagents (Darmstadt, Germany), cyanocobalamin (B12, > 98,9%) acquired from Fragon
Iberian (Terassa, Spain) while thiamine. HCI (B1) was purchased from Couto pharmacy
manipulation laboratory (Oporto, Portugal) and yeast was purchased from Pura Vida,

Pingo Doce (Lisbon, Portugal).

For the preparation of the algae culture medium the following substances were used:
NaNOs (> 99%), NaHCO3 (2 99,7 %), NazM004.2H0 (> 98%) and NaEDTA.2H,0 (> 98.5%)
were acquired from Sigma-Aldrich (Missouri, USA), MgCl,.6H,0 (> 98%), ZnCl, (> 97%)
and K2HPO4 (> 99%) were acquired from Panreac AppliChem ITW Reagents (Darmstadt,
Germany), CaCl,.2H;0 (= 99%) acquired from Riedel-de-Haén (North Caroline, USA),
MgS04.7H20 (> 99%) and H3BOs (= 99.8%) were both acquired from Merk (Darmstadt,
Germany), MnCl;.4H,0 (= 98%) and CoCl,.6H,0 (> 99%) were both acquired from PA
Panreac (Barcelona, Spain) and FeCls.6H;0 (= 97%) was purchased from PRS Panreac

(Barcelona, Spain).

14



MATERIAL AND METHODS

For the biochemical assays the following substances were used: Bovine serum albumin
(BSA, = 96%), Coomassie Plus (The Better Bradford AssayTM Reagent), 5,5'-dithiobis-2-
nitrobenzoic acid (DNB, > 98%), acetylthiocholine iodide (ATCI, > 99%), 2,7-
dichlorofluorescin diacetate (H.DCFDA, > 97%), 2,7-dichlorofluorescein (DCF, 90%),
dimethyl sulfoxide (DMSO, > 99.9%), NaH,POa (= 99%), butylated hydroxytoluene (BHT,
> 99%), thiobarbituric acid (TBA, > 98%), sodium dodecyl sulphate (SDS, = 98.5%) and
malondialdehyde (MDA, > 96%) were acquired from Sigma-Aldrich (Missouri, USA).

Sterile syringe PTFE filters with 0.22 um pore size were purchased from
Teknokroma (Barcelona, Spain) and sterile cellulose filters with 0.45 um pore size were

purchased CruzlLab (Vila do Conde, Portugal).

3.2. Equipments

Organisms, both daphnia and microalgae were incubated in an Infors HT Ecotron
incubator (Fisher Scientific, Portugal) for hatching daphnia ephippia and beginning the
optimization cultures conditions. Absorbance was measured using an UV/Vis
spectrometer (ATl Unicam, Leeds, England). An autoclave from PBI (South Carolina, USA)
and a laminar flow chamber SC4 from Allentown (New Jersey, USA) were used for the
preparation and manipulation of solutions and mediums. The Multiparameter HI98194
and the multiparameter analyser HANNA Consort C863 (Turnhout, Belgium) instruments
were used to measure the physical-chemical parameters [pH, conductivity, percentage
of dissolved oxygen (%0D), temperature]. A Heraeus Biofuge Primo R (Heraeus,
Germany) and a Heraeus Biofuge 1.0R (Heraeus, Germany) centrifuges were used for
centrifugation of algae suspensions. An Inverse Microscope of ZEISS (Jena, Germany)
with a Neubauer chamber were used for microalgae cell counting. The microplate
reader, BioTek Synergy 2 (Vermont, USA) and an ultrasonic of VWR USC-TH
(Pennsylvania, USA) were used for biochemical analysis and preparation of the daphnia
homogenates, respectively. A microscope Axiostar plus ZEISS (Jena, Germany) coupled
to a digital camera (Canon PowerShot G9) was used for photo and videorecording of the
morphophysiological parameters and a Canon Legria HF R506 was used for

videorecording for the swimming behaviour parameters.
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3.3. Optimization and culture of Daphnia magna

3.3.1. Ephippia hatching and culture mediums

Organisms were obtained from the MicroBioTests DaphtoxKit F magna Kit which
uses the dormant eggs (ephippia) of the microcrustacean D. magna clone that can be
stored for long periods, in darkness at 52C (+ 22 C), without losing their viability. The
content of one tube was poured into the micro sieve and then carefully washed to
eliminate all storage medium. After washing, the ephippia were transferred into the
hatching petri dish, containing 15 mL of standard freshwater culture medium prepared
by dissolving, in distilled water, solutions of concentrated salts [NaHCOs at 67.75 mg/L,
CaCl,.2H,0 at 294 mg/L; MgS04.7 H,0 at 123.25 mg/L and KCl at 5.75 mg/L]. The
medium was aerated for about 20 minutes with the aid of an aeration pump and a
magnetic stirrer, before use. The petri dish with the ephippia was covered and incubated
for 72 h at a temperature between 20 and 222C and with constant lighting of 6000 lux
an Infors HT Ecotron incubator. The neonates were fed with a suspension of spirulina

microalgae 2 h and then distributed for two different culture mediums:

A) Moderately hard reconstituted water (MHRW). This medium was prepared as
followed: 123 mg of MgS04.7H,0, 96 mg of NaHCO3, 60 mg of CaS04.2H,0 and 4 mg of
KCl'in 1 L of distilled H,O.

B) Hard reconstituted water (ASTM). This medium was prepared in accordance with ISO
10706. For that, 10 mL of each of the following stock solutions was added into 1 L of
distilled H,0: MgS04.7H,0 (245.7 mg/mL), NaHCOs3 (192 mg/mL), CaSO4.2H,0 (24

mg/mL) and KCI 8 mg/mL). Stock solutions were stored in amber flasks at 42C.
Each culture medium was supplemented with the following substances:
3.3.2. Mixture of vitamins
A mixture of vitamins consisting of B1 at 1.5 mg/mL, B12 at 0.02 mg/L and H at

0.015 mg/L were prepared in ultra-pure H,0, filtered through a 0.22 um PTFE filterin a

laminar air flow chamber to 1 mL Eppendorf’s and storage at -20°C.
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3.3.3. Yeast Solution

Yeast solution was prepared by dissolving 10 mg of yeast in 100 mL of ultrapure
H,O, filtered through a 0.45 um cellulose filter and stored in an amber vial at 42C for 15

days.

3.3.4. Ascophyllum nodosum extract

Ascophyllum nodosum extract was prepared by measuring 900 uL of the algal
extract to 100 mL of ultra-pure H,0. The OD was measured at 1 of 400 nm and should
be between ~ 0.6. The final solution was filtered through a 0.45 um cellulose filter and

stored in an amber bottle at 4°C.

3.3.5. Culture and maintenance of Raphidocelis subcapitata

Small beads of R. subcapitata were used to start the microalgae culture. For that,
beads were clean with different chemical compounds from the kit and transferred to a
culture medium prepared based on OECD guideline n? 201 (OECD, 2011) and ISO
Standard 8692 (ISO, 2012), consisting of macronutrients and micronutrients to support

microalgae growth according to the following:

A) Macronutrients stock solutions were prepared individually consisting in 2.55 g of
NaNOs; 1.22 g of MgCl,.6H.0; 0.441 g of CaCl,.2H,0; 1.47 g of MgS0a4.7H,0;
0.1044 g of K;HPO4 and 1.500 g of NaHCO3 solubilized in 100 mL of distilled H,0

and stored in amber glass bottles at 4°C.

B) Micronutrient stock solution containing 46.38 mg of H3BOs; 103.85 mg of
MnCl,.4H,0; 0.818 mg of ZnCly; 39.94 mg of FeCls.6H,0; 0.357 mg of CoCl,.6H,0;
1.815 mg of Na;Mo004.2H;0; 75.0 mg of Na,EDTA.2H,0 solubilized in 250 mL of

distilled H.0 and stored in an amber glass bottle at 4°C.
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For the preparation of the microalgae medium, 1 mL of each macronutrient stock
solution was added to 1 L of distilled H>O and autoclaved. Afterward, 1mL of
micronutrient solution was added and pH adjusted to 7.5 + 0.1. At the beginning of the
microalgae culture, the medium was inoculated with the beads of Raphidocelis
subcapitata. In the subsequent cultures, a fraction of the culture is collected into an

autoclaved Erlenmeyer in a laminar air flow chamber and used to start a new culture .

Figure 7 — Microalgae culture: Erlenmeyer containing the microalgae culture (1 - air pump
system;2 - magnetic agitation;3 - filtered air supply with a 0.22 um filter;4 - tube for air flow
out).

Microalgae culture is carried out for 8 days in the bioterium at a constant
temperature of 21°C with a lighting of 10,000 lux and a photoperiod of 16 h light: 8 h
dark. During this time, the culture medium is in continuous agitation and connected to

an aeration system (Figure 7).

After 8 days of growth, the culture of the microalgae is transferred to 50 mL

falcons previously autoclaved and centrifuged at 3000 rpm for 10 minutes. After
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centrifugation, the supernatant is discarded, and the pellet is resuspended in 2 mL of
MHRW. The suspension is centrifuged again at 3000 rpm for 10 minutes, the
supernatant discarded, and the pellet resuspended in 2mL of MHRW. Subsequently
grouping all in a falcon and storing at 4°C. The OD of the microalgae culture is measure
at A of 440 nm and should be between 0.6 and 0.8. The number of cells is also counted
using a Neubauer chamber in an Inverse Microscope and is usually above 1.8x10’

cells/mL.

3.4. Maintenance and feeding of Daphnia magna

A preliminary study to select the best conditions for culture and maintenance of
daphnia were performed. For that, 20 daphniids were maintained in both ASTM and
MHRW mediums and mortality and fecundity were recorded for selection of the
medium. MHRW was selected as the best medium for culture and maintenance of

organisms.

Therefore, organisms were cultured in an acclimatized room in the bioterium at
20-219C with a 16h ligth:8 dark h period. Mediums were prepared every week, and

changed three times a week according to the following procedure.

The culture medium was aerated using a pump and a magnetic stirrer for 30-40
minutes. The medium is then supplemented with 50 uL of stock vitamin mix solution, 9
mL of the algae extract stock solution and 500 pL yeast extract per L. Afterwards, the
culture medium was aerated for 30 - 40 minutes and physical-chemical parameters pH,

conductivity, temperature, and dissolved oxygen measured.

Organisms were fed when every culture medium was change with the microalgae

at 3.0x10° cells/mL for the neonates while for adults at 6.0x10° cells/mL.
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3.5. Ecotoxicity assay

For the ecotoxicity assays, groups of 25 daphnids were isolated in 800 mL of
medium and maintained as previously referred (3.4.). The daphnids, less than 24 h old
originated from 3@ — 5™ brood females from stock cultures were used for the

experiments (Figure 8).

Figure 8 - Isolated daphnids culture for the ecotoxicity assays.

3.5.1. Experimental design and standards preparation

A sub-chronic experimental ecotoxicity assay was designed to include different
endpoints as morphophysiological parameters (body size, heart rate, heart area and
length), swimming behaviour parameters (swimming speed, total distance and active
time), biochemical parameters (ROS, CAT, TBARS and AChE) and first reproductive
events parameters (number of eggs per daphnia, number of daphnia with eggs and
number of neonates) (Figure 9 and 10). Concentrations of racemate and isolated
enantiomers were selected to include environmental reported levels and higher
concentrations. Therefore, three concentration levels were selected for the racemate,
0.1, 1 and 10 pg/L and two concentrations levels for the enantiomers 0.1 and 1 pg/L
(Figure 9). Each experimental unit consisted of a batch of 20 daphnia and five replicates
per test concentration and control. Sub-chronic exposures were from day O (starting
with < 24h old neonates) until day 8 (with medium changes and feeding at every 48 h

intervals) to follow ontogenetic period, initial life stages and first reproductive events.
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During exposure, organisms were checked for mortality. On day 3 and 8, three random
daphnids per replicate were collected and used for the determination of
morphophysiological parameters. On day 5, swimming behavioural were video recorded
using three random daphnids per replicate, and total distance, swimming speed and
active time determined. On day 8, three random daphnids were photographed for
determination of the number of eggs per daphnia and the number of neonates and of
daphnia with eggs were determined. After that, organisms of each replicate were
collected into an Eppendorf, the culture medium removed and substitute by buffer
(0.800 g NaCl, 0.020 g KCI, 0.144 g Na2HPO4 and 0.024 g KH2PO4 in 100 mL of H,0up) and

stored at -202C until biochemical analysis (Figure 9).

Control rac-AMP (0.1 pgr) rac-AMP (1 pgn) rac-AMP (10 pgL)
Control (5)-AMP (0.1 pgiLy (S)-AMP 1 ug1) (R)-AMP (0.1 pg1) (R)-AMP (1 ug1)
Start of 3'd day of exposure 5" day of exposure 8th day of exposure
the assay
= Bodysize * Bodysize
* Heart length and @ * Heartlength and
area R area

& . . ‘:
* Heartrate o SUITIG * Heartrate )
S =

= Mortality Behaviour . Mortality =
*  Reproduction

Collection of the organisms for biochemical analysis

Figure 9 - Schematic representation of the experimental design.
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MATERIAL AND METHODS

Figure 10 - Toxicity assay of the enantiomers with the respective replicates.

3.5.2. Morphophysiological parameters

Three random daphnids from each replicate per experiment were collected on
days 3 and 8 for morphophysiological parameters determination. A single daphnid was
transferred to a microscope slide with a drop of the corresponding medium. The
microscope slide was placed in a microscope coupled to the digital camera (Canon
PowerShot G9, Figure 11) and the organism was photographed and video recorded for
a minimum of 1 minute. After that, the daphnids were returned to the corresponding

replicate and images and videos were processed using specific software (Figure 12).
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MATERIAL AND METHODS

Figure 11 - Optical microscope coupled to a digital camera for photograph and video
recording.

A. Body Size

The photos were taken with the 2.0x zoom of the camera and the 5x objective
lens of the microscope. The photos were analysed using the specific software (Figure

12).

Measure..  Area Perim.. length Angle Radius U

Length 1928,

Tool Meassre 0 Mear SO Min
Length  Length 11928 1928 1

1 object selected Length: 1928851 px Angle:4231°  Angle: 4769° M

Figure 12 - Body size measurement of D. magna, using the specific software.
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MATERIAL AND METHODS

B. Heart area and length, and heart rate

Heart area and length were determined using specific software. For heart rate,
videos were cut to 1 minute long and edited to reduce the speed to 0.25x of the original
video using Da Vinci free software program to improve the accuracy in the counting.

Heart rate (beats per minute) were counted using a manual cell counter.

3.5.3. Swimming Behaviour parameters

Swimming behaviour parameters were determined by recording organisms in 6-
well plates. For that, each well was filled with 5 mL of melted 1 % agarose. Once
solidified, a circular portion was stamped out using a plastic ring of ~¥27 mm diameter
creating a circular swimming area that improved the optics at the edge of each well
preventing shadows and blind spots. Wells were filled with 5 mL of the respective
exposure medium. Three organisms of each replicate were individually transferred to
each of the 6-well plates and acclimatize for 5-10 minutes. The plates were placed on
the top of a computer screen with a white background and swimming behaviour of
organisms of exposed and controls were recorded for a 2 min with a digital camera
Canon Legria HF R506 (with a 30 frames/s) mounted on a perpendicular position (Figure
13). After that, the daphnids were returned to the corresponding replicate. The videos

were processed using DaVinci and Real Trackfish free software.
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MATERIAL AND METHODS

Figure 13 - Set up of equipment for swimming behaviour and Real Trackfish software program.

3.5.4. Reproduction parameters

On day 8, the number of eggs per daphnia, of daphnids with eggs and of neonates
in each replicate was recorded. For determination of the number of eggs per daphnia,
photographs used for determination of heart area and length were also used for

counting the number of eggs per daphnia.

3.5.5. Biochemical parameters

The remaining daphnids were collected in a 2 mL Eppendorf, the medium
removed and 250 pl of the buffer (0.800 g NaCl, 0.020 g KCI, 0.144 g Na;HPO4 and 0.024

g KH2PO4 in 100 mL of H,0up) were added. Samples were stored at -802C until analysis.

Daphnid tissue was homogenized via ultrasonication, and then centrifuged at 13
000 g for 20 min at 02C. The supernatant of the homogenate was immediately collected

to analyze enzymatic activity, ROS, and lipid peroxide content (TBARS).
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MATERIAL AND METHODS

A) Protein quantification

The protein concentration was measured following the Coomassie blue method.
In this colorimetric assay, Bradford's reagent was used. For this assay 10 pL of sample,
150 pL of H20 up and 40 plL Bradford reagent. The assay was performed in duplicate,

and absorbance read at 595 nm using a microplate reader.

B) Acetylcholinesterase activity

The determination of AChE activity was calculated through the formation of 5-
thio-2-nitrobenzoic acid (TNB), based on an improved Ellman method, in which
thiocholine produced by the action of AChE forms a yellow colour with DTNB, generating

TNB.

To determine the AChE activity, 5,5'-dithiobis (2-nitrobenzoic acid) (DTNB) and

acetylthiocholine iodide (ATCI) were used.

A duplicate was performed for each sample containing 20 pL of sample, 120 pL
of 0.5 mM DNTB and 60 pL 20 mM ATCI and transferred into 96 well microplate.

Absorbance was read at 412 nm with a microplate reader for 3 min at 25 °C.

C) Reactive oxygen species

For the determination of ROS, a fluorescent probe was used the 2,7-
dichlorofluorescin diacetate (H2DCFDA), it can freely cross the membrane, it is a
fluorogenic dye cell permeant reagent that measures hydroxyl, peroxyl and others ROS

activities in the cell.

After it enters the cell, it is hydrolysed by intracellular esterase to form DCFH
(dichlorofluorescin), a non-fluorescent compound. But in the presence of ROS, DCFH is

oxidized to DCF, which is a green, fluorescent substance.

Duplicates of each sample were performed, containing 10 pL of sample and 110

uL of PBS and then 8.3 ul of H2DCFDA was added.

D) To read the fluorescence samples were transferred to a 96-well plate, and
the fluorescence of the DCF read using a A excitation of 485 nm and an emission

of 528 nm using a microplate reader at 25 °CTBARS
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MATERIAL AND METHODS

The malondialdehyde (MDA) level was determined via the TBARS colorimetric
method by measuring the absorbance of MDA and thiobarbituric acid—reactive
products. Each sample was performed in duplicate containing 10 pL of sample, 70 uL of
H20 up. 50 pL of 50 mM phosphate buffer, 10 uL of 1 mM butylated hydroxytoluene
(BHT), 75 uL of a stock solution containing 1.3% thiobarbituric acid (TBA) and 0.3%
sodium hydroxide (NaOH). After, this mixture was incubated for 40 minutes at 60 2C,
then cooled for 15 minutes on ice and then, 10 pl of 20% Sodium Dodecyl Sulfate (SDS)

was added.

To read absorbance, 200 uL of each sample was transferred to a 96-well

microplate and read at 530 nm in a microplate reader.

E) Catalase activity

The enzymatic activity of CAT was determined using oxygen peroxide (H,0) and
metatartaric acid (AMT). CAT causes the degradation of H,0,. For each sample a
duplicate was performed, with 50 uL of sample, 100 yL of a stock solution of 60 mM
Sodium Phosphate Buffer (SPB) with 0.065 M H,0; and then allowed to react for 1 min
at 37°C, after 1 min, 250 pl of 32 mM AMT was added to stop the reaction.

Then 200 ulL of each sample was transferred to a 96 well microplate and the

absorbance was read at 415 nm with a microplate reader at 25°

3.6.  Statistical analysis

Jamovi version 2.2.2 statistical software was used for statistical analysis of data.
General linear models (GLMs) were used to investigate the effects of racemate and
enantiomers (using concentration and enantiomers as categorical variable and source
of variable as continuous variable) for morphophysiological, swimming behaviour and
biochemical parameters. Reproductive parameters were analysed as count data using

generalized linear models by negative binominal model.
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4. Results

4.1.

Morphophysiological Parameters

RESULTS

On day 3 and 8, morphophysiological parameters as body size, heart rate, heart

area and size were determined for both racemate (Figure 14) and enantiomers (Figure

15. Results of statistical analysis are reported in Table 1.

™
3
S 1600
®
£
o
o 1500
]
@
-
3
3
@ 1400
1300
Control 0.1 1 10
Concentration (ug/L)
m 350
>
@
<
o 300
£
5
=Y
2 250
e
g
£ 2004
150 {
Control 0.1 1 10
Concentration (ug/L)
I
>
)
<
®
o~ 25000
£
=
©
o
&
§ 20000 *
b
Control 0.1 1 10
Concentration (ug/L)
275
IS
-
@
<
< 250
B
L
@ 2254
K
2
£ 2004
175
Control 01 1 10
Concentration (ug/L)

Body size (um) at day 8

Heart rate (bpm) atday 8

Heart area (um?) atday 8

Heart size (um) atday 8

2600

2500

2400

2300

360

320

280

240

70000

60000

50000

40000

400

350

300

Control 0.1 1 10

Concentration (ug/L)

Control 01 1 10

Concentration (ug/L)

Control 0.1 1 10
Concentration

Control 0.1 1 10

Concentration (ug/L)

Figure 14 - Effects of rac-AMP on morphophysiological parameters determined at day 3 and 8
(asterisks (*) represent significant differences relatively to the control).
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Figure 15 — Effects of the enantiomers on morphophysiological parameters determined at day
3 and 8. (asterisks (*) represent significant differences relatively to the control).
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Table 1 — Effects of rac-AMP and its enantiomers on the morphophysiological parameters
determined on day 3 and 8. Significant effects are reported in bold (p < 0.05).

rac 0.983 0.426
Enantiomer 43.3 <0.001
Body size at day 3 (um) Concentration 215 <0.001
Interaction
29.4 <0.001
rac 10.7 <0.001
Enantiomer 6.50e-4 0.980
Concentration 1.98 0.161
Body size at day 8 (um) Interaction
4.19 0.028
rac 42.1 <0.001
Heart rate at day 3 (bpm) Enantlomgr 2.55 0.124
Concentration 36.98 <0.001
Interaction
13.32 <0.001
rac 4.70 0.015
Heart rate at day 8 (bpm) Enantlomt.er 0.0360 0.851
Concentration 0.6701 0.521
Interaction
1.5964 0.223
rac 3.88 0.031
Heart area at day 3 (um?2) Enantiomer 0.984 0.331
Concentration 8.368 0.002
Interaction
0.775 0.472
rac 4.06 0.027
Heart area at day 8 (um?2) Enantiomer 0.228 0.638
Concentration 6.955 0.005
Interaction
1.962 0.166
rac 1.39 0.283
Heart size at day 3 (um) Enantiomgr 0.000180 0.989
Concentration 0.0410 0.960
Interaction
1.6263 0.218
rac 2.38 0.108
Heart size at day 8 (um) Enantiom?r 9.60 0.005
Concentration 3.85 0.035
Interaction
3.49 0.047
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On day 3, a tendency to the increase body size with increase of concentration
was observed in the organisms exposed to rac-AMP compared to the control but no
significant differences were observed (Figure 14, Table 1). However, on day 8, a
significant increase in body size was observed for all tested concentrations compared to

the control (Figure 14, Table 1).

Regarding the enantiomers, on day 3, no significant differences were observed
among concentrations or enantiomers at the concentration of 0.1 pg/L (Figure 15, Table
1). However, a significant increase in body size at 1.0 ug/L was observed in the organisms
exposed to (R)-AMP compared to the control and to (S)-enantiomer. In fact, an
enantioselective effect was observed with organisms exposed (R)-AMP showing a much

higher body size than those exposed to (S)-AMP.

On day 8, significant differences were still observed between concentrations and
enantiomers. So, a significant decrease in body size was observed in the organisms
exposed (S)-AMP at 1.0 pg/L in contrast to the organisms exposed to (R)-AMP with no

significant differences in body size at both concentrations (Figure 15, Table 1).

Indeed, on day 3, a tendency to the increase in body size in the organisms
exposed to rac-AMP and a significant increase in those exposed to (R)-enantiomer while
on day 8, organisms exposed to the racemate still showed an increase in body side at all
concentrations while a decrease of body size was observed in the organisms exposed to

(S)-enantiomer with a significant decrease on day 8 (Table 1).

Regarding heart rate, a significant decrease was observed at all concentrations
on both day 3 and 8 for the racemate with a tendency to decrease with the increase of
concentration in comparison with the control (Figure 14, Table 1). For the enantiomers,
on day 3, a significant decrease and an enantioselective effect was observed at 0.1 pg/L
and was also observed with organisms exposed to (R)-AMP showing a higher decrease
of heart rate. However, at 1 pug/L both enantiomers showed a significant decrease
compared to the control but no differences between enantiomers were noted (Table 1).
On day 8, no significant differences in heart rate were observed for both enantiomers

though a tendency to the decrease was seen for (S)-AMP (Figure 15).

31



RESULTS

Comparing both days, while a decrease was observed for the rac-AMP and for
the isolated enantiomers on day 3, on day 8 no significant differences were found for
the isolated enantiomers while a decrease was still observed in those exposed to the

rac-AMP.

A significant decrease was found in both heart area and size in the organisms
exposed to rac-AMP at 0.1 pug/L on both days 3 and 8 however, no changes were found
on both days at the higher concentrations (1 and 10 pg/L). For the enantiomers, also a
significant decrease in heart area was observed on day 3 for both enantiomers and at
both concentrations. On day 8, at the concentration of 1 pg/L a significant difference
was still found heart area for both enantiomers compared to the control with a decrease
in the heart area. However, no significant differences in heart size were found for both
enantiomers on day 3 but on day 8 a significant decrease compared to the control and

to (S)-AMP was noted for the organisms exposed to (R)-AMP at 0.1 ug/L.

4.2. Swimming Behaviour
Possible changes in swimming behaviour were investigated on day 5 considering speed,

total distance, and active time for racemate (Figure 16) and enantiomers (Figure 17).

Table 2 shows the statistical analysis of swimming behaviour.
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Figure 16 - Effects of rac-AMP on swimming behaviour determined at day 5 (asterisks (*)
represent significant differences relatively to the control).
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Figure 17 - Effects of the enantiomers on swimming behaviour determined on day 5 (asterisks
(*) represent significant differences relatively to the control).

Table 2 — Effects of rac-AMP and its enantiomers on the swimming behaviour parameters
determined on day 5. Significant effects are reported in bold (p < 0.05).

rac 0.593 0.629
Speed (cm/min) Enantiomer 0.971 0.334
Concentration 0.954 0.399
Interaction 2.043 0.152
Total distance (cm) e 14.4 <0.001
Enantiomer 0.28079 0.601
Concentration 8.93174 0.001
Interaction 0.00401 0.996
Active Time (%) rac 2.50 0.102
Enantiomer 2.733 0.113
Concentration 8.840 0.002
Interaction 0.655 0.530
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No changes in speed were observed in the organisms exposed to racemate at all
concentrations and the control as well as for the isolated enantiomers. However, a
significant decrease in total distance was observed in all tested concentrations in the
organisms exposed to the racemate, while on the contrary an increase in the total
distance was observed with the isolated enantiomers. In fact, though no
enantioselective effect was observed, a significant increase in total distance was
observed for both enantiomers and at both concentrations. No changes were observed
in active time for the racemate, while for both enantiomers a decrease was observed
with a significant effect at 1 pug/L comparatively to the control but no differences

between enantiomers.

4.3. Reproduction parameters

On day 8, reproduction parameters such as number of eggs per daphnia, number
of daphnia with eggs and number of neonates were determined for racemate (Figure
18) and enantiomers (Figure 19). Table 3 shows the statistical analysis of reproduction

parameters.

@
@

IS
~

o

0
number daphnia with eggs

number eggs per daphnia

o
o

Control 0.1 1 10 Control 0.1 1 10

Concentration (ug/L) Concentration (ug/L)

254 *

204

total offspring/fecundity

Contrel 0.1 1 10

Concentration (ug/L)

Figure 18 - Effects of rac-AMP on reproduction parameters (asterisks (*) represent significant
differences relatively to the control).
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Figure 19 - Effects of (R)-AMP and (S)-AMP on reproduction parameters. (asterisks (*)
represent significant differences relatively to the control).

Table 3 - Effects of rac-AMP and its enantiomers on reproduction parameters. Significant

effects are reported in bold (p < 0.05).

rac 5.83 0.120
. 4.56 0.102
Number eggs per Daphnia Enantiomer
Concentration ~ 1:03 0.309
Interaction 13.43 0.001
rac 0.766 0.858
i 1.92 0.165
Number of Daphnia with eggs Enantlomer
Concentration  3.81 0.149
Interaction 1.83 0.400
rac 9.67 0.022
i 1.080 0.299
Total offspring Enantlometj
Concentration  3.014 0.222
Interaction 0.206 0.902
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No significant differences were found in rac-AMP for the number of eggs per
daphnia though a tendency to increase was observed at the highest concentration (10
ug/L). Also, no significant differences were observed in the number of daphnia with
eggs, however, an increase in the number of neonates was observed with significant
differences in the organisms exposed to the highest concentration. Regarding
enantiomers and the number of neonates, no significant differences at the
concentration of 0.1 pg/L but significant differences were noted at 1.0 pg/L, a decrease
in the number of neonates for the organisms exposed to (S)-AMP comparatively to the
control, while an increase in the number of neonates was found for (R)-AMP. Also, a
significant difference between enantiomers evidences an enantioselective effect on this
parameter. Nevertheless, no significant differences were found for the number of
daphnia with eggs and total offspring though a tendency to the decrease in the number

of daphnia with eggs was observed for (S)-AMP.
4.4. Biochemical parameters

After exposure, organisms were collected for biochemical parameters
determination for racemate (Figure 20) and enantiomers (Figure 21). Table 4 shows the

statistical analysis of biochemical parameters.
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Figure 20 - Effects of rac-AMP on biochemical parameters (asterisks (*) represent significant
differences relatively to the control).
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Table 4 — Effects of rac-AMP and its enantiomers on the biochemical parameters. Significant

effects are reported in bold (p < 0.05).

ROS (umol DCF/mg protein) 0.193 0.900
rac

Enantiomer 1.45 0.241

Concentration 3.94 0.034

Interaction 1.54 0.236

AChE (mmol TNB/ mg protein) 6.38 0.006
rac

Enantiomer 0.138 0.713

Concentration 1.241 0.309

Interaction 1.075 0.359

TBARS (umol MDA/mg protein) 3.02 0.065
rac

Enantiomer 0.413 0.526

Concentration 5.959 0.008

Interaction 5.852 0.009

CAT (U/ mg protein) 3.83 0.034
rac

Enantiomer 0.0992 0.756

Concentration 5.128 0.016

Interaction 2.385 0.118

No significant differences were found in ROS levels at all concentration for rac-

AMP while for the enantiomers a significant decrease in ROS levels was observed at both

concentrations compared to the control however, no differences were found among

enantiomers. Interesting to note a significant decrease in CAT activity at 1 and 10 pg/L

for the rac-AMP and also for both enantiomers at 0.1 and 1 pg/L compared to the control

but no differences among enantiomers. A significant decrease in TBARS was also noted

for the racemate at the higher concentrations. Regarding enantiomers also a significant

decrease was observed at 0.1 pg/L for both enantiomers but no enantioselective effects,

however a significant decrease of TBARS was still found at 1 pg/L for (S)-AMP while for

(R)-AMP a significant increase in TBARS levels were observed .
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Regarding AChE activity a significant decrease was noted for the organisms
exposed to the rac-AMP at the higher concentrations while no significant differences
between control and both concentrations were found for the isolated enantiomers or

among enantiomers.
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5. Discussion

PAS are contaminants frequently detected in aquatic ecosystems due of their
excessive use posing environmental risks (Fernandez-Rubio et al., 2019; Fontes et al.,
2020; Ribeiro et al., 2020). Even at low concentrations (ng to pg/L), their intrinsic
biological properties may cause potential hazards to non-target organisms (Ding et al.,
2017; Félix et al., 2017; De Felice et al.,, 2019). AMP s clinically used and exhibit
enantioselective pharmacological activity being (S)-AMP more potent and clinically
effective than (R)-AMP. On the other hand, AMP is frequently abused due to its euphoric
and stimulant effects. Consequently, AMP is frequently detected in wastewaters and
surface waters reaching concentrations up to 750 ng/L and 14 ng/L, respectively
(Mercan et al., 2018; Coelho et al., 2019). Further, AMP human metabolism and
biodegradation in WWTPs is stereoselective (Kasprzyk-Hordern and Baker, 2012). (S)-
AMP metabolises faster than (R)-enantiomer. However, higher levels of (S)-AMP have
been reported in environmental matrices that have been attributed to the metabolism
of (S)-methamphetamine produced in the illicit market. Therefore, AMP has been found
as both racemate and enantiomeric mixtures (Emke et al., 2014; Gongalves et al., 2019;

Langa et al., 2021a; Langa et al., 2021b).

In this study, different biomarkers oftoxicity were selected targeting possible
enantioselective effects and to deeper current understanding about AMP

environmental impacts.

Morphophysiological parameters have been determined because their are
sensitive to sublethal effects (Bownik et al., 2015; Bownik, 2020). For Cladocera’s such
as daphnia, body size exhibits high plasticity in response to both biotic and abiotic
factors (Bownik et al., 2015; Karpowicz et al., 2020). Larger bodies can be easily
precepted by predators through daphnia body characteristics adaptations such as
colourless and transparency to avoid predators (Karpowicz et al., 2020). Indeed, some
studies have been showing that body size can be used as an ecological indicator of

freshwater status (Bownik et al., 2015; Karpowicz et al., 2020).

In our study, exposure of D. magna to both racemate and pure enantiomers

caused changes in body size. An enantioselective effect was noted with a significant
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decrease in body size found for organisms exposed to (S)-AMP comparatively to (R)-
enantiomer and the racemate. This smaller body size can be a result of the lower feeding
rate. In fact, AMP has been therapeutically used as an appetite suppressant. On the
contrary, both rac-AMP and (R)-AMP showed an increase in body size on day 3 though
for (R)-AMP a significant increase was observed on day 3 but on day 8 no significant
differences were found between (R)-AMP and the control. This can be due to an
adaptation of the organisms to this enantiomer or to a better capacity for
metabolization and excretion of this enantiomer. However, organisms exposed to rac-
AMP showed at all concentrations a higher body size. Heart rate is a common
physiological biomarker used to assess toxicity effects (Bownik and Stepniewska, 2015).
In this study, heart rate, area and length also changed, showing that both racemate and
enantiomers can influence the development and functioning of this organ. AMP is a
sympathomimetic substance affecting cardiovascular organs. Both racemate and
enantiomers caused a decrease in the heart rate, though on day 8 only racemate still

continued to show a decrease.

Swimming speed is one of the most used parameters of daphnia activity and in
this study it was expressed by velocity (cm/min). According to Hylander et al (2014),
organisms with higher body sizes swim faster than smaller size organisms. Though
organisms exposed to (S)-AMP showed lower body size while those exposed to rac and
(R)-AMP showed higher body size, no changes in speed were observed at any of the
tested concentrations. Total distance is also an important swimming parameter as it
indicates locomotor activity (Bownik, 2017). Different results were observed with
racemate that cause a reduction of the total travelled distance while for both
enantiomers an increase in total distance was noted but no enantioselective effects
Some studies have been shown altered swimming behaviour in daphnia exposed to
psychoactive substances. For instance, exposure to benzoylecgonine at environmental
reported concentrations (0.5 and 1 pg/L) caused a reduction in activity in D. magna

organisms.

First reproductive events were also determined by targeting the number of eggs
per daphnia, the number of daphnia with eggs, and the number of neonates. Most

reproductive effects are investigated in chronic toxicity assays. In this study, no chronic
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tests were performed, and only first reproductive events were possible to be reported
on day 8. No changes in the number of eggs per daphnia or the number of daphnia with
eggs were observed for the racemate however a tendency to increase the number of
neonates at 0.1 and 1 pg/L was observed while a significant increase was found at 10
ug/L. Regarding enantiomers, a significant difference was found between enantiomers
with a significant decrease in the number of eggs per daphnia in the organisms exposed
to (S)-AMP in contrast to the increase in those exposed to (R)-AMP at 1 pg/L. Though no
significant differences were observed for the number of daphnia with eggs also a
tendency to increase was observed in the organisms exposed to (R)-AMP. These results
show that AMP can affect the reproductive performance of daphnia, and that effects
can be enantioselective however, the 21 days reproduction assays should be done to

evaluate possible effects.

Assessment of daphnid biochemical parameters may give a valuable
complement to observed previously alterations of swimming behavioral or

morphophysiological parameters.

Oxidative stress induced by PAS have been reported. For instance, increase levels
of ROS and oxidative damage were observed in D. magna exposed to citalopram and
mirtazapine (Duan et al., 2022). Exposure to cocaine and its metabolite benzoylecgonine
caused an increase of ROS production in daphnids and zebrafish embryos (Parolini et al.,
2018a; Parolini et al., 2018b). In contrast, in this study, no changes were found on ROS
levels in the organisms exposed to the racemate while a significant decrease in ROS
levels was observed for both enantiomers. Further, in both racemate and enantiomers
a reduction of CAT activity was observed at the higher concentrations. CAT is an
antioxidant enzyme protecting cells from oxidation. Some studies have shown
alterations of CAT activity induced PAS in various organisms such as fish, and daphnia
among others. This could be a result of the lower capability of these organisms to
produce more enzymes, nevertheless, considering the reduction of ROS also in the
higher concentrations it seems that AMP can induce some protective capability against

oxidation.

Levels of TBARs also decreased in racemate which corroborates the lower values

observed for ROS and CAT and the same was seen for (S)-AMP. In addition, some studies

42



RESULTS

have shown the decrease of AChE activity by oxidative stress. In fact, the reduction of
AChE has been reported in D. magna exposed to PAS such as benzoylecgonine, but also

to other pollutants because of oxidative stress.

In this study, a significant decrease in AChE activity was observed for the
racemate, however, no increase in ROS levels was observed or CAT activity. Therefore,
maybe another mechanism of action can be related to the reduction of AChE activity. In
contrast, no changes in the activity of AChE were found for both enantiomers that are

in accordance with the reduction of ROS levels and CAT activity.
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6. Conclusions and future perspectives

Currently, most ecotoxicological assays regard only racemates and do not
consider the pure enantiomers. It is well known that enantiomers may have different
biological activities, including toxicity. Further, after consumption, pharmaceuticals and
illicit drugs can suffer enantioselective metabolism in humans and the biodegradation
process during wastewater treatment can also change their EF. Thus, accurate risk
assessment of their occurrence in the environment requires enantioselective toxicity

assays for an adequate evaluation.

This study showed that both racemate and enantiomers can interfere with
different parameters altering morphophysiological, swimming behaviour, reproduction
and biochemical parameters. Some of the selected parameters showed enantioselective
effects demonstrating the relevance of these studies for an accurate environmental risk
assessment. Additionally, considering that some of the effects were observed at
environmental reported concentrations (1 and 1 pg/L) ofAMP, both racemate and
enantiomers can cause harmful effects on D. magna. The pure enantiomers showed to
interfere with different parameters nonetheless we cannot discriminate each one is

more toxic enantiomer.

Studies, regarding other toxicity biomarkers and chronic toxicity assays should
be done to continue to deep the knowledge about AMP impacts on daphnia and assess
its possible enantioselective effects. Additionally, it is important to stress, that chemicals
do not occur alone in the environment, but as complex mixtures. Thus, the combined
effect of AMP with other environmental contaminants should be evaluated due to
possible adverse effects due to synergist/ addictive effects. On other hand, it can be
interesting to study transgenerational effects to understand long-term exposure for low

dose levels.
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