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Kurzzusammenfassung des Gesamtprojekts PHARMASEA

Aktive pharmazeutische Inhaltsstoffe (APIs) sind als wichtige Schadstoffe in aquati-
schen Okosystemen erkannt worden, die Anlass zu Besorgnis geben. Ihr Vorkommen
ist auf den hohen Verbrauch in der Human- und Veterinarmedizin, in der Landwirt-
schaft und in der Aquakultur sowie auf die begrenzte Entfernung durch Klaranlagen
zuruckzufuhren. Das Risiko von Pharmazeutika in Kustengebieten wurde lange Zeit
ignoriert, weil man davon ausging, dass die Ozeane eine unbegrenzte Verdinnungs-
kapazitat haben. Eine zunehmende Zahl von Studien, die auf das allgegenwartige Vor-
kommen von Wirkstoffen in weltweiten Wassersystemen hinweisen, verdeutlicht je-
doch die Notwendigkeit, ihr Vorkommen und ihre Verteilung insbesondere in Kisten-
gebieten sowie ihre potenziellen Auswirkungen auf (marine) aquatische Arten besser
zu untersuchen. In diesem Zusammenhang wurde PHARMASEA - Prasenz, Verhal-
ten und Risikobewertung von Pharmazeutika in marinen Okosystemen — initiiert, ein
europaisches Forschungsprojekt, das durch die gemeinsame Aufforderung des ERA-
NET-Fonds AquaticPollutants 2020 finanziert wurde und an dem funf Forschungsein-
richtungen beteiligt sind: die Polytechnic University of Marche (Italien), die Universitat
Heidelberg (Deutschland), die Universitat Stavanger (Norwegen), die Universitat A
Coruia (Spanien) und das Spanische Institut fur Ozeanographie (Spanien). Ziel von
PHARMASEA war es, (1) den wissenschaftlichen Kenntnisstand tber das Vorkom-
men, den Verbleib und die Auswirkungen von APlIs in europaischen Kiustendkosyste-
men zu verbessern und Prioritaten in einem grolden geografischen Malstab zu kartie-
ren, (2) eine zuverlassige und flexible Strategie fiir den Nachweis und die Uberwa-
chung von Wirkstoffen in Wassersystemen bereitzustellen, (3) eine Liste prioritarer
Wirkstoffe und ihrer Mischungen in regionalen Kustengebieten zu erstellen, (4) ein wis-
senschaftlich fundiertes, softwaregestitztes Instrument fur die Umweltvertraglichkeits-
prufung von Arzneimitteln zu entwickeln und (5) das allgemeine Bewusstsein fur die
Wechselwirkungen zwischen der menschlichen Gesundheit und der Umwelt zu schar-
fen.

WP1: Probennahme im Freiland?

Gemal dem Projektplan wurden systematische Probenahmen durchgefuhrt, um die
Prasenz und Verteilung von Pharmazeutika (Active Pharmaceutical Ingredients; APIs)
in verschiedenen abiotischen und biotischen Umweltmatrizes (Oberflachengewasser,
Wassersaule, Sedimente, Organismen) zu identifizieren. 40 Monate nach Beginn des
PHARMASEA-Projekts konnten anhand der Ergebnisse der ersten grol3 angelegten
Feldstudie, die sich auf die Nordsee, einen Teil des Atlantiks, das westliche Mittelmeer

' Basierend auf: Regoli, F. et al. (2025) PHARMASEA - Presence, behavior and risk assessment of
pharmaceuticals in marine ecosystems. Final Report and Final Technical Report submitted to JPI
Oceans on January 2025 (Anlagen 1 und 2).

2 Keine Beteiligung der Universitat Heidelberg an der Sammlung von Proben, jedoch Uberpriifung der
biologischen Wirksamkeit von identifizierten Pharmazeutika im Rahmen der Projektkooperation.
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und die Adria erstreckte, mehr als 50 Arzneimittel in Meerwasser, Sedimenten und
Biota verschiedener trophischer Ebenen charakterisiert werden.

WP2: Biologische Wirkung von pharmazeutischen Wirkstoffen (APIs)

Es wurden Laboruntersuchungen an Meeresmuscheln und Polychaeten durchgefihrt,
die in umweltrelevanten Konzentrationen von Antidepressiva, nichtsteroidalen entzun-
dungshemmenden Medikamenten, kardiovaskularen Verbindungen und Lipidsenkern
exponiert wurden. Diese Pharmazeutika wurden sowohl als isolierte Verbindungen als
auch als Mischungen getestet. Die Ergebnisse dokumentieren nicht nur die Fahigkeit
dieser Organismen, Arzneimittel zu akkumulieren, sondern auch das Auftreten suble-
taler Veranderungen. In ahnlicher Weise zeigten weitere Experimente, dass Wirkstoffe
auch das Wachstum von Meeresalgen und die Embryonalentwicklung von Seeigeln
und Zebrabarblingen (Universitat Heidelberg) erheblich beeintrachtigen.

WP3: Gewichtung der Befunde und Design von Weight-of-Evidence-Modellen

Die Integration der Ergebnisse durch einen quantitativen ,Weight-of-Evidence“-Ansatz
ermoglichte es, die umfangreichen Datensatze mit komplexen und heterogenen Er-
gebnissen zu spezifischen Gefahrenindizes zusammenzufassen, bevor sie in einen
Gesamtrisikoindex integriert wurden.

WP4: Verwertung der Befunde und Einbindung von Interessengruppen

Von Beginn des Projekts PHARMASEA wurden die Projektaktivitaten und -ergebnisse
einem breiten Publikum zuganglich gemacht, neben Wissenschaftlern, Behérden und
Organisationen des privaten Sektors auch die Pharmaindustrie, NGOs, Burger, Lehrer
und Studenten. Die Einrichtung der PHARMASEA-Website (https://www.pharmasea-
aquatpoll.eu/) ermdglichte es, ein solch breites Zielpublikum zu erreichen und ihm Zu-
gang zu Informationsmaterialien und standigen Aktualisierungen des PHARMASEA-
Projekts zu geben. Auch die Einrichtung der PHARMASEA-Facebook-Seite
(https://www.facebook.com/PharmaSeaAquatPoll) trug dazu bei, die Projektaktivitaten
bekannt zu machen und das 6ffentliche Bewusstsein fur die Problematik von Arznei-
mitteln als neu auftretende Schadstoffe zu scharfen. Diverse Aktivitaten mit jungen
Schulern waren wichtig, um nachhaltige Verhaltensweisen zu verbreiten und zu for-
dern, naturlich einschliel3lich der korrekten Entsorgung von Arzneimitteln im Haushalt.
Die Einbeziehung von Interessenvertretern aus der pharmazeutischen Industrie er-
mdglichte es, Wege zur Bewertung der Umweltvertraglichkeit von Arzneimitteln aufzu-
zeigen und einen Ubergang zur griinen Entwicklung neuer Medikamente anzuregen,
die auch die Auswirkungen auf aquatische Nichtzielarten berucksichtigen. Gleichzeitig
forderte die Zusammenarbeit mit Ingenieuren von Klaranlagen die Diskussion Uber den
Bedarf an geeigneteren Technologien zur Entfernung von Arzneimitteln. Die Weiter-
gabe der Projektergebnisse an die fur die europaischen Richtlinien zustandigen Regu-
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lierungsbehorden wird die Entwicklung zuverlassiger normativer Leitlinien unterstut-
zen. Viele Bachelor- und Masterkandidaten sowie Doktoranden arbeiteten an dem Pro-
jekt PHARMASEA mit (Universitat Heidelberg: 1 Doktorandin, 2 PostDocs). Insgesamt
wurden im Rahmen von PHARMASEA zum Zeitpunkt dieses Berichts 12 wissenschaft-
liche Artikel in internationalen Fachzeitschriften mit Peer-Review veroéffentlicht, 18 wei-
tere sind in Vorbereitung. PHARMASEA war auf 23 internationalen und nationalen
Konferenzen mit 54 Beitragen in Form von Vortragen und Postern vertreten. Seit der
Aktivierung der PHARMASEA-Website wurden 40 ,News“-Artikel und mehr als 50 Fa-
cebook-Posts veroffentlicht, womit insgesamt mehr als 100.000 Menschen erreicht
wurden.

WP5: Projekt- und Datenmanagement

Wahrend des Projekts wurden 9 Konsortiumstreffen organisiert; die Zusammenarbeit
der funf PHARMASEA-Partner begann jedoch bereits vorher mit einer umfassenden
Literaturrecherche und der gleichzeitigen Zusammenarbeit des Konsortiums mit der
Pharmaindustrie Angelini Pharma S.p.A. (Mitglied des PHARMASEA-Stakeholder-Pa-
nels), die eine Liste der am haufigsten verbrauchten Arzneimittel in Europa (IQVIA-
Umfrage) zur Verfugung stellte. Diese Aktivitaten ermoglichten die Auswahl der 67
wichtigsten Wirkstoffe in Bezug auf die Verbrauchsmenge und das Vorkommen in Kus-
tengebieten unter mehr als 4000 Wirkstoffen, die moglicherweise in die marinen Oko-
systeme gelangen?.

Dank der Zusammenarbeit zwischen italienischen, spanischen und norwegischen
Partnern wurde eine umfangreiche Felduntersuchung zum geografischen und saiso-
nalen Vorkommen von APIs und ihrer Verteilung in abiotischen und biotischen Matri-
ces durchgefuhrt: mehr als 200 Wasser- und Sedimentproben und etwa 250 Proben
von Feldbiota aus 6 Arten, die verschiedenen trophischen Ebenen angehoren, wurden
Uber drei Jahre hinweg zu verschiedenen Jahreszeiten durch konzertierte Kampagnen
in der Adria, im westlichen Mittelmeer, in der Nordsee und im Nordatlantik durchge-
fuhrt. Die Partner in Spanien, Norwegen und ltalien arbeiteten eng zusammen, um
eine Harmonisierung der Analyseverfahren fir die Messung der 67 ausgewahlten APIs
in abiotischen und biotischen Matrices zu entwickeln. AuRerdem fuhrten Synergien
zwischen Deutschland und Spanien zur Entwicklung von Protokollen fur den Nachweis
von APIs in frihen Lebensstadien von Fischen.

Die Zusammenarbeit aller Partner ermdglichte die Entwicklung von mehr als 20 ver-
schiedenen eng abgestimmten Versuchsplanen fur Laborexperimente zur Bewertung
des okotoxikologischen Potenzials von 25 Wirkstoffen und 10 Mischungen in Gadus
morhua, Danio rerio, Mytilus galloprovincialis, M. edulis, Paracentrotus lividus,
Crassostrea gigas, Nereis virens, Aliivibrio fischeri, Phaeodactylum tricornutum, Tiso-
chrysis lutea, Poecilliopsis lucida und von Oncorhynchus mykiss abgeleiteten Zellli-
nien.

3 Siehe Anlage 3.
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Die Bundelung der spezifischen Fachkenntnisse im gesamten Konsortium ermoglichte
es, flr jedes ausgewahlte Arzneimittel einen Schwellenwert fir die Auslésung von Ver-
anderungen zu definieren und den einzelnen gemessenen Wirkungen/Endpunkten ein
spezifisches Gewicht zuzuweisen, das die toxikologische Relevanz widerspiegelt.
Diese Tatigkeit war von grofiter Bedeutung fur die endgultige Ausarbeitung der WOE
aller PHARMASEA-Ergebnisse.

Die Zusammenarbeit zwischen den PHARMASEA-Partnern fuhrte zu gemeinsamen
Veroffentlichungen, und die Beteiligung aller Partner an Kommunikations- und Verbrei-
tungsaktivitaten ermaoglichte die Erstellung gemeinsamer Materialien (Projektbroschu-
ren, Faltblattern, Postern, Roll-ups, Videos, Brettspielen), 40 aktuellen Artikeln und 50
Beitragen auf der PHARMASEA-Website und Facebook-Seite. Es wurden gemein-
same Abstracts fur Poster und mundliche Prasentationen auf internationalen Konfe-
renzen (z. B. SETAC Europe, PRIMO) vorbereitet, die die Partner auch zu Begegnun-
gen und Diskussionen auf internationalen wissenschaftlichen Veranstaltungen anreg-
ten.

Die Zusammenarbeit bei der Planung und Durchfihrung der Projektaktivitaten profi-
tierte sowohl von der Uberschaubaren GroRe des Konsortiums als auch vom standigen
Dialog im Rahmen der sieben Projektsitzungen und zahlreichen Meetings im kleineren
Rahmen, die seit Beginn des Projekts personlich oder online organisiert wurden. Die
Projektergebnisse, insbesondere diejenigen, die sich auf das weit verbreitete Vorkom-
men und die Verteilung von APIs in allen untersuchten europaischen Kistenbecken
beziehen, sind ein greifbarer Beweis flr den transnationalen Charakter der von PHAR-
MASEA behandelten Themen.

Zur Harmonisierung der Projektforschung und zum Wissensaustausch beteiligten sich
alle Partner an MobilitatsmaRnahmen. Dank dieser Mobilitatsaktivitaten konnte ein Teil
der Doktoranden internationale Doktorandenauszeichnung erhalten, die ihrem akade-
mischen Titel einen zusatzlichen Wert verleiht.

Im Rahmen von Projekten, die durch den gemeinsamen Aufruf 2020 finanziert werden,
hat PHARMASEA vor allem enge Verbindungen mit dem Projekt ARENA aufgebaut,
was auch durch die Teilnahme von PHARMASEA am Workshop ,Antibiotikaresistenz
in der Aquakultur: Bewaltigung von Herausforderungen und Forderung nachhaltiger
Praktiken® dokumentiert wird, der vom CNR-IRBIM (Koordinator des ARENA-Projekts)
auf der AQUAFARM-Messe im Februar 2024 organisiert wurde. Die Zusammenarbeit
mit dem Transfer-Projekt stellte von Anfang an einen Mehrwert fur PHARMASEA dar,
insbesondere im Hinblick auf die Vernetzung und die Maximierung der Verbreitung von
Projektaktivitaten und -ergebnissen Uber eine ganze Reihe von unterschiedlichen Ka-
nalen (Newsletter, Broschuren, Podcasts).
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Short abstract of the entire PHARMASEA project*

Active Pharmaceutical Ingredients (APls) have been recognized as important contam-
inants of emerging concern (CECs) in aquatic ecosystems. Their presence originates
from large consumption in human and veterinary medicine, agriculture, aquaculture
and limited removal by wastewater treatment plants (WWTPs). The risk of pharmaceu-
ticals in coastal areas has been ignored for a long time on the presumption that oceans
have an unlimited dilution capacity. However, the increasing number of studies pointing
out the ubiquitous occurrence of APls in worldwide water systems, highlighted the need
to better investigate their occurrence and distribution especially in coastal areas, as
well as their potential impact in marine species. In this respect, PHARMASEA - Pres-
ence, behavior and risk assessment of pharmaceuticals in marine ecosystems - is a
European research project funded by the 2020 AquaticPollutants Joint call of the
AquaticPollutants ERA-NET Cofund gathering 5 research institutions including the Pol-
ytechnic University of Marche (ltaly), University of Heidelberg (Germany), University of
Stavanger (Norway), University of A Corufia (Spain) and the Spanish Institute of
Oceanography — Spanish National Research Council (Spain). PHARMASEA aimed to
(i) enhance scientific knowledge on occurrence, fate and effects of APIs in European
coastal ecosystems, mapping priorities on a large geographical scale, (ii) provide a
reliable and flexible strategy for APIs detection and monitoring in water systems, (iii)
identify a list of priority APIs and their mixtures in regional coastal environments, (iv)
develop a scientifically sound software-assisted tool for Environmental Risk Assess-
ment of pharmaceuticals, and (v) increase the general awareness on interactions be-
tween human and environmental health.

WP1: Sampling in the field °

According to the project plan, systematic sampling was carried out to identify the pres-
ence and distribution of Active Pharmaceutical Ingredients (APIs) in various abiotic and
biotic environmental matrices (surface waters, water column, sediments, organisms).
40 Months after the start of the PHARMASEA project, the results of the first large-scale
field study, which covered the North Sea as well as parts of the Atlantic, the western
Mediterranean Sea and the Adriatic Sea allowed the characterization of more than 50
pharmaceuticals in seawater, sediments and biota of different trophic levels.

WP2: Biological effect of active pharmaceutical ingredients (APIs)

Laboratory studies were performed on marine mussels and polychaetes exposed to
environmentally realistic levels of antidepressants, non-steroidal anti-inflammatory

4 Based on: Regoli, F. et al. (2025) PHARMASEA - Presence, behavior and risk assessment of phar-
maceuticals in marine ecosystems. Final Report and Final Technical Report submitted to JPI Oceans
on January 2025 (Annexes 1 and 2).

5 No direct involvement of the University of Heidelberg in the collection of samples, but testing of the
biological effectiveness of identified pharmaceuticals within the framework of the cooperation.
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drugs, cardiovascular compounds and lipid-lowering agents, tested both as isolated
compounds and as mixtures; results obtained revealed not only the capacity of these
organisms to accumulate pharmaceuticals, but also the onset of sublethal alterations.
Similarly, other experiments revealed that APls also significantly affected the growth
of marine algae and the embryonic development of sea urchins and zebrafish.

WP3: Weighting of findings and design of weight-of-evidence models

The integration of results through a quantitative “Weight-of-Evidence” approach al-
lowed to synthesize the wide datasets of complex and heterogeneous results into spe-
cific hazard indices prior to their integration into an overall risk index.

WP4: Utilization of the findings and involvement of interest groups

Since the beginning of PHARMASEA, project activities and results have been dissem-
inated to a wide range of audiences, including scientists, public authorities, private
sector organizations, pharma industries, NGOs, citizens, teachers and students. The
activation of PHARMASEA website (https://www.pharmasea-aquatpoll.eu/) enabled to
reach target audience and to provide them access to dissemination materials and con-
stant updates from the PHARMASEA project. Similarly, the launch of the PHAR-
MASEA Facebook page (https://www.facebook.com/PharmaSeaAquatPoll) maxim-
ized the promotion of project activities and contributed to increase public awareness of
the issues of pharmaceuticals as emerging contaminants. Outreach activities per-
formed with young students from primary schools were important to disseminate and
promote sustainable behavior including, e.g., the correct disposal of domestic medi-
cines. The involvement of stakeholders from pharmaceutical industries allowed to cre-
ate a path toward the assessment of the environmental sustainability of pharmaceuti-
cals, stimulating a green transition towards the development of new drugs that also
consider effects on non-target aquatic species. At the same time, cooperation with
wastewater treatment plant engineers promoted discussions on the need of more ap-
propriate technologies for the removal of pharmaceuticals. Transfer of project output
to regulatory bodies relevant to European Directives will support the development of
reliable normative guidelines and appropriate strategies for environmental risk assess-
ment. Many Bachelor's, Master's and doctoral candidates work on the projects. Over-
all, so far, 12 scientific articles have been published in peer-reviewed international jour-
nals, and 18 are currently in preparation. PHARMASEA was present at 23 international
and national conferences with 54 contributions as oral and poster presentations. From
the activation of the PHARMASEA website, 40 “news” articles were released, and more
than 50 Facebook posts were published for a total number of > 100,000 people
reached.
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WP5: Project and data management

During the project, 9 consortium meetings have been organized; however, collabora-
tion of the five PHARMASEA partners already started with an extensive literature re-
view and the simultaneous cooperation of the consortium with the pharmaceutical in-
dustry Angelini Pharma S.p.A. (member of the PHARMASEA stakeholder panel),
which provided a list of the most consumed pharmaceuticals in Europe (IQVIA survey).
These activities allowed to select the 67 most relevant active principles in terms of
volume of consumption and occurrence in coastal areas, among more than 4000 APls
possibly reaching the marine ecosystems.®

Thanks to the close collaboration among lItalian, Spanish and Norwegian partners, a
large field investigation was performed on geographical and seasonal APIs occurrence
and their distribution in abiotic, biotic matrices: more than 200 samples of water, sedi-
ments and approximately 250 samples of field biota from 6 species belonging to differ-
ent trophic levels were collected over three years though seasonal oceanographic
campaigns in the Adriatic, Western Mediterranean, North Seas, and the North Atlantic
Ocean. The partners in Spain, Norway and ltaly closely collaborated to successfully
develop harmonized analytical procedures for measuring the 67 selected APIs in abi-
otic and biotic matrices. Moreover, synergies between Germany and Spain lead to the
development of protocols for the APIs detection in early life-stages.

Collaboration among all partners allowed to design more than 20 different, but strictly
interconnected experimental plans under laboratory conditions for the evaluation of the
ecotoxicological potential of 25 APIs and 10 mixtures in Gadus morhua, Danio rerio,
Mytilus galloprovincialis, M. edulis, Paracentrotus lividus, Crassostrea gigas, Nereis
virens, Aliivibrio fischeri, Phaeodactylum tricornutum, Tisochrysis lutea, Poecilliopsis
lucida and Oncorhynchus mykiss-derived cell lines.

Concerted interaction among the specific expertise of the entire consortium allowed to
define for each selected pharmaceutical the threshold of variation, further assigning a
specific weight to single measured effects/endpoints reflecting the toxicological rele-
vance. This activity was of utmost importance for the final WOE elaboration of all the
PHARMASEA results.

Collaboration among PHARMASEA Partners led to joint publications, and the involve-
ment of all partners in communication and dissemination activities allowed to create
common materials (project brochures, leaflets, posters, roll up, video, board games),
40 news updating articles, 50 posts on the PHARMASEA website and Facebook page.

Shared abstracts for posters and oral presentations at international conferences (e.qg.
SETAC Europe, PRIMO) were prepared, also stimulating the partners to encounter
and discuss during scientific international venues. Cooperation on planning and exe-
cution of project activities benefited both from the manageable dimension of the con-
sortium and from the constant dialogue through the seven meetings organized online
or in person since the beginning of the project. Project results, particularly those related

6 Care for Annex 3 of this report.
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to the widespread occurrence and distribution of APIs in all investigated European
coastal basins represent a tangible proof about the transnational nature of issues ad-
dressed by PHARMASEA.

To harmonize the project research and exchange knowledge mobility activities have
been performed by all partners. Thanks to these mobility activities, PhD candidates
became eligible to receive the International PhD mention, which gives added value to
the title.

In the framework of projects funded by the 2020 Joint Call, PHARMASEA has a con-
nection with the ARENA project, also highlighted by the PHARMASEA participation to
the workshop on “Antibiotic resistance in Aquaculture: addressing challenges and pro-
moting sustainable practices” organized by CNR-IRBIM (Coordinator of ARENA pro-
ject) at AQUAFARM exhibition in February 2024. The cooperation with the Transfer
Project represented from the beginning an added value for PHARMASEA, particularly
in terms of networking and by maximizing dissemination of project activities and results
through number of pathways (newsletters, booklets, podcasts).
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Zusammenfassung des PHARMASEA-Teilprojekts an der Universitat
Heidelberg

Das vorliegende Projekt war Teil des im Rahmen von JPI Oceans (ERA-Net Cofund
AquaticPollutants) geférderten Projekt PHARMASEA (,Presence, behavior and risk
assessment of pharmaceuticals in marine ecosystems®): PHARMASEA bundelt inter-
nationales Fachwissen, um wichtige Forschungsfragen zum Verbleib und zu den bio-
logischen Auswirkungen von pharmazeutischen Wirkstoffen (Active Pharmaceutical
Ingredients; APIs) zu beantworten. APIs gelten mittlerweile als besonders besorgnis-
erregende Schadstoffe (Contaminants of Emerging Concern; CECs) fur marine Oko-
systeme. Das Projekt PHARMASEA untersucht die Verteilung und biologische Wirkun-
gen von APIs und bewertet deren Risiken in vier europaischen Kustengebieten hin-
sichtlich folgender Aspekte: (1) Vorkommen, Aufnahme und trophischer Transfer in
regionalen Nahrungsnetzen; (2) Kinetik von Bioakkumulation und Elimination sowie
potentielle 6kotoxikologische Effekte von der molekularen bis zur individuellen Ebene;
charakterisiert (3) Wirkungsweisen in Modell- und ausgewahlten Meerestieren, und
entwickelt (4) spezifische Risikobewertungsverfahren fur APIs auf der Basis von
Weight-of-Evidence-Systemen.

Das Teilprojekt an der Universitat Heidelberg konzentriert sich vor allem auf (1) die
Ermittlung und Bewertung biologischer Effekte von APIs auf verschiedene Entwick-
lungsstadien von Fischen, (2) die Aufklarung toxischer Wirkungsmechanismen von
APls sowie (3) die Bereitstellung von Daten flr die Entwicklung des Weight-of-Evi-
dence-Modells.

Die wichtigsten Befunde aus den Untersuchungen in Heidelberg lassen sich wie folgt
zusammenfassen:

(1) Abhangig vom spezifischen Wirkmechanismus zeigen Psychopharmaka in
Embryonen des Zebrabarblings verhaltensmodulierende Effekte bereits ab
Konzentrationen von 0,01 ug/L.

(2) Neurotoxische Effekte in Form von Verhaltensveranderungen zeigen sich be-
reits ohne sichtbare morphologische Effekte, stellen also relativ empfindliche
Endpunkte dar.

(3) Kardiovaskulare Wirkstoffe kdnnen auch bei Fischembryonen Effekte auf die
Herzschlagrate zeigen — ohne erkennbare Missbildungen am Blutgefalisystem
hervorzurufen.

(4) Lipidsenkende Wirkstoffe konnen auch in Fischembryonen endokrin wirken und
die Aktivitat der Schilddrusenfollikel modulieren.

(5) Die untersuchten Medikamente mit einer sehr niedrigen Wasserldslichkeit zeig-
ten bei den realisierbaren Testkonzentrationen keine Effekte.

(6) Es kommt zur Akkumulation von Psychopharmaka in Embryonen des Zeb-
rabarblings, diese konnen im Zuge von Metabolismus oder Exkretionsprozes-
sen aber auch wieder schnell eliminiert werden.
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Die verzogerte Einstellung von Personal und die Covid-Pandemie fuhrten dazu, dass
zum Ende der Projektlaufzeit noch nicht alle Arbeitspakete abgeschlossen werden
konnten. Wenige Experimente laufen noch im Rahmen von Bachelor- und Masterar-
beiten; die Daten werden nachgereicht.
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Summary of the PHARMASEA sub-project at Heidelberg University

This project was part of the PHARMASEA (“Presence, behavior and risk assessment
of pharmaceuticals in marine ecosystems”) project funded by JPI Oceans (ERA-Net
Cofund AquaticPollutants): PHARMASEA brings together international expertise to an-
swer important research questions on the fate and biological effects of active pharma-
ceutical ingredients (APIs). APIs are now considered to be contaminants of emerging
concern (CECs) for marine ecosystems. The PHARMASEA project investigates the
distribution and biological effects of APIs and assesses their risks in four European
coastal areas with regard to the following aspects: (1) occurrence, uptake and trophic
transfer in regional food webs; (2) kinetics of bioaccumulation and elimination as well
as potential ecotoxicological effects from the molecular to the individual level; charac-
terizes (3) modes of action in model and selected marine animals, and develops (4)
specific risk assessment procedures for APIs on the basis of weight-of-evidence sys-
tems.

The sub-project at the University of Heidelberg focuses primarily on (1) the determina-
tion and evaluation of biological effects of APIs on different developmental stages of
fish, (2) the elucidation of toxic mechanisms of action of APIs and (3) the production of
data for the development of the weight-of-evidence model.

The most important findings from the investigations in Heidelberg can be summarized
as follows:

(1) Depending on the specific mechanism of action, psychotropic drugs already
show behavior-modulating effects in zebrafish embryos at concentrations as low
as 0.01 pg/L.

(2) Neurotoxic effects in the form of behavioral changes are already evident without
externally visible morphological effects.

(3) Cardiovascular agents can also show effects on the heart rate in fish embryos
without causing microscopically discernible malformations of the vascular sys-
tem.

(4) Lipid-lowering agents may also have an endocrine effect in fish embryos and
may modulate the activity of thyroid follicles.

(5) Drugs with a low water solubility showed no effects at the feasible test concen-
trations

(6) Psychotropic drugs accumulate in zebrafish embryos, but can quickly be elimi-
nated in the course of metabolic and excretory processes.

The delay in hiring staff and the Covid pandemic meant that not all work packages
could be completed by the end of the project period. A few experiments are still running
(bachelor and master theses); these data will be submitted later.
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1.  Einleitung und Aufgabenstellung

Im Rahmen des PHARMASEA-Projekts Ubernahm die Universitat Heidelberg be-
stimmte Teilaufgaben, um Forschungsfragen zur Verteilung, den biologischen Auswir-
kungen und der Risikobewertung von pharmazeutischen Wirkstoffen (Active Phar-
maceutical Ingredients; APIs) in aquatischen Organismen zu untersuchen.

Der Fokus der Untersuchungen lag hierbei vor allem auf der Ermittlung und Bewertung
biologischer Effekte von APIs auf verschiedene Entwicklungsstadien von Fischen so-
wie der Aufklarung ihrer toxischen Wirkungsmechanismen. Dem 3R-Prinzip folgend,
wurden hierfur nach Moglichkeit Embryonen des Zebrabarblings (Danio rerio) sowie
(permanente oder primare) Zellkulturen auf der Basis von Fischgewebe als Modellor-
ganismen verwendet. Die Auswahl der zu untersuchenden Endpunkte erfolgte stoff-
spezifisch in Abhangigkeit von literaturbelegten und/oder vermuteten Wirkungsmecha-
nismen der Wirkstoffe aus einer breiten Palette von Tests, die an der Universitat Hei-
delberg etabliert waren (vgl. Tabelle 1). Lediglich bei Hinweis auf subletale Effekte in-
folge chronischer Exposition hatten auf der Basis etablierter OECD-Tests (z.B. Fish
Early Life-Stage Tests) Versuche an alteren Entwicklungsstadien des Zebrabarblings
durchgefuhrt werden sollen. Es ergab sich jedoch im Verlauf des Projekts keine Not-
wendigkeit fur Tierversuche.

Die Universitat Heidelberg war zusammen mit weiteren Projektpartnern an vier unter-
schiedlichen Arbeitspaketen (WP) des Projekts beteiligt:

WP2: Biologische Wirkung von Wirkstoffen;

WP3: Gewichtung und Weight-of-Evidence-Modell;

WP4: Verwertung der Befunde und Einbindung von Interessengruppen;
WPS: Projekt- und Datenmanagement.

Zusatzlich zu den genannten Arbeitspaketen war die Universitat Heidelberg fur die Ko-
ordination des Arbeitspakets WP2 verantwortlich.

Dem Projektantrag entsprechend kénnen die Aufgaben an der Universitat Heidelberg
folgendermallen zusammengefasst werden:

1) Ermittlung von Aufnahme, Bioakkumulation, Biotransformation und Aus-
scheidungskinetik von APls bei aquatischen Nichtzielarten unter kontrollier-
ten, 6kologisch relevanten experimentellen Bedingungen, sowie der Charak-
terisierung auftretender chronischer/subletaler Effekte und der Identifizie-
rung geeigneter Biomarker zur Friherkennung einer API-Exposition.

2) Interpretation experimenteller Daten und Ableitung von Gefahrenquotienten
(HQ) fur okotoxikologische Effekte.

3) Kommunikation von Projektaktivitaten und -ergebnissen an verschiedene
Zielgruppen, wie etwa Fachwissenschaftler, politische Entscheidungstrager,
pharmazeutische Unternehmen, Burgerschaft und Studierende.
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4) Planung und Koordination der Projektaktivitaten, sowie technische und wis-
senschaftliche Anleitung in allen Phasen des Projekts und Qualitatssiche-
rung der Ergebnisse.

Da mit Dr. Katharina Brotzmann erst zum 01.10.2021 eine Postdoktorandin eingestellt
werden konnte und aufgrund der Corona-Pandemiesituation Laborarbeiten zunachst
nur eingeschrankt moglich waren, konnten die Laborarbeiten nur mit Verzogerung auf-
genommen werden. Das Projekt wurde inhaltlich durch weitere Mitarbeiter (Dr. Patrick
Heinrich, Postdoktorand, und Dr. Maria Fischer) unterstutzt, die beide aus anderen
Mitteln finanziert wurden.
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2. Wissenschaftlicher Ansatz des PHARMASEA-Teilprojekts der
Universitat Heidelberg

An der Universitat Heidelberg wurden vor allem verschiedene Lebensstadien des Zeb-
rabarblings (Danio rerio) als sehr gut untersuchtem Modellorganismus dazu eingesetzt
toxikologische Effekte von diversen Pharmazeutika und deren ékotoxikologisches Pro-
fil zu ermitteln. Die laborbasierten Untersuchungen wurden nach Madglichkeit dem 3R-
Prinzip folgend in Embryonen des Zebrabarblings (Danio rerio) oder (permanenten
oder primaren) Zellkulturen auf der Basis von Fischgewebe durchgefuhrt. Die Auswahl
der Endpunkte erfolgte stoffspezifisch in Abhangigkeit von vermuteten Wirkungsme-
chanismen aus einer breiten Palette von Tests, die an der Universitat Heidelberg etab-
liert sind:

1) akute Toxizitat in Embryonen bzw. Zellen (Zytotoxizitat),

2) Stress: Antioxidatives System und Lipidperoxidation,

(

(

(3) endokrine Wirkung: Gonaden und Thyreoidea,

(4) Neurotoxizitat: Acetylcholinesterase, Seitenlinienorgan, Augenentwicklung, Ge-
ruchssinn und Verhalten,

(5) Gentoxizitat: Comet- und Mikrokern-Assays,

(6) Metabolisierung: Phase | (P450) und Phase II,

(7) Stoffwechsel: Markerenzyme sowie

(8) (in Kooperation mit Projektpartnern) Transkriptionsprofile.

Hatten sich Hinweise auf subletale Veranderungen infolge chronischer Exposition er-
geben, waren mit dem Zebrabarbling auf der Basis etablierter OECD-Tests z.B. Fish
Early Life-stage Tests durchgefuhrt worden (Tierversuch).

Die Befunde aus den Laboruntersuchungen am Zebrabarbling wurden direkt in WP3
(PHARMASEA; WP3: Gewichtung und Weight-of-Evidence-Modell) eingespeist.

In Kooperation mit den Projektpartnern wurden an embryonalen Entwicklungsstadien
auch toxikokinetische Daten erhoben (PHARMASEA WP2.1), um die Verfugbarkeit
von APIs in der Wassersaule fur Fischembryonen zu ermitteln.
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3. Vorarbeiten der Arbeitsgruppe Aquatische Okologie und Toxi-
kologie an der Universitat Heidelberg

[:..:] EUTOXRISK Im Hinblick auf die Wirkung pharmazeutischer Inhaltsstoffe
UL ist vor allem das EU-Horizon 2020 Projekt EUToxRisk21 (,An
HORIZN. 2020 Integrated I.Eu.ropean.‘FIagship’ .Program Driving Mechanism-
Based Toxicity Testing and Risk Assessment for the 21st
Century®; H2020 - 681002) zu nennen, in dessen Rahmen
an der Universitat Heidelberg fur mehrere Case Studies Mo-
dellsubstanzen hinsichtlich ihrer Wirkung auf Fische und Fi-
schembryonen untersucht wurden. Die Befunde sind in An-

lage 4 zusammengefasst.

Effect Network Im Rahmen des vom Ministerium fur Wissenschaft und Kunst
BRI \pWaterfesearch - o5 | andes  Baden-Wiirttemberg geforderten  Projekts
EffectNet (,Effect-Net: A multi-scale effect network for ha-
zard identification and risk evaluation of high consumption
chemicals in aquatic ecosystems. Drugs, pharmaceuticals
and food additives — from receptors to biodiversity”) wurden
unter anderem Medikamente zur Regulation des Blutzucker-
spiegels untersucht. Als multi- und transdisziplinares Projekt
generierte Effect-Net eine Toolbox (1) flr multiskalige biolo-
gische Effekte als Grundlage fur eine integrierte, wirkungs-
basierte Risikobewertung und (2) fur eine soziokulturelle
Governance, die auf personliche und politische Verantwor-
tung sowie eine Reduzierung von Emissionen von Chemika-
lien in die aquatische Umwelt abzielt.

EP RE Im Rahmen des von JPI Oceans (,Joint Programming Initia-
—~ e _' »%= tive Healthy and Productive Seas and Oceans®) vom BMBF
Foroncolocica BECTE OF . geforderten Forschungsprojekte Ephemare (,Verbundpro-

jekt: JPI-0 Microplastic - EPHEMARE: Okotoxikologische Ef-

fekte von Mikroplastik in marinen Okosystemen; Vorhaben:

Mikroplastik in einfachen Modell-Nahrungsketten®;, FKZ

a 03F0735A) und RESPONSE (,Effektbezogene Analyse von

QESPONSE wikroplastik-Partikeln und deren Extrakten*; FKZ 03F0853A)

e sowie des ebenfalls vom BMBF innerhalb von RiSKWa (,Ri-

sikomanagement von neuen Schadstoffen und Krankheitser-

regern im Wasserkreislauf*) geforderten Forschungsprojekts

MiWA MiWa (,Mikroplastik im Wasserkreislauf — Probenahme, Pro-

—— benbehandlung, Analytik, Vorkommen, Entfernung und Be-

£ | Eundesmiisorion wertung®; FKZ 02WRS1378J) konnte von der Arbeitsgruppe

| e g Aquatische Okologie und Toxikologie an der Universitat Hei-
delberg u.a. gezeigt werden, dass

JPI
OCER™S
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(1)

(2)

Mikroplastikpartikel innerhalb von Nahrungsketten weiterge-
geben und dabei in der Lage sind, Mikroschadstoffe in Orga-
nismen einzutragen (Batel et al. 2016, Batel et al. 2018);

die Belastung von Organismen durch Mikroschadstoffe
durch Mikroplastikpartikel insgesamt aber nicht erhéht wird
(Batel et al. 2018), da es im Rahmen der Einstellung eines
Verteilungsgleichgewichts lediglich zu einer Umverteilung
der Mikroschadstoffe im System kommt;

die Aufnahme von Mikroschadstoffen in Zellen auch mit Hilfe
von Zellkulturen (aus Fischen) untersucht werden kann
(Heinrich and Braunbeck 2018a, c, b);

in In vitro-Verfahren sowie mit Alternativmethoden zu kon-
ventionellen Experimenten mit Fischen hochempfindliche
Nachweismethoden fur die biologischen Wirkungen von Mik-
roschadstoffen entwickelt werden konnen (Heinrich et al.
2014, Kais et al. 2015); sowie

mit Hilfe von In vitro-Verfahren der Einfluss diverser Rand-
parameter auf die Aufnahme von Mikroschadstoffen in zellu-
lare Systeme manipuliert werden kann (Heinrich et al. 2014,
Heinrich and Braunbeck 2019).

Der insgesamt wichtigste Befund im Zusammenhang mit dem Forschungsprojekt
RESPONSE durfte damals die Erkenntnis gewesen sein, dass fur die Translokation
von Mikroplastikpartikeln sowie die Auslosung biologischer Effekte vor allem sehr
kleine Mikroplastikpartikel mit einem Durchmesser von < 3 - 5 ym in Frage kommen
(Batel et al. 2016), was auch in einem Review zur Relevanz von Nano- und Mikroplas-
tikpartikeln in limnischen Systemen bestatigt werden konnte (Triebskorn et al. 2019).
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4. Die wichtigsten wissenschaftlich-technischen Ergebnisse des
Projekts PHARMASEA

4.1 Biologische Wirkung von pharmazeutischen Wirkstoffen (WP2)

Das Ziel dieses Arbeitspakets war neben der Auswahl dkologisch relevanter APIs un-
ter anderem die Untersuchung der Aufnahme, Bioakkumulation und Ausscheidungski-
netik der Wirkstoffe in aquatischen Organismen. Hierbei wurden substanzspezifisch
chronische/subletale Effekte charakterisiert, mit Hilfe derer die Identifizierung geeigne-
ter Biomarker zur Friherkennung einer API-Exposition angestrebt wurde. Die Auswahl
der Testmethoden wurde von den vermuteten Wirkungsmechanismen der zu untersu-
chenden Substanzen abhangig gemacht.

4.1.1 Erweiterte Literaturrecherche

Auf Basis der Online-Tabelle, die als Grundlage zur Auswahl der API-Basisgruppe
diente (siehe Zwischenbericht 2022), wurden weitere Wirkstoffinformationen in drei zu-
satzlichen Tabellenblattern erganzt (Anlage 3). Wahrend das erste Blatt eine Liste aller
64 vorausgewahlten Wirkstoffe sowie der Stoffe der API-Kerngruppe enthalt, umfasst
das zweite Blatt (1) bekannte Wechselwirkungen von APIs mit CYP-Enzymen, (2) ihr
Potenzial als endokrine Disruptoren und (3) bisher durchgeflihrte Verhaltensstudien.
Diese Informationen dienen der Auswahl weiterer Prifverfahren fur jede Prufsubstanz
und werden fortlaufend aktualisiert.

Im dritten Blatt wurde eine Auflistung aller verfugbaren Reviews zum Thema Pharma-
zeutika und marines Okosystem zusammengestellt und nach Landern sortiert. Diese
Ubersicht dient als Grundlage zur Erstellung des in PHARMASEA geplanten Reviews.
Im vierten Tabellenblatt desselben Dokuments wurden 65 Publikationen zur Kombina-
tion von Carbamazepin und Zebrabarbling aufgelistet, inhaltlich analysiert und nach
Forschungsschwerpunkten kategorisiert. Diese Zusammenfassung wurde auch fur
weitere Substanzen erstellt (Tabellenblatter 5 - 10) und dient als Ubersicht der bereits
gesammelten Publikationen zu jedem Wirkstoff, welche in der EndNote-Datenbank ge-
speichert sind (Abschnitt 4.1.2). Im 11. Tabellenblatt wurden alle Proben flr toxikoki-
netische Analysen aufgelistet, wahrend in Blatt 12 die pH-Messungen aller Testsub-
stanzen in mehreren Konzentrationen erfasst sind. Blatt 13 zeigt die erste Version ei-
ner gewichteten Auswertung der gesammelten experimentellen Daten, die in das
WOE-Modell implementiert werden sollen.

Das Online-Tabellenblatt wurde allen PHARMASEA-Partnern zur Verfligung gestellt
und kann von allen Projektpartnern weiterhin genutzt und bearbeitet werden. Ein ak-
tueller Auszug des Dokuments ist als Excel-Datei beigefliigt (Anlage 3: Pharma-
Sea_Selection APIs.xlIs) und kann auch weiterhin online unter folgendem Link abgeru-

fen werden: https://docs.google.com/spreadsheets/d/148Qx4-rUqgjld6-
kKWNhSvm5VKIFNgLKWmMxBQXRZGSS6U/edit?usp=sharing.
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4.1.2 EndNote-Datenbank

Zur Katalogisierung aller bei der Literaturrecherche und wahrend des Projekts verwen-
deten Referenzen wurden alle Publikationen gesammelt und in einer speziell fur
PHARMASEA erstellten EndNote-Datenbank nach Wirkstoffen, Landern, Wirkmecha-
nismen und Testorganismen katalogisiert. Diese Datenbank wurde kontinuierlich er-
weitert und konnte von allen Partnern genutzt und bearbeitet werden. Derzeit sind 498
Referenzen enthalten (Stand: 13.03.2025).

4.1.3 Untersuchung der Toxizitat von APIs in friihen Entwicklungsstadien des
Zebrabarblingembryos

Tabelle 1: Status der Testaktivitaten fiir ausgewahlte pharmazeutische Wirkstoffe (APIs), sortiert nach
therapeutischen Klassen. Rot hervorgehobene Substanzen = API-Basisgruppe. FET = Fish Embryo
Acute Toxicity (FET) Test; Proben = Fisch- und Mediumproben fiir toxikokinetische Messungen.

Status
Pharmazeutischer

Wirkstoff (API) pey  Zusatzliche Proben
Testmethode fiir...

Therapeutische Klasse

Paroxetin Ja Neurotoxizitat Ja
SR il Sertralin Ja Neurotoxizitat Ja
deraufnahme-
Inhibitoren (SSRIs) Citalopram Ja Neurotoxizitat Nein
Fluoxetin Ja Neurotoxizitat Nein
Psychophar-
maka Serotonin-Norepinephrin-
Wiederaufnahme-Hem- Venlafaxin Ja Neurotoxizitat Ja
mer (SNRIs)
Neurotoxizitat,
Antiepileptika Carbamazepin Ja Nein
endokrine Effekte
Carazolol Ja Vaskulare Toxizitat Ja
[-Blocker
Kardiovaskulare Metoprolol Ja Vaskulare Toxizitat Ja
Wirkstoffe : -
Sartane (Angiotensin Il -\ o Ja  Vaskuldre Toxizitat Ja
Rezeptor-Inhibitoren)
Lipidsenkende Gemfibrozil Ja Endokrine Effekte Ja
. Fibrate
Wirkstoffe Bezafibrat Ja  (Endokrine Effekte) Ja
Antidiabetika Biguanide Metformin Ja Histologie Nein
Diclofenac 1B / Nein
Ibuprofen Ja Neurotoxizitat Nein
Nicht-steroidale entziindungshemmende
Naproxen Ja Endokrine Effekte Ja
Medikamente (NSAIDs)
Ketoprofen Ja Stress, Histologie Ja
Acetylsalicylsaure* Ja / Nein
Antikoagulan- Vitamin K Antagonisten Warfarin Ja Metabolismus Ja
zien Factor Xa Inhibitoren (S)-Rivaroxaban Ja (Metabolismus) Ja

* Nur hohe Dosen gehoren zu dieser therapeutischen Klasse.
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Wahrend des Projekts wurden an der Universitat Heidelberg 6 Psychopharmaka, 2
kardiovaskulare und 2 lipidsenkende Wirkstoffe, 4 nicht-steroidale entzindungshem-
mende Medikamente, 1 Antidiabetika und 2 Antikoagulanzien bearbeitet (Tabelle 1).

Zusatzlich zu den 13 Substanzen aus der API-Basisgruppe, welche in Tabelle 1 rot
hervorgehoben sind, wurden 6 zusatzliche Substanzen untersucht.

4.1.4 Fish Embryo Acute Toxicity (FET) Test

Alle Wirkstoffe wurden zunachst mit dem Fish Embryo Acute Toxicity (FET) Test,
OECD TG 236 (OECD 2013), auf ihre generelle Toxizitat in embryonalen Entwick-
lungsstadien des Zebrabarblings gepruft. Auf Grundlage der daraus ermittelten Effekt-
konzentrationen (EC), der letalen Konzentrationen (LC) und der therapeutischen
Klasse jeder Substanz, wurden zusatzliche Testmethoden ausgewahlt. Insbesondere
EC-Werte spielten flr die Auswahl geeigneter Testkonzentrationen eine wichtige
Rolle, um unspezifische und systemische Toxizitat zu vermeiden.

41.5 Psychopharmaka

Da Citalopram, Fluoxetin und Carbamazepin in vorangegangenen Studien bereits
auf ihr neurotoxisches Potential hin untersucht wurden (Zindler et al. 2020a; Zindler et
al. 2020b), fokussierte man sich hauptsachlich auf Sertralin, Venlafaxin und Paroxe-
tin. Die im FET-Test auffalligste Auswirkung, die allen drei Substanzen gemeinsam ist,
war die Unfahigkeit der Embryonen ihren Kérper am flnften Tag nach der Fertilisation
aufrecht in der Wassersaule zu halten. Dies kann als erstes neurotoxisches Zeichen
interpretiert werden. Weitere Effekte waren Odeme des Dottersacks und des Herzbeu-
tels sowie beginnende Nekrosen der Flossenschwanze bei hohen Testkonzentratio-
nen.

Um substanzinduzierte Verhaltensanderungen bei Zebrabarblingsembryonen zu iden-
tifizieren, wurden zwei verschiedene Methoden ausgewahlt: der Coiling Assay und der
Visual motor response-Test. Im Folgenden werden beide Verfahren kurz beschrieben
sowie der Forschungsstand der jeweiligen Substanzen erlautert.

Psychopharmaka im Coiling-Assay

Beim Coiling-Assay werden die spontanen Schwanzbewegungen des Fischembryos
erfasst, welche innerhalb der ersten 24 Stunden nach der Befruchtung (hpf) die ersten
beobachtbaren lokomotorischen Aktivitaten darstellen (Brustein et al. 2003; Drapeau
et al. 2002; Kimmel 1995; Saint-Amant and Drapeau 1998). Die Dauer und Haufigkeit
der Schwanzbewegungen wurden wahrend der Versuche zwischen 21 und 47 hpf vi-
deographisch aufgezeichnet. Die Exposition der befruchteten Fischeier wurde bei
1,5 hpf initiilert und wahrend des Versuchs aufrechterhalten. Kunstwasser wurde als
Negativkontrolle verwendet. Um 15 Uhr wurden die behandelten Fischeier in einer mit
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Ringen praparierten 24er-Well-Platte Uberfuhrt. Dabei wurden funf Eier pro Ring ver-
teilt (20 Eier pro Behandlung, insgesamt 100 Eier). Die 24er-Well-Platte wurde in ei-
nem Inkubator (HettCube 600R, Hettich, Tuttlingen, Deutschland) auf einer Acrylglas-
plattform platziert, unter welchem Infrarotstrahler (880 nm 40° 5 mm, Kingbright, Tai-
wan) installiert waren. Die Temperatur im Inkubator wurde auf 26 £ 1 °C eingestellt.
Aufgrund von leichten Erschitterungen im aktiven Zustand, wurde der Inkubator fur
die Aufzeichnungsintervalle einmal pro Stunde ausgeschaltet.

Die Bewegungen der Embryonen in den Eiern wurden jede Stunde 8 Minuten lang mit
einer Basler acA1920-155um USB 3.0 Kamera (Ahrensburg, Deutschland) durch ein
infrarotgefiltertes Basler M7528-MP F2.8 f75 mm Computerobjektiv (Filter: RG850, he-
liopan, Grafelfing, Deutschland) videografiert (mpeg-4, 30 Frams/s). Filme wurden mit
einem MediaRecorder 5 (Noldus, Wageningen, Niederlande) aufgezeichnet und mit
DanioScope 1.2 (Noldus) anhand von Graustufenveranderungen analysiert. In jedem
Video wurden einzelne Embryonen manuell als ein zu analysierender Bereich markiert.
Die Einstellungen von DanioScope flur die automatische Videoanalyse waren fur alle
27 Videos gleich. Bei den beobachteten Parametern handelte es sich um die "Mean
Burst Duration" und die "Mean Burst Count/ Minute", die auch als "Coil Duration" bzw.
"Coiling Frequency" bezeichnet werden. Die gewonnenen Daten analysierte man mit
dem Generalized Additive Model, einem multivariaten Modellierungsansatz. Je Sub-
stanz wurden drei unabhangige Replikate durchgeflhrt. Die Testkonzentrationen la-
gen unter den EC10-Konzentrationen, die in den vorangegangenen FET-Tests ermittelt
wurden. Fir Venlafaxin betrugen diese 0,1, 1, 10, 25 mg/L und Paroxetin 0,01, 0,1, 1,
2 mg/L.

Die Ergebnisse fur Venlafaxin verdeutlichen nur fur die Coil Duration eine signifikante
Reduktion, wohingegen die hochste Testkonzentration ohne beobachtbare Effekte
(NOEC) bei 0,1 mg/L lag (Abb. 1 A). Im Gegensatz dazu konnte fur die Paroxetin-
Exposition keine solche Konzentration ermittelt werden. Die niedrigste getestete Kon-
zentration von 0,01 pg/L erhdhte sowohl die Dauer als auch die Haufigkeit. Vielmehr
ist fur Paroxetin bei den getesteten Konzentrationen ein biphasischer Verlauf zu be-
obachten: Beginnend mit Hyperaktivitat bei niedrigeren Konzentrationen und Hypoak-
tivitat bei hoheren Konzentrationen (Abb. 1 C, D). Bei Sertralin wurde ein LOEC von
0,1 pg/L festgestellt.
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Abbildung 1: Kalkulierte Anpassungen der Daten zum Coiling-Verhalten von Embryonen des Zebrabarblings (Danio rerio) fir zwei Antidepressiva. Coiling Dura-
tion und Coiling Frequency fur Venlafaxin (A, B) und Paroxetin (C, D), 21 und 47 hpf. Die angepassten Kurven zeigen den kalkulierten Verlauf Uber die Zeit fir
beide Endpunkte und werden durch Linien mit ihren Konfidenzintervallen dargestellt. Schwarz zeigt die Kontrolle, wahrend blau, rosa, orange und gelb steigende
Testkonzentrationen darstellen. Weille Boxplots im Hintergrund veranschaulichen die Variabilitédt der Daten. Graue Schattierungen zeigen dunkle Phasen wah-
rend des Experiments an. Signifikante Abweichungen von der jeweiligen Kontrolle sind mit Sternchen gekennzeichnet (*p < 0,01), wahrend | und 1 fir Hypo-
bzw. Hyperaktivitat stehen. Beide Substanzen wurden in drei unabhangigen Replikaten getestet.
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Psychopharmaka im Visual motor response-Test

Das Schwimmverhalten von Embryonen des Zebrabarblings ist in der Literatur gut be-
schrieben und wird bereits haufig fir das Neurotoxizitatsscreening von Medikamenten
und Schadstoffen verwendet (De Rosa et al. 2022; Drapeau et al. 2002; von Hellfeld
et al. 2022; Zindler et al. 2020a). Die visuelle motorische Reaktion (VMR) ist ein Test-
verfahren bei dem eine plétzliche Anderung der Lichtverhaltnisse genutzt wird, um so-
wohl die Beweglichkeit als auch das Sehvermdgen der Embryonen zu messen
(Burgess and Granato 2007; Fernandes et al. 2012). Die Testkonzentrationsbereiche
fur Venlafaxin, Sertralin und Paroxetin entsprechen denen im Coiling-Assay. Die
Schwimmaktivitat der Embryonen wurde zwischen 107 und 109 hpf nach semistati-
scher Exposition aufgezeichnet.

Abbildung 2 A zeigt den zeitlichen Verlauf des Experiments fur Venlafaxin und die
durchschnittlich zurlickgelegte Strecke fur jede Expositionsgruppe. Es ist eine typische
zeitliche Anpassung der Embryonen nach wiederholten Lichtreizen zu erkennen. Al-
lerdings ist der Unterschied zwischen dem Beginn und dem Ende des Experiments bei
der Kontrolle und den niedrigen Konzentrationen viel groRer als bei den beiden hochs-
ten Testkonzentrationen, 10 und 25 mg/L. Dieser Effekt ist vor allen in der Gesamtdis-
tanz, die in allen Dunkelphasen zurtckgelegt wird, deutlich zu beobachten (Abb. 2B).
Dabei zeigen alle drei Replikate einen Ruckgang der Bewegungsstrecke im Vergleich
zur Negativkontrolle. Nur bei 0,1 mg/L wurde kein statistisch signifikanter Effekt beo-
bachtet, was jedoch durch die Abweichung eines Replikats erklart werden kann.

Psychopharmaka im Neuromasten-Assay

Zusatzlich zu den Verhaltensstudien, wurde fur Venlafaxin die Entwicklung des Sei-
tenlinienorgans untersucht, da Effekte in diesem ebenso fur die Balanceschwierigkei-
ten der Embryonen verantwortlich sein konnten. Der Neuromast-Assay wurde mit ein
paar Anpassungen nach Stengel et al. (2017) durchgefuhrt. Hierfir wurden Embryo-
nen unter semistatischen Bedingungen fur 96 hpf mit drei Testkonzentrationen und
einer Negativkontrolle (Kunstwasser) exponiert. Die verwendeten Testkonzentrationen
(EC10 [120 hpf] = 1,082 mg/L, EC10 [96 hpf] = 0,3445 mg/L und ECs [96 hpf] = 0,1723
mg/L) wurden in vorherigen FET-Tests bestimmt. AnschlieRend wurden die Neu-
romasten des Seitenlinienorgans in einer Doppelfarbung aus DAPI und DASPEI ein-
gefarbt, bei welcher doppelstrangige DNA blau und Mitochondrien gelb angefarbt wur-
den. Je Embryo wurden 9 ausgewahlte Neuromasten untersucht. Hierfur fertigte man
von jedem Neuromasten zwei Fotos an, eines je Farbung, die am Ende zusammenge-
setzt wurden. Nach der Zusammensetzung der zwei Einzelbilder, erscheinen Mito-
chondrien rot (Abb. 3). Alle Bilder wurden mit einem Nikon Eclipse 90i Epifluoreszenz-
mikroskop (Nikon, Tokio, Japan) unter Verwendung des Programms NIS-Elements
(AR 4.00.12 64 bit, Nikon, Tokio, Japan) angefertigt. Zur Analyse der Fluorenzenzin-
tensitat wurde eine Einstufungsskala angefertigt, die Score-Werte von 0 (kein Effekt)
bis 3 (groRRer Effekt) vergibt (Abb. 3).
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Abbildung 2: Auswirkungen von Venlafaxin auf die Schwimmaktivitat von Embryonen des Zebrabarblings
(Danio rerio); analysiert mit dem Visual motor response-Test (VMR). Die mittlere Bewegungsstrecke (A)
der Embryonen wurde zwischen 107 und 109 hpf nach kontinuierlicher Exposition gegeniiber verschie-
denen Konzentrationen aufgezeichnet. Die Kontrolle ist in Schwarz mit einem Konfidenzintervall von
95% dargestellt. Weille und graue Hintergrundfarben weisen auf photoperiodische Licht- und Dunkel-
phasen hin, die sich alle 10 Minuten abwechseln. Die Grafik stellt eine von drei unabhangigen Wieder-
holungen dar. Die Gesamtstrecke, die wahrend der Dunkelphasen (B) zurlickgelegt wurde, wurde auf
die jeweiligen Kontrollen der einzelnen Experimente normiert. Die Dosis-Wirkungs-Kurve beschreibt die
Beziehung zwischen der Lokomotionsaktivitat und steigenden Venlafaxin-Konzentrationen. Die drei un-
abhangigen Replikate sind durch unterschiedliche Symbole dargestellt. Die Anzahl der Sternchen gibt
die Anzahl der Replikate mit signifikanten Effekten im Vergleich zur Kontrolle an (* p < 0,05; Kruskal-
Walllis, post-hoc Dunn’s Test).
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Venlafaxin wurde mit drei Embryonen je Konzentration und in 4 unabhangigen Repli-
katen untersucht. Basierend auf den mittleren Fluoreszenzwerten aller 9 ausgewerte-
ten Neuromasten je Embryo, konnte keine signifikante Veranderung des Seitenlinien-
organs unter Belastung mit drei Venlafaxin-Konzentrationen festgestellt werden
(Abb. 4).

Abbildung 3: Einstufungsskala der zusammengesetzten Neuromasten. Score 0 = Kein Effekt, entspricht
Negativkontrolle; Score 1 = geringer Effekt; Score 2 = mittlerer Effekt; Score 3 = grof3er Effekt. Blau =
DAPI-gefarbte DNA; Rot = DASPEI-geféarbte Mitochondrien.
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Abbildung 4: Mittlerer Fluoreszenzwert von 9 ausgewahlten Neuromasten nach Behandlung mit
Venlafaxin (VFX) und Kunstwasser (Negativkontrolle = NC). Dunnett-Test; p < 0,05=*,p<0,01 =*p
< 0,001 = ***, Keine Signifikanz festgestellt. Die Balken zeigen den mittleren Fluoreszenzwert der je-
weiligen Behandlung £ SD (Standardabweichung); n = 10-12 Embryonen pro Behandlung in allen Rep-
likaten.
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4.1.6 Kardiovaskulare Wirkstoffe

Zur Bewertung des toxischen Potenzials von Metoprolol und Valsartan wurden neben
dem FET-Test zwei weitere Endpunkte untersucht: die Koérperlange bei 120 Stunden
alten Embryonen (hours post-fertilization, hpf) und die Herzschlagrate bei 72 und
120 hpf. Fur die Messung der Kdrperlange wurden Bilder der ganzen Embryonen bei
120 hpf mit einer 3.0 Farb-Industriekamera (DFK 33UX264, The Imaging Source Eu-
rope GmbH, Bremen, Deutschland) und der Nikon NIS-Elements D Bildgebungssoft-
ware aufgenommen. Alle Embryonen wurden in Langsrichtung ausgerichtet, und die
Messungen erfolgten vom entferntesten Punkt des Kopfes bis zur Schwanzspitze,
ohne die Schwanzsaum mit einzubeziehen. Alle Messungen wurden mit dem Messli-
nienwerkzeug der Software Fiji Imaged (Rasband, Bethesda, USA) durchgefihrt. Fur
die Analyse der Herzschlagrate wurden jeweils 10-seklindige Videos vom Herzschlag
von 10 Embryonen bei 72 hpf und 120 hpf aufgenommen. Die Anzahl der Herzschlage
wurde manuell gezahlt.

Alle Rohdaten wurden mit Microsoft Excel 356 (Redmond, USA) verarbeitet. Die Er-
gebnisse der Korperlangenmessung wurden mit einem Umrechnungsfaktor von
0,68 Pixel/um von Pixeln in ym umgerechnet. Fur die statistischen Analysen von Kor-
perlange und Herzschlagzahl wurde Prism 9 (GraphPad Software, San Diego, USA)
verwendet. Zur Uberpriifung der Normalverteilung (a = 0,05), wurde ein Shapiro-Wilk-
Test durchgefuhrt. 10 Expositionsgruppen wurden mittels einseitiger Varianzanalyse
(ANOVA-Tests, p < 0,05) und einem anschlieRenden Dunnett-Vergleich analysiert.

Flr Metoprolol wurde ein Testkonzentrationsbereich von 1 - 700 mg/L bestimmt und
Korperlangenmessungen von 4 Wiederholungen mit insgesamt 80 Embryonen pro
Konzentration zeigten eine signifikante Reduktion der Lange, welche frihestens bei
300 mg/L und spatestens bei 700 mg/L exprimiert wurde (Abb. 5). Als friher Indikator
fur Kardiotoxizitat, zeigte sich wahrend des FET-Tests eine Reduktion der Herzschlag-
rate bei exponierten Embryonen nach 48 hpf bei Konzentrationen von =200 mg/L. Wie
in Abb. 6 gezeigt, ergab die statistische Analyse der Herzschlagrate bei 72 hpf eine
signifikante Abnahme ab 100 mg/L. Die Unterschiede in der Herzschlagrate zwischen
den Expositionen wurden bei 120 hpf noch gravierender (Abbildung 7). Aufgrund der
hohen Anzahl von Testkonzentrationen und Embryonen je Replikat wurden die Videos
der ersten drei Wiederholungen ohne eine Akklimatisierungsphase fur die Embryonen
aufgenommen. Aufgrund dessen zeigte die Negativkontrolle bei der Auswertung unter
dem Mikroskop einen tachykarden Trend. Im Vergleich zur verfugbaren Literatur
(Maciag et al. 2022; Ping et al. 2022) stieg die durchschnittliche Herzfrequenz aller
nicht exponierten Embryonen in den ersten drei Wiederholungen um etwa 30 %. Daher
wurde eine vierte Wiederholung durchgeflhrt und vor jeder Aufzeichnungssitzung eine
Akklimatisierungszeit von 5 bis 10 Minuten bei 72 hpf (Abbildung 6) eingefligt.

Nach der Akklimatisierungsphase konnte eine allgemeine Abnahme der Herzfrequenz
bei allen Expositionen beobachtet werden, und die Negativkontrolle zeigte eine Herz-
frequenz, die mit der von Ping et al. (2022) und Maciag et al. (2022) berichteten Herz-
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frequenz von 140-150 Schlagen pro Minute vergleichbar war. Ein konzentrationsbe-
dingter Unterschied im Initiileren der reduzierten Herzschlagrate zwischen den ersten
drei Wiederholungen und der letzten wurde nicht beobachtet.
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Abbildung 5: Kérperlangenmessungen nach Behandlung von Embryonen des Zebrabarblings (Danio
rerio) mit Metoprolol; 120 hpf, n = 20 Embryonen / Konzentration / Replikat; **** p < 0,0001; *** p <
0,001; ** p 0,01; * p < 0,05.
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Abbildung 6: Messungen der Herzschlagrate bei 72 hpf nach Behandlung von Embryonen des Zeb-
rabarblings (Danio rerio) mit Metoprolol; Replikat 4 beinhaltet eine Akklimatisierungszeit von 5 bis 10
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Abbildung 7: Messungen der Herzschlagrate bei 120 hpf nach Behandlung von Embryonen des Zeb-
rabarblings (Danio rerio) mit Metoprolol; n= 9-10 Embryonen / Konzentration / Replikat; **** p < 0,0001;
***p<0,001; **p 0,01; * p <0,05.
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FUr Valsartan wurden zwei FET-Tests mit einer maximalen Testkonzentration von
300 mg/L durchgefuhrt, was der Loslichkeitsgrenze des Arzneimittels in 0,5 % DMSO
entspricht. Zum Vergleich mit Metoprolol wurden auch bei dieser Substanz 10-Sekun-
den-Videos des Herzschlags bei 72 hpf und 120 hpf von jeweils 10 Embryonen aufge-
nommen. Die Herzschlage wurden manuell gezahlt. Da keine der beiden Wiederho-
lungen signifikante Auswirkungen auf die Embryonalentwicklung, die Korperlange
(Abb. 8) oder die Herzschlagrate (Abb. 9) zeigte, wurde eine dritte Wiederholung nicht
durchgefuhrt.
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Abbildung 8: Messung der Koérperlange nach Behandlung von Embryonen des Zebrabarblings (Danio
rerio) mit Valsartan; 120 hpf; n= 20 Embryonen / Konzentration / Wiederholung. Es wurde keine signifi-
kante Wirkung beobachtet.
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Abbildung 9: Messungen der Herzschlagrate bei 72 und 120 hpf nach Behandlung von Embryonen des
Zebrabarblings (Danio rerio) mit Valsartan; n= 10 Embryonen / Konzentration / Wiederholung. Es wurde
keine signifikante Wirkung beobachtet.
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4.1.7 Analyse des BlutgefaBsystems

Zusatzlich zur Analyse der Korperlange und des Herzschlags wurde bei Metoprolol
die Entwicklung des BlutgefaRsystems untersucht. Zu diesem Zweck wurde die trans-
gene Zebrabarblingslinie tg(kdrl:EGFP) verwendet. In Anlehnung an das Expositions-
verfahren des FET-Tests wurden frisch befruchtete Eier 4 Testkonzentrationen und
einer Negativkontrolle (Kunstwasser) ausgesetzt. Nach der Uberpriifung des Fluores-
zenzsignals bei 48 hpf, wurden 120 hpf-Embryonen einzeln in eine kalte 0,4 %ige Tri-
cain-Losung zur Immobilisierung uberfuhrt. Mit einer 2-ml-Pipette wurden die Embryo-
nen in 3 %iger Methylcellulose auf einem Objekttrager platziert und vorsichtig mit einer
Pipettenspitze in eine seitliche Lage ausgerichtet. Fur die Bildgebung wurde ein inver-
ses Nikon Eclipse Ti-S Fluoreszenzmikroskop (Nikon, Dusseldorf, Deutschland) mit
einer Nikon DS-Fi3 Kamera verwendet.

Abbildung 10: Epiflu-
oreszenz-Bilder von
Embryonen des Zeb-
rabarblings aus der
transgenen Linie
tg(kdrl.EGFP), nach
Exposition mit Me-
toprolol; 120 hpf. Fir
jede Testkonzentra-
tion wurden insge-
samt 10 Embryonen
getestet. Da jedoch
nicht alle Embryonen
ein Fluoreszenzsig-
nal zeigten, wurde
die tatsachliche An-
zahl der verwendeten
Embryonen zu jeder
Testkonzentration im
Folgenden aufgelis-
tet: A: Negativkon-
trolle (Kunstwasser, n
=11),B: 10 mg/L (n =
11), C: 100 mg/L (n =
4), D: 300 mg/L
(n=7), E: 600 mg/L
(n=3).
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Zur Visualisierung des GFP-Signals des Gefal3systems wurden die Bildgebungssoft-
ware NIS-Elements und der FITC-Filter mit einer Emissionswellenlange von 517 nm
verwendet. Die Belichtungszeit wurde auf 70 ms eingestellt, und von jedem Embryo
wurden 4 Bilder bei 20-facher Vergrof3erung aufgenommen, wobei die Kopf-, Dotter-,
Rumpf- und Schwanzregion sichtbar gemacht wurden. Nach der Aufnahme wurden
alle Fische erneut in 0,4 %ige Tricain-Losung uberfihrt und in Ethanol euthanasiert.
Missbildungen oder Entwicklungseffekte an den Blutgefalden wurden visuell durch Ver-
gleich der exponierten Fische (Abb. 10 B-E) mit der Negativkontrolle (Abb. 10 A) be-
urteilt. Fur Metoprolol wurden bei 10 mg/L (Abb. 10 B), 100 mg/L (Abb. 10 C), 300
mg/L (Abb. 10 D) und 600 mg/L (Abb. 10 E) bei 120 hpf keine sichtbaren Auswirkun-
gen auf die Bildung des Blutgefallsystems festgestellt. Bei 600 mg/L fUhrten die Kor-
perfehlbildungen zu einem sichtbaren Anstieg der Fluoreszenz im Kieferbereich (Abb.
10 D; E). Dies kdnnte auf einen Gewebeabbau zurickzuflhren sein, der normaler-
weise zu einer breiteren und intensiveren Fluoreszenzemission fuhrt.

4.1.8 Lipidsenkende Wirkstoffe

Als eines von zwei untersuchten Fibraten in diesem Projekt, wurde Gemfibrozil auf
seine allgemeine Entwicklungstoxizitat und die Auswirkung auf Schilddrusenfollikel in
Zebrafischembryonen nach 120-stliindiger Exposition untersucht. Zu diesem Zweck
wurden 5 FET-Tests mit 4 - 24 mg/L in 0,05 % DMSO durchgefuhrt. Aufgrund einer
unzureichenden Schlupfrate war die erste Wiederholung ungultig und wurde ausge-
schlossen. In allen Wiederholungen waren die haufigsten Auswirkungen ein vergro-
Rerter und in den meisten Fallen dunkel gefarbter Dottersack, ein nicht eingedrehtes
Herz und Abschnurungen des Dotters, die auch im Herzen der Embryonen zu be-
obachten waren. Die Auswirkungen begannen bei = 8 mg/L, 48 hpf und zeigten eine
starke Dosis-Wirkungs-Beziehung. Ahnliche Effekte wurden auch von Henriques et al.
(2016) beobachtet, obwohl Lipidtropfen im Herzschlauch nicht dokumentiert wurden.
Es ist noch nicht klar, wie diese Verengungen und Abschnurungen zustande kommen,
aber es kann angenommen werden, dass sie mit der fehlerhaften Mobilisierung von
Dotterlipiden und der Bildung von Odemen zusammenhéngen (Anderson et al. 2011).
Bezuglich der Lipidtropfchen im Inneren des Herzens gibt es zwei Hypothesen: (1)
Entweder wurden die Partikel durch Durchbrechen des Dottersackepithels von Lipiden
gebildet oder (2) sie entstanden durch eine Kombination aus hydrophoben Wechsel-
wirkungen zwischen den Lipidmolekulen und einer verminderten mechanischen Kraft
des Herzmuskels.

Ubereinstimmend mit den Auswirkungen von Gemfibrozil auf die Entwicklung von
Embryonen des Zebrabarblings wurde eine statistisch signifikante Verringerung der
Korperlange bei = 8 mg/L beobachtet (Abb. 11).
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Aufgrund der vermuteten endokrinen Wirkungen bei Fischen wurde fur Gemfibrozil
die Messung der Schilddrusenfollikel als zusatzliche Testmethode gewahlt. Diese Ex-
perimente wurden mit unpigmentierten transgenen Zebrabarblingen der Linie
tg(tg:mCherry) durchgefuhrt (Opitz et al. 2012). Nach einer 120 h Exposition bei
4 Gemfibrozil-Konzentrationen (0,1, 2, 4 und 6 mg/L) und einer Negativkontrolle
(0,05 % DMSO) wurden jeweils 18 bis 24 Embryonen in drei unabhangigen Replikaten
ohne sichtbare letale und subletale Effekte in 0,4 % Tricain immobilisiert und mit einem
Fluoreszenzmikroskop (Nikon Eclipse Ti-S Inversmikroskop (Nikon, Tokio, Japan))
und der Software NIS-Elements (Version 5.10; Nikon, Tokio, Japan) untersucht. Fur
die Auswertung wurde die Open-Source-Software ImageJ-Fiji (Schindelin et al. 2012)
in Kombination mit einem angepassten Makro verwendet. Gemessen wurde die inte-
grierte Dichte, die die Fluoreszenzintensitat der Schilddrisenfollikel mit der Groe der
Follikel kombiniert. Die statistische Analyse wurde mit der Software GraphPad Prism
9.3.1 9 (Testversion, GraphPad; Statcon, Witzenhausen, Deutschland) durchgefihrt.
Zunachst wurde die ROUT-Methode (Motulsky and Brown 2006) mit Q = 1 % verwen-
det, um Datenausreil3er zu entfernen.
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Abbildung 11: Box-Plot (Tukey) der Kérperlange von 120 h alte Embryonen des Zebrabarblings (Danio
rerio), die in vier Durchgangen mit Gemfibrozil exponiert wurden. Embryonen, die mit 20 mg/L und 24
mg/L exponiert wurden, sind aufgrund des mangelnden Schlupferfolgs und der hohen Sterblichkeitsrate
nicht berlcksichtigt worden. Sternchen (*) zeigen eine signifikante Abweichung (One-way ANOVA, Dun-
nett's multiple comparisons test) von der jeweiligen Losungsmittelkontrolle (0 mg/L GEM) an: *p < 0,05,
**p < 0,01, ****p < 0,0001.

n2(0 mg/L) = 17; n2(4 mg/L) = 14; n2(8 mg/L) = 12; n2(12 mg/L) =
n3(0 mg/L) = 18; n3(4 mg/L) = 16; n3(8 mg/L 9; n3(12 mg/L) = 15; n3(16 mg/L) = 10;
na(0 mg/L) = 19; na(4 mg/L) = 13; na(8 mg/L )=
)=

6; na(12 mg/L) = 13; na(16 mg/L) =
ns(0 mg/L) = 19; n5(4 mg/L) = 18; ns(8 mg/L

)=
)=
)=
) =18; n5(12 mg/L) = 9; n5(16 mg/L) = 6.
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Ein Wilk-Normalitatstest und ein Kolmogorov-Smirnov-Test wurden verwendet, um die
jeweiligen Daten auf eine Gaul3sche Verteilung zu prifen. Dann zeigte eine einseitige
Varianzanalyse (ANOVA), ob sich das Fluoreszenzsignal zwischen den Bildern der
Ldsungsmittelkontrolle und den Embryonen der Gemfibrozil-Expositionsgruppen sta-
tistisch signifikant unterschied. Schliel3lich wurden Boxplot-Diagramme erstellt und
Sternchen hinzugefugt, um mogliche statistisch signifikante Unterschiede zwischen
der Losungsmittelkontrolle und den Gemfibrozil-Konzentrationen hervorzuheben (Abb.
12, 13). Die Daten der integrierten Dichte aller Wiederholungen wurden gegen die Da-
ten der Losungsmittelkontrolle normalisiert, um relative Werte der integrierten Dichte
zu erhalten. Da sich die Ergebnisse der relativen integrierten Dichte nicht signifikant
unterschieden, wurden die Daten aller Replikate zusammengefasst, um ein Diagramm
zu erhalten.

Fir alle Expositionen verursachte Gemfibrozil einen statistisch signifikanten dosisab-
hangigen Anstieg der logarithmischen Veranderung der Schilddrusenfollikel-Fluores-
zenz im Vergleich zur Kontrolle (Abbildung 12). Tabelle 2 zeigt den nicht-logarithmi-
schen Fold change in allen drei Replikaten.
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Abbildung 12: Box-Plot (Tukey) der logarithmischen Veranderung der Schilddriisenfollikel-Fluoreszenz
von 120 hpf tg(tg:mCherry) Embryonen des Zebrabarblings (Danio rerio) nach Gemfibrozil-Exposition.
Sternchen (*) zeigen statistisch signifikante Veranderungen (Zwei-Wege-ANOVA, Dunnett's multipler
Vergleichstest) gegeniiber der Kontrolle (0 mg/L) an: *p < 0,05, **p < 0,01, ****p < 0,0001.

n(0 mg/L) = 60; n(0,1 mg/L) = 56; n(2 mg/L) = 64; n(4 mg/L) = 55; n(6 mg/L) = 59.
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Tabelle 2: Zunahme (nicht-logarithmischer Fold change) der Fluoreszenz von Schilddrisenfollikeln in
120 h alten Embryonen des Zebrabarblings (Danio rerio;) tg(tg:mCherry) nach Gemfibrozil-Exposition
im Vergleich zur Losungsmittel-Kontrolle. Zweifache ANOVA, Dunnett's multipler Vergleichstest.

0.1 mg/L 2 mg/L 4 mg/L 6 mg/L
Run 1 1.69 2.10 2.59 2.34
Run 2 1.22 1.03 1.27 1.17
Run 3 1.02 1.05 1.40 1.39
Median 1.31 1.39 1.75 1.63
Signifikanz * o — —

0 mg/L (SC)

Abbildung 13: Fluoreszierende Schilddrisenfollikel von 120 h alten tg(tg:mCherry) Embryonen des Ze-
brabarblings (Danio rerio) nach Gemfibrozil-Exposition. SC: Lésungsmittelkontrolle, 0,05 % DMSO. Die
Bilder wurden mit 20-facher VergrofRerung und einem TRITC-Epifluoreszenzfilter aufgenommen. Die
Graustufenbilder wurden mit der Software Fiji neu eingefarbt, um die rote Fluoreszenz des Proteins
mCherry sichtbar zu machen.

Ahnlich wie bei Rivaroxaban musste auch fiir Bezafibrat, das zweite Fibrat in dieser
Studie, eine Ldslichkeitsstudie durchgefuhrt werden. Aufgrund seiner schlechten Was-
serloslichkeit wurden mehrere Versuche mit unterschiedlichen DMSO-Endkonzentra-
tionen durchgefluhrt. Bei 100 % DMSO konnte eine Konzentration von 500 g/L erreicht
werden, doch durch Verdunnen der Stammlésung auf 0,1 % DMSO wurde eine Test-
konzentration von < 100 mg/L ermittelt, die im FET-Test keine Entwicklungseffekte
verursachte. Um hohere Konzentrationen zu testen und eine pH-Absenkung der Test-
lI6sungen zu verhindern, wurde die DMSO-Endkonzentration auf 1 % erhoéht und
Tris(hydroxymethyl)aminomethan als Puffer verwendet.

Da im FET-Test sowohl exponierte als auch nicht exponierte Embryonen Wirkungen
zeigten, wurde der Schwerpunkt des Experiments auf plausible Koexpositionswirkun-
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gen von Bezafibrat, DMSO und Tris(hydroxymethyl)aminomethan verlagert. Zu die-
sem Zweck wurden drei DMSO-Endkonzentrationen (0,1, 0,5 und 1 %) in jeweils zwei
unabhangigen Experimenten bei den gleichen Testkonzentrationen von Bezafibrat
(0,1; 1; 10; 50; 100; 500; 1000 mg/L) getestet. Die Auswertung deutet darauf hin, dass
alle beobachteten Effekte, wie etwa Dotterverformungen, verringerte Augengrdf3e und
Wirbelsaulenkrimmungen, durch DMSO verursacht wurden. Bei Konzentrationen von
< 1 g/L scheint Bezafibrat fur Embryonen des Zebrabarblings also nicht toxisch zu sein.

4.1.9 Nicht-steroidale entziindungshemmende Medikamente (NSAIDs)

Da Ibuprofen und Acetylsalicylsaure in einer vorangegangenen Studie bereits zum Teill
untersucht wurden (von Hellfeld et al. 2020), sind Naproxen und Ketoprofen zunachst
in den Fokus gerlckt worden.

Basierend auf potenziell endokrinen Effekten in Fischen (Li et al. 2016; Wojcieszynska
and Guzik 2020; Xu et al. 2019), wurde flr Naproxen die Messung der Thyroideafollikel
als zusatzliche Testmethode zum FET-Test gewahlt. Diese Versuche wurden mit un-
pigmentierten, transgenen Zebrabarblingen der Linie tg(tg:mCherry) durchgefuhrt
(Opitz et al. 2012). Nach einer Belastung von 120 hpf mit 4 Naproxen-Konzentrationen
(0,1, 1, 10 und 100 pg/L) und einer Negativkontrolle (0,01% DMSO), wurden in drei
unabhangigen Replikaten jeweils 18 bis 20 Embryonen ohne sichtbare letale und sub-
letale Effekte in 0,4 % Tricain immobilisiert und mit Hilfe eines Fluoreszenzmikroskops
(Nikon Eclipse Ti-S Inversmikroskops (Nikon, Tokio, Japan)) und der Software NIS-
Elements (Version 5.10; Nikon, Tokio, Japan) fotografiert. Zur Auswertung wurde unter
Verwendung eines maflgeschneiderten Makros die Open-Source-Software ImageJ -
Fiji (Schindelin et al. 2012) verwendet. Dabei wurde die integrierte Dichte gemessen,
welche die Fluoreszenzintensitat der Schilddrisenfollikel mit der GroRe der Follikel
kombiniert. Die statistische Auswertung erfolgte mit der Software GraphPad Prism
9.3.1 (Testversion, GraphPad Software, Inc., San Diego, USA). Zunachst wurde die
ROUT-Methode (Motulsky and Brown 2006) mit Q = 1 % verwendet, um Datenausrei-
Rer zu entfernen. Ein Wilk-Normalitatstest und ein Kolmogorov-Smirnov-Test wurden
verwendet, um die jeweiligen Daten auf eine Gaul3-Verteilung hin zu testen. Danach
zeigte eine einseitige Varianzanalyse (ANOVA), ob sich das Fluoreszenzsignal statis-
tisch signifikant zwischen den Bildern der Losungsmittelkontrolle und den Embryonen
der Naproxen-Expositionsgruppen unterscheidet. SchlieRlich wurden Boxplot-Dia-
gramme erstellt und Sternchen hinzugefugt, um maogliche statistisch signifikante Un-
terschiede zwischen der Losungsmittelkontrolle und Naproxen-Konzentrationen zu
verdeutlichen (Abb. 14).

Die Daten der integrierten Dichte aller Replikate wurden gegen die Daten der jeweili-
gen Losungsmittelkontrolle normalisiert, um relative integrierte Dichtewerte zu erhal-
ten. Da sich die Ergebnisse der relativen integrierten Dichte nicht wesentlich vonei-
nander unterschieden, wurden die Daten aller Replikate gepoolt, um ein Diagramm zu
erhalten.
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Die Fluoreszenzanalyse der Schilddrusenfollikel in 120 hpf-Embryonen zeigt keine sta-
tistisch signifikanten Veranderungen (p < 0,05) der relativen integrierten Dichte, aber
der p-Wert fUr die Expositionsgruppe 1 ug/L wurde mit 0,0573 berechnet. Eine gering-
fugige Zunahme der relativen integrierten Dichte wurde fir 0,1 und 1 ug/L beobachtet,
mit der héchsten Zunahme fur die Expositionsgruppe 1 pg/L (Abb. 14).

Abbildung 14: Mittelwert der logarithmi-
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FiUr Ketoprofen wurde aufgrund einer geringen Datenlage zu Zebrabarblingen und Fi-
schen im Generellen zusatzlich zum FET-Test eine histologische Untersuchung des
Darms, der Leber und der Augen selektiert. Die Ergebnisse ergaben milde Leberver-
anderungen ab 100 ug/L.

2.1.10 Antidiabetika

Da aufgrund einer frGheren Studie sowohl FET-Test sowie histologische Daten zu Met-
formin in der Arbeitsgruppe der Universitat Heidelberg bereits existieren, wurden
keine weiteren Versuche fur diese Substanz durchgeflhrt.

2.1.11 Antikoagulanzien

Far Warfarin wurden unter Hinzunahme des Antiarrhythmikums Amiodaron Tests zur
Cytochrom-P450-Aktivitat (Phase [) mit dem 7-Methoxycoumarin-O-demethylase
(MCOD) Aktivitats-Assay (Loerracher and Braunbeck 2021) festgelegt. Die verwende-
ten Testkonzentrationen richteten sich nach dem in den FET-Tests ermittelten EC1o-
Werten; 17,9 uM flr Warfarin und 0,93 uM flr Amiodaron. Es wurden vier unabhangige
Versuche mit jeweils sechs Embryonen pro Testkonzentration inklusive Losungsmittel-
(Dimethylsulfoxid; DMSO) und Negativkontrolle (Kunstwasser) durchgefuhrt.
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Zur Messung der MCOD-Aktivitat, wurden alle Embryonen mit 0,016 % Tricain immo-
bilisiert, in 1 %-iger Agarose eingebettet und mit einem Nikon ECLIPSE 90i Inversmik-
roskop (Nikon Instruments, Tokio, Japan) fotografiert. Die durch die Bildung von
7-Hydroxycumarin verursachte Fluoreszenz wurde mit einem DAPI-Filterset gemes-
sen (Anregungswellenlange (Aex): 340 - 380 nm, dichroitischer Spiegel 400 nm, Emis-
sionswellenlange (Aem): 435 - 485 nm Belichtungszeit: 1 Sek.). Mit der Bildgebungs-
software NIS Elements 4.0 (Nikon Instruments, Melville, NY, USA) wurde die Intensitat
der Fluoreszenz durch Messung der Pixelintensitat innerhalb eines definierten Be-
reichs von Interesse (ROI) und der Flache dieses ROI bestimmt (Abb. 15). Nach Abzug
der Hintergrundintensitat, wurde die Intensitatsveranderungen der Belastungen ermit-
telt, indem die Fluoreszenzintensitat jedes Embryos durch die mittlere Intensitat der
Negativkontrolle geteilt wurde.

Abbildung 15: Beispielhafte Aufnahme eines Zebrabarblingembryos der Kontrollgruppe; Fluoreszenz-
mikroskopie, 4 x Vergréferung. Der gemessene ROI = Darm ist in Rot dargestellt.

Alle Messungen wurden statistisch mit GraphPad Prism 9.2.1 analysiert. Basierend
auf den Ergebnissen (Abb. 16) weist nur Replikat 4 einen signifikanten Unterschied
zur Lésungsmittelkontrolle auf (DMSO vs. Amiodaron: p=0,0062; DMSO vs. Amio-
daron + Warfarin: 0,0276). Es lasst sich jedoch der Trend beobachten, bei dem die
Kombination von Warfarin und Amiodaron, und mdglicherweise auch Warfarin selbst,
die MCOD-AKktivitat verringert. Bei DMSO und Amiodaron ergibt sich ein gemischtes
Bild, bei welchem einige Replikate einen Fold Change >1 und einige einen Fold
Change <1 aufweisen.

Bei Rivaroxaban, einem Ersatzmedikament fur Warfarin, zeigte sich bereits wahrend
den Vorbereitungen zum FET-Test eine sehr geringe Loslichkeit in wassrigen Losun-
gen, welche auch unter Hinzunahme von diversen Losungsmitteln nicht verbessert
werden konnte. Im FET-Test wurde eine maximale Testkonzentration von 200 uM bei
einer Losungsmittelendkonzentration von 2% DMSO erreicht, welche im FET-Test al-
lerdings zu keinen signifikant beobachtbaren Effekten fuhrte. Aufgrund dessen wurde
vorerst von weiteren Versuchen mit dieser Substanz abgesehen.
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Abbildung 16: MCOD-Aktivitat dargestellt als Fold Change im Vergleich zur Negativkontrolle (NC). Ex-
positionen: 0,5 % DMSO, 0,932 yM Amiodaron in 0,5% DMSO, 17,917 yM Warfarin in 0,5% DMSO und
eine Kombination aus 0,932 yM Amiodaron und 17,917 yM Warfarin in 0,5% DMSO. One-Way Anova-
Mehrfachvergleich + Dunnett-Test: * p<0,05, ** p<0,01.

4.1.12 In vitro Versuche

Im Laufe des Projekts wurde versucht, transgene Zelllinien zu erzeugen, die Zeb-
rabarblingsproteine exprimieren, auf die die Verbindungen abzielen (insbesondere
Cyclooxygenase, COX und Serotonintransporter, SERT). Zu diesem Zweck wurden
kodierende Sequenzen von Zebrabarbling-mRNA erfolgreich kloniert und in Expressi-
onsplasmide eingeflgt, die anschlieBend in verschiedene Zelllinien als Expressions-
wirte/-systeme transfiziert wurden. Nach mehreren fehlgeschlagenen Versuchen gen-
technisch veranderte Linien mit den gewlnschten, zu untersuchenden Enzymaktivita-
ten zu erhalten, wurde eine umfangreiche Fehlersuche durchgefuhrt. Um die korrekte
Proteinexpression, Assemblierung und Lokalisierung visuell zu Uberprufen, wurde ein
fluoreszierendes Fusionsprotein zZfSERTa-eGFP erzeugt und in den Expressionswirt
transfiziert. Die Fluoreszenzmikroskopie (Abb. 17 a-c) zeigte, dass das Protein tat-
sachlich effizient exprimiert und assembliert wird, aber offensichtlich wird es nicht ex-
portiert und nicht wie erwartet korrekt an der Plasmamembran lokalisiert, sondern ver-
bleibt in intrazellularen Vesikeln (wahrscheinlich im ER), was vermutlich darauf zurtick-
zufihren ist, dass die Zebrabarbling-Signalpeptide mit den gewahlten Expressionswir-
ten nicht kompatibel sind.
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Abbildung 17 a: Intrazellulare Lokalisierung des zfSERTa-eGFP-Fusionsproteins in V79-Zellen, die als
Expressionssystem flir die Zebrabarblingsproteine verwendet wurden, Ex. 470 nm, Em. 515 nm Lang-
pass, 0,5 s Belichtung. Die erwartete Membranlokalisierung (vgl. Abb. 17b) kann nicht beobachtet wer-
den, vielmehr akkumuliert das Signal in intrazelluldren Vesikeln (ER), was darauf hinweist, dass das
Fusionsprotein nicht korrekt exportiert und in die Plasmamembran integriert wird. Ahnliche Ergebnisse
wurden mit HEK293-Zellen erzielt (Details nicht gezeigt).

Abbildung 17 b: Phasenkontrastbild der gleichen Zelllandschaft wie in Abb. 17a. Die Signallokalisierung
in Abb. 17a entspricht nicht den Zellmembranen, was auf eine intrazellulare Lokalisierung hinweist.
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Abbildung 17 c: Kontrolltransfektion mit einem eGFP-exprimierenden Plasmid (cytosolische Lokalisie-
rung) in V79-Zellen, Ex. 470 nm, Em. 515 nm Langpass, 0,5s Belichtung. Korrekt lokalisiertes zZfSERTa-
eGFP (Abb. 17a) sollte ein ahnliches Lokalisierungsmuster ergeben, allerdings mit schwacheren Sig-
nalen im zentralen Bereich der Zellen.

4.1.13 Toxikokinetik

Zur Ermittlung der Bioakkumulationsraten in den Fischembryonen, wurden zum Ab-
schluss aller Versuche Proben genommen. Hierfur wurden jeweils 1 ml aller Test-
medien gesammelt und in Flussigstickstoff schockgefroren. Nach Absprache mit dem
Partner Universidade da Corufia (Spanien), wurde die Menge auf 10-15 ml angeho-
ben. Die Embryonen wurden 3 x 10 Minuten in Eiswasser gewaschen, um oberflachli-
che Substanzriickstande zu entfernen. Im Anschluss wurden alle Embryonen einer
Testkonzentration in 2 ml-Eppendorfgefale Uberfuhrt, samtliche Wasserrickstande
entfernt und direkt im Anschluss in Flussigstickstoff schockgefroren. Im September
2023 wurden Proben aller Testreihen von Sertralin, Venlafaxin, Paroxetin, Ke-
toprofen, Warfarin, Rivaroxaban, Amiodaron und der CYP450-Tests mit Warfarin
und Amiodaron an die Universidade da Coruia (Spanien) ubermittelt. Die Auswertung
der Messungen sind noch nicht abgeschlossen, aber erste Ergebnisse liegen fur Ser-
tralin, Venlafaxin und Paroxetin vor, die bei Abschluss des Prozesses nachgereicht
werden.

Proben aus den Experimenten mit Metoprolol, Valsartan, Gemfibrozil und Be-
zafibrat wurden nach der ersten Ubersendung an den Partner Universidade da
Corufia (Spanien) vorbereitet und werden derzeit bei -80 °C an der Universitat Heidel-
berg gelagert.
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4.2 Gewichtung und Weight-of-Evidence-Modell (WP3)

In diesem Arbeitspaket sollten Schwellenwerte und Gewichtungen, die auf Basis von
Felddaten und experimentellen Daten ermittelt wurden, in ein logisches Flussdia-
gramm eingebunden werden, um spezifische Gefahrdungsquotienten (Hazard Quoti-
ents, HQs) abzuleiten, die die Menge und die Eigenschaften von APIs in Meerwasser,
Sedimenten und Biota und das Ausmal der beobachtbaren Effekte auf molekularer
und zellularer Ebene interpretieren.

Das Grundprinzip des Modells wurde wahrend des ersten jahrlichen Projekttreffens in
Ancona (23.-25.11.2022) durch den Partner Polytechnic University of Marche (ltalien)
dem Konsortium detailliert vorgestellt. Eine erste digitale Vorlage zum Einspeisen der
experimentellen Daten wurde an alle Partner versendet, allerdings bedurfte es zahlrei-
cher individueller Anpassungen bei allen Partnern entsprechend der verwendeten
Testmodelle. Die Universitat Heidelberg passte die Vorlage in Kooperation mit dem
Partner Polytechnic University of Marche (Italien) erfolgreich an die gesammelten Da-
tensatze aus Abschnitt 4.1.3 an.
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4.3 Verwertung der Befunde und Einbindung von Interessengruppen (WP 4)

Ziel dieses Arbeitspakets war die Forderung des Bewusstseins fur die Umweltrelevanz
von APls in aquatischen (marinen) Okosystemen durch den Einsatz verschiedener
Werkzeuge zur Kommunikation von Projektaktivitdten und Ergebnisse an diverse Ziel-
gruppen, wie etwa Fachwissenschaftler, politische Entscheidungstrager, pharmazeu-
tische Industrie, Burgerschaft und Studierenden. Die Universitat Heidelberg beteiligte
sich hierbei u. a. in der Gestaltung einer Projekt-Website als auch in der aktiven Teil-
nahme an internationalen Konferenzen des okotoxikologischen Bereichs.

4.3.1 Beitrage zu wissenschaftlichen Veranstaltungen

Um die Projektaktivitaten zu kommunizieren, wurden innerhalb des Projektzeitraums
folgende Beitrage in diversen Veranstaltungen geleistet:

Vortrage auf internationalen Konferenzen

1. Braunbeck, T. (UHEI) PHARMASEA — Presence, behavior and risk assessmen-
tof pharmaceuticals in marine ecosystems. Talk at Dechema — oral presentation
of the PHARMASEA project; 21.11.2022.

2. Brotzmann, K. and Braunbeck, T. (UHEI) Zebrafish embryo vs. mouse — An
alternative to mammalian teratogenicity tests in assessing effects of pharma-
ceuticals? Oral presentation at 44th SETAC North America in Louisville, Ken-
tucky, USA; 12.-16.11.2023.

3. Brotzmann, K., Fischer, M., Wolf, R., Dober, L. and Braunbeck, T. (UHEI) Psy-
choactive drugs in non-target species — neurotoxicity of venlafaxine in zebrafish
(Danio rerio) embryos. Oral presentation at 44th SETAC North America in Lou-
isville, Kentucky, USA; 12.-16.11.2023.

4. Cafiero, G., Brotzmann, K. and Braunbeck, T. (UHEI) Hazards of cardiovascular
drugs in the aquatic environment: Impact on growth and vascular system devel-
opment in zebrafish (Danio rerio) embryos. Oral presentation at 34th SETAC
Europe in Seville, Spain; 5.-9.05.2024; special invitation of Pharmaceutical In-
terest Group Setac.

5. Brotzmann, K., Fischer, M., Wolf, R., Dober, L. and Braunbeck, T. (UHEI) Psy-
choactive drugs in non-target species — neurotoxicity of venlafaxine in zebrafish
(Danio rerio) embryos. Oral presentation at SETAC GLB in Giel3en and Hom-
berg (Ohm), Germany; 08.-11.09.2024.

Posterpréasentationen auf internationalen Konferenzen

1. Brotzmann, K and Braunbeck, T. (UHEI) The zebrafish embryo — a source of
tools for risk assessment of pharmaceuticals in marine ecosystems. Poster at
32" annual meeting of Society of Environmental Toxicology and Chemistry,
SETAC Europe in Copenhagen; 15-19.05.2022
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2. Fischer, M. and Braunbeck, T. (UHEI) From histology to behavior: Sublethal
effects of desnitro-imidacloprid in zebrafish (Danio rerio). Poster at 32nd annual
meeting of Society of Environmental Toxicology and Chemistry, SETAC Europe
in Copenhagen; 15-19.05.2022.

3. Brotzmann, K. and Braunbeck, T. (UHEI) The zebrafish embryo — An alternative
to mammalian teratogenicity tests in assessing effects of pharmaceuti-
cals? Poster at 33rd SETAC Europe in Dublin, Ireland; 30.04.-04.05.2023.

4. Fischer, M., Wolf, R. and Braunbeck, T. (UHEI) Psychoactive drugs alter be-
havior in non-target species — coiling as a sensitive endpoint for neurotoxicity in
zebrafish (Danio rerio) embryos. Poster at 33rd SETAC Europe in Dublin, Ire-
land; 30.04.-04.05.2023.

5. Brotzmann, K., Cafiero, G. and Braunbeck, T. (UHEI) Cardiovascular drugs in
the aquatic environment: Impact on growth and vascular system development
in zebrafish (Danio rerio) embryos. Poster at SETAC GLB in Gielten and Hom-
berg (Ohm), Germany; 08.-11.09.2024.

6. Cafiero, G., Brotzmann, K. and Braunbeck, T. (UHEI) Hazards of cardiovascular
drugs in the aquatic environment: Impact on growth and vascular system devel-
opment in zebrafish (Danio rerio) embryos. Poster at 34th SETAC Europe in
Seville, Spain; 5.-9.05.2024.

7. Fischer, M., Brotzmann, K. and Braunbeck, T. (UHEI) Low doses of antidepres-
sants impair the visual motor response behavior of zebrafish (Danio rerio) em-
bryos — a red flag for developmental neurotoxicity. Poster at 34th SETAC Eu-
rope in Seville, Spain; 5.-9.05.2024.

Vortrag auf einer nationalen Konferenz

1. Braunbeck, T. (UHEI) PHARMASEA — Presence, behavior and risk assessment
of pharmaceuticals in marine ecosystems. Oral presentation at Dechema, the
Society for Chemical Engineering and Biotechnology 2022.

4.3.2 Projekt-Website, Facebook

Koordiniert vom PHARMASEA-Partner der Polytechnic University of Marche (ltalien),
beteiligt sich die Universitat Heidelberg aktiv an der Gestaltung der Projektwebsite so-
wie der PHARMASEA-Facebook-Seite durch die Sammlung von informativen Texten,
Beschreibungen und Abbildungen exemplarischer Testmodelle und Versuchsdurch-
laufe.

Die Website sowie die Facebook-Seite wurden 2022 der Offentlichkeit zuganglich ge-
macht und sind abrufbar unter den folgenden Links: www.pharmasea-aquatpoll.eu/
und www.facebook.com/PharmaSeaAquatPoll/.
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4.4 Projekt- und Datenmanagement (WP 5)

Ziele des Arbeitspakets war u.a. die Planung und Koordination aller Projektaktivitaten,
technische und wissenschaftliche Anleitung in allen Phasen des Projekts und die Uber-
wachung und Kontrolle des Projektfortschritts und die Qualitatssicherung der Ergeb-
nisse. Die Universitat Heidelberg hatte hierbei eine leitende Koordinationsfunktion fur
WP2 inne. Neben den jahrlichen allgemeinen Projekttreffen wurde mindestens halb-
jahrlich ein Online-Treffen zur Vorstellung neuer Ergebnisse und die weitere Koordi-
nation des Arbeitspakets abgehalten.

4.41 WP2 Koordinierungssitzungen

Nach der allgemeinen Auftaktveranstaltung am 22.November 2021 organisierte die
Universitat Heidelberg drei Online-Koordinationstreffen fir WP2: 09.02.2022,
19.07.2022 und 13.07.2023. Die Sitzungsprotokolle vom 09.02.2022 und 19.07.2022
sind den jeweiligen Berichten beigefugt, wahrend das Protokoll vom 13.07.2023 die-
sem Bericht als Anhang 6 beigefugt ist. Ein viertes Treffen sollte in die 2. Generalver-
sammlung Ende 2023 integriert werden, allerdings wurde es aufgrund massiver Ter-
minuberschneidungen Ende 2023 / Anfang 2024 zusammen mit der 2. Generalver-
sammlung in den Juni 2024 verschoben.

Zusammenarbeit, Koordination und Mobilitat

Kooperationen und Mobilitatsaktivitaten zwischen den PHARMASEA-Partnern umfas-
sen:

e Universitat Heidelberg (Deutschland) - Universidade da Coruia (Spanien).: Auf-
bereitung und Messung von API-Konzentrationen in Medium- und Fischproben
(erworben durch Heidelberg) fur toxikokinetische Bewertungen.

e Universitat Stavanger (Norwegen) - Universitat Heidelberg (Deutschland): Zu-
sammenarbeit zur Beurteilung der Augenentwicklung und zum Aufbau einer
Fischkultur; Transfer von Zebrabarblingen zum norwegischen Partner im Jahr
2022.

e Universitat Stavanger (Norwegen) - Universitat Heidelberg (Deutschland): Mobi-
litatsmalnahme fur Marwin Jafari, 30. Januar - 10. Februar 2023.

e Polytechnic University of Marche (Italien) - Universitat Heidelberg (Deutschland):
Zusammenarbeit bei der Planung von Experimenten zur Toxizitat von Gemischen
in Zebrabarblingen (Danio rerio).
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4.4.2 Datenmanagement

Daten aller Projektpartner sollten digital katalogisiert werden. Eine Excel-Vorlage
wurde vom Projektpartner Polytechnic University of Marche (ltalien) vorbereitet und
zur Verfigung gestellt. Als Speicherort wurde der interne Teil der PHARMASEA-Web-
site festgelegt, zu dem jeweils ein Vertreter aller Kooperationspartner Zugang hat.
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5. Schlussfolgerungen aus den gewonnenen Ergebnissen

Auf der Grundlage der Daten, die im Rahmen der vorgestellten Experimente ge-
wonnen wurden, ergeben sich daher eindeutige Hinweise, dass der grofdte Tell
der untersuchten pharmazeutischen Wirkstoffe — teilweise sogar in umweltrele-
vanten Konzentrationen — auch auf Fische und Fischembryonen toxische Wirkun-
gen entfachen kénnen. Hierbei handelt es sich zumeist weniger um makrosko-
pisch erkennbare akute Effekte als um subtilere Wirkungen im subletalen Kon-
zentrationsbereich.

Im Sinne des klassischen Credos der Okotoxikologie (Untersuchung ,populations-
relevanter Effekte“) mussten daher fur viele Effekte von pharmazeutischen Wirk-
stoffen die Wirkkaskaden im Sinne eines AOP (Averse Outcome Pathway) in ihrer
Bedeutung auf héheren Ebenen biologischer Wirkunken erst gezeigt werden. Es
ist jedoch eine der Starken des Projekts PharmaSea, dass parallele Experimente
mit anderen Testorgansimen und -modellen durchaus auch Effekte bis zu umwelt-
relevanten Konzentrationen gezeigt werden konnten; solch multiple Nachweise
von Effekten erharten im Sinne eines Weight-of-Evidence die Relevanz auch sub-
letaler Effekte z.B. in Fischembryonen.

Grundsatzlich dokumentieren die Befunde, dass die bisherige Praxis bei der Zu-
lassung von Medikamenten, Umwelteffekte bei der Bewertung bzw. Zulassung
nicht zu berucksichtigen, als hochst bedenklich einzustufen ist. Da der nicht nur
von der EU-Kommission wiederholt angemahnte anhaltende Riuckgang der Bio-
diversitat nicht unerheblich auch auf die Wirkung von pharmazeutischen Wirkstof-
fen zurtickgefuhrt werden kdnnte, erscheint bei der Bewertung von Medikamenten
die Berucksichtigung von Umwelteffekten dringend erforderlich.

Im Hinblick auf die derzeit Ubliche Teststrategie bei pharmazeutischen Inhaltsstof-
fen ergeben sich aus der Vielfalt und der hohen Variabilitat (Spezifitat) subletaler
Wirkungen die Konsequenz, dass die derzeitig Ubliche Teststrategie (v.a. auf
akute Wirkungen) als 6kologisch irrelevant eingestuft werden muss. Vielmehr sind
nicht kurzzeitige, unspezifische Tests im akuten Konzentrationsbereich, sondern
Kombinationen von spezifischen Langzeituntersuchungen im subletalen Belas-
tungsbereich erforderlich, um die Biodiversitat in unserer Umwelt nicht zuletzt
auch als Lebensgrundlage fur den Menschen nachhaltig zu schutzen.
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6. Arbeiten, die ausstehen bzw. zu keiner Losung gefiihrt haben

Nicht erfolgreich waren bisher die BemUhungen, transgene Zelllinien zu erzeugen, die
die Aktivitat von Cyclooxygenase und Serotonintransporter nach Exposition durch Me-
dikamente Uber Fluoreszenzmarkierung anzeigen wurden. Die erzeugten Zelllinien ex-
primierten und assemblierten das Protein zwar effizient, jedoch wurde es nicht expor-
tiert und nicht wie erwartet korrekt an der Plasmamembran lokalisiert. Stattdessen ver-
blieb es in intrazellularen Vesikeln (wahrscheinlich im ER), was vermutlich darauf zu-
ruckzufuhren ist, dass die Zebrabarbling-Signalpeptide mit den gewahlten Expressi-
onswirten nicht kompatibel sind.

Zum Zeitpunkt der Abfassung dieses Berichts befinden sich an der Universitat Heidel-
berg drei weitere Bachelorarbeiten zur Wirkung von pharmazeutischen Wirkstoffen
kurz vor Ihrem Abschluss. Diese Bachelorarbeiten sind in der Liste in Kapitel 11 dieses
Berichts bereits mit aufgefuhrt.

Noch nicht vollstandig abgeschlossen sind die Untersuchungen zur Wirkung von Me-
dikamentenmischungen, zu welcher die Universitat Heidelberg mit dem Partner der
Polytechnic University of Marche (ltalien) zusammengearbeitet hat, um Vergleichs-
werte zwischen deren Testmodellen und denen der Universitat Heidelberg zu sam-
meln. Folglich konnten bisher auch noch nicht alle gesammelten experimentellen Da-
ten in das Weight-of-Evidence-Modell eingearbeitet werden.
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7. Notwendigkeit und Angemessenheit der geleisteten Arbeit

Die Wirkung von Pharmazeutika ist in den letzten 20 Jahren sehr stark in den Fokus
sowohl der Forschung als auch der Offentlichkeit getreten. Es entstand eine Flut von
Publikationen, die eine Vielzahl an nachweisbaren Pharmazeutika in limnischen und
marinen Gewassern, sowie den Kistenregionen, aufwiesen. Eine Interpretation und
Risikobewertung der gefundenen Medikamente erfolgte jedoch nur stark verzdgert und
viele Studien sind entweder aufgrund ihrer Konzeption, der Wahl der Testmodelle oder
der Interpretation ihrer Befunde nicht eindeutig. Wie sich aus den Schlussfolgerungen
aus den Arbeiten der Arbeitsgruppe Aquatische Okologie und Toxikologie an der Uni-
versitat Heidelberg (siehe oben) und einer immer groRer werdenden Zahl von Publika-
tionen anderer Arbeitsgruppen ergibt, stellen Pharmazeutika aus dkotoxikologischer
Sicht in Bezug auf ihre Wirkmechanismen ein grofieres Risiko dar als allein auf Basis
der gemessenen Umweltkonzentrationen. So konnten sowohl Medikamente mit einem
sehr niedrigem LOEC (Lowest Observed Effect Concentration) als auch mit einem sehr
hohem LOEC identifiziert werden, wohingegen letztere keine Umweltrelevanz mehr
darstellen.

Da Fische nicht nur der Okotoxikologischen Forschung, sondern auch in der offentli-
chen Wahrnehmung eine bedeutende Rolle spielen, war es sicher gerechtfertigt, die
Wirkung von Pharmazeutika zu untersuchen. Aus der Sicht des Tierschutzes ist der
Einsatz von Fischen als Wirbeltiere, die rechtlich einen besonderen Schutz geniel3en,
in der 6kotoxikologischen Routine natirlich grundsatzlich problematisch; daraus recht-
fertigen sich In vitro-Untersuchungen an z.B. Zellkulturen bzw. In vivo-Studien mit wir-
bellosen Tieren oder nicht geschutzten Entwicklungsstadien wie frihen Embryonalsta-
dien von Fischen als ,alternative“ Testsysteme. Wie bereits im Rahmen fruherer Pro-
jekte (siehe Kapitel 3) gezeigt werden konnte, lassen sich Erkenntnisse zur Wirkung
von Pharmazeutika mit solchen Systemen erfassen — allerdings sind nicht alle Fragen
mit Alternativsystemen beantwortbar.
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8. Fortschritte auf dem Gebiet des Vorhabens bei anderen Stellen

Wahrend des Verlaufs des Projekts sind zwar zahlreiche Aktivitaten oder viele wichtige
Publikationen bekannt geworden, die jedoch in den meisten Fallen sehr gut mit den
Beobachtungen im Rahmen des Projekts PHARMASEA in Einklang zu bringen waren.
Wie oben ausgeflhrt, wird die Wirkung von Pharmazeutika mittlerweile deutlich diffe-
renzierter betrachtet, was ja der grundsatzlichen Schlussfolgerung aus den Arbeiten
im Rahmen des BMBF-Projekts PHARMASEA entspricht.
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9. Voraussichtlicher Nutzen und Verwertbarkeit der Ergebnisse
im Sinne des fortgeschriebenen Verwertungsplans

Aufgrund der oben genannten Probleme bei der Rekrutierung von geeignetem Perso-
nal und im Zuge der Covid-Pandemie liegen bisher au3er den genannten Bachelor-
und Dissertationsarbeiten noch keine Publikationen aus dem Projekt PHARMASEA
vor. Da die Projektpartner dieser Problematik nicht unterlagen, konnten diese bereits
erste Publikationen veroffentlichen, wahrend weitere Manuskripte noch in Vorberei-
tung sind. Samtliche Publikationen werden jedoch folgen und dem Projekttrager un-
mittelbar nach Erscheinen nachgereicht. Die spezifische wissenschaftliche Verwer-
tung der Erkenntnisse aus dem Projekt ist also noch nicht abgeschlossen. Die spezi-
fische wissenschaftliche Verwertung der Erkenntnisse aus dem Projekt ist also
noch nicht abgeschlossen.

Die technische Verwertung des Teilprojekts besteht vor allem in der Durchflihrung
einer Reihe von in vivo-Toxizitatsstudien, bei denen der Zebrabarbling (Danio rerio)
als Modellart ausgewahlt wurde. Die meisten Wirkstoffe, die aus der Kerngruppe fur
WP2 ausgewahlt wurden, wurden zunachst mit dem Fish Embryo Acute Toxicity (FET)
Test (OECD TG 236) getestet. Auf der Grundlage der Effektkonzentrationen (EC) und
der letalen Konzentrationen (LC) sowie der therapeutischen Klasse jeder Substanz
wurden zusatzliche Tests durchgefiuhrt, um das Einsetzen der Neurotoxizitat zu be-
werten (Coiling Assay, visuelle motorische Reaktion, Neuromast-Assay), vaskulare
Toxizitat (Korperlange, Herzschlagrate, Gefallsystem), endokrine Wirkungen (Schild-
drusenfollikel, Kérperlange, Histologie Auge, Schwimmblase, Leber, Darm, Bauch-
speicheldrise) und die Modulation des Stoffwechsels (CYP2-abhangige 7-Me-
thoxycumarin-O-Demethylase (MCOD)-Aktivitat). Zusatzlich zur Bewertung der einzel-
nen Wirkstoffe wurden 4 Wirkstoffe auch als Mischungen in Ubereinstimmung mit dem
italienischen Projektpartner getestet. Am Ende aller Versuche wurden Proben der ge-
testeten Medien und Fischembryonen enthommen, um chemische Analysen durchzu-
fuhren. Diese werden derzeit noch vom Projektpartner der Universitat A Corufia (Spa-
nien) durchgefihrt (P4/T1.5). Bei den in vitro-Ansatzen wurde versucht transgene Zell-
linien zu erzeugen, die Zebrafischproteine exprimieren, auf die die Verbindungen ab-
zielen (insbesondere Cyclooxygenase, COX und Serotonintransporter, SERT).

Durch das Einflie3en aller Ergebnisse in die toxikologische und 6kotoxikologische Be-
wertung sowie der Entwicklung vom Weight-of-Evidence-Modell, besteht die wirt-
schaftliche Bedeutung der Untersuchungen: Die langfristige Vermeidung von Scha-
den durch Pharmazeutika ist fiir ein nachhaltiges Management aquatischer Okosys-
teme und Ressourcen von grofter 6kologischer und wirtschaftlicher Bedeutung.
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10. Bezug zu den forderpolitischen Zielen des BMBF

Die Erfassung und Bewertung von anthropogenen Spurenstoffen als Grundlage flr die
Minimierung von Schadstoffen im Wasserkreislauf war eines der zentralen Ziele des
aktuellen Projekts. Das Projekt PHARMASEA entsprach in seiner Fragestellung als
Anschlussprojekt von EPHEMARE und Response in der JPI Oceans-Fordermal3-
nahme sowie MiWa den forderpolitischen Zielen des BMBF. Die gewonnenen Erkennt-
nisse und Ergebnisse sind sowohl aus wissenschaftlicher als auch aus regulatorischer
Sicht von Bedeutung.
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11.

(10)

(11)

Liste der Bachelorarbeiten und Dissertationen, die bisher im
Rahmen von RESPONSE entstanden sind

Bayer, Lennart (2024) Are thyroid follicles in zebrafish (Danio rerio) embryos
affected by phenobarbital exposure? Bachelorarbeit, Universitat Heidelberg.

Becker, Lisa (2023) Histological effects of the non-steroidal anti-inflammatory
drug ketoprofen in zebrafish (Danio rerio) embryos. Bachelorarbeit, Universitat
Heidelberg.

Bier, Theresa (2023) Effects of the non-steroidal anti-inflammatory drug
naproxen on thyroid follicles and phase Il metabolism gene expression in
zebrafish (Danio rerio) embryos. Bachelorarbeit, Universitat Heidelberg.

Bingel, Timo (2023) How do thyroid follicles and thyroid hormone metabolism
related gene expression patterns of zebrafish (Danio rerio) embryos respond to
the pregnane X receptor (PXR) agonist carbamazepine (CBZ)? Bachelorarbeit,
Universitat Heidelberg.

Bleidorn, Marie (2022) Chronic exposure to permethrin and fluoxetine during
development causes proliferation of neuroepithelial cells (NECs) in the skin of
gill-breathing postembryonic stages of zebrafish (Danio rerio). Bachelorarbeit,
Universitat Heidelberg.

Cafiero, Giulia (2024) PharmaSea experiments report — Results of metoprolol
and valsartan experiments. Master-Praktikumsbericht, Universitat Heidelberg.

Dober, Lea (2023) Neurotoxic effects of the antidepressant venlafaxine on the
lateral line organ in zebrafish (Danio rerio) embryos. Bachelorarbeit, Universitat
Heidelberg.

Eisenring, Amelie (2025) Effekte von Paroxetin und Ibuprofen auf die Entwick-
lung und das Verhalten von Embryonen des Zebrabarblings (Danio rerio). Ba-
chelorarbeit, Universitat Heidelberg.

Fischer, Maria (2024) Impact of neurotoxic substances on the development and
behavior of zebrafish embryos. Case studies with nicotine, desnitro-imidacloprid
and three antidepressants. Dissertation, Universitat Heidelberg.

Freitag, Tim (2022) Comparison of early coiling behavior and later visual motor
response of zebrafish (Danio rerio) embryos exposed to the antidepressant ven-
lafaxine. Bachelorarbeit, Universitat Heidelberg.

Frommeyer, Philip (2024) Effects of the constitutive androstane receptor agonist
phenobarbital on eye development in zebrafish (Danio rerio). Bachelorarbeit,
Universitat Heidelberg.
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(12)

(13)

(14)

(16)

(17)

(19)

(21)

(22)

(23)

Giordani, Leticia Belen (2025) Developmental und behavioral effects of ven-
lafaxine-naproxen exposure in zebrafish (Danio rerio) embryos. Bachelorarbeit,
Universitat Heidelberg.

Hagen, Greta (2024) Developmental and thyroid follicles effects of gemfibrozil
in zebrafish (Danio rerio) embryos. Bachelorarbeit, Universitat Heidelberg.

Hagstotz, Saskia (2022) Toxizitat und Teratogenitat des Antidepressivums
Venlafaxin im Embryo des Zebrabarblings (Danio rerio). Bachelorarbeit, Univer-
sitat Heidelberg.

Hannemann, Robin (2023) Evaluation of muscle and motoneuron integrity in
zebrafish (Danio rerio) embryo after exposure to nicotine. Bachelorarbeit, Uni-
versitat Heidelberg.

Hecht, Philipp (2022) Histopathological analysis of zebrafish (Danio rerio) eyes
and thyroid follicles after exposure to triiodothyronine and ampicillin. Bache-
lorarbeit, Universitat Heidelberg.

Heck, Alexander (2022) Teratogenic effects of the two anticoagulant drugs war-
farin and rivaroxaban on zebrafish embryos. Bachelorarbeit, Universitat Heidel-
berg.

Huck, Isabella Maria (2025) Effekte der Antidepressiva Sertralin und Amitriptylin
auf die Schilddriasenfollikel in Embryonen des Zebrabarblings (Danio rerio). Ba-
chelorarbeit, Universitat Heidelberg.

Klih, Dennis (2022) Changes in zebrafish (Danio rerio) embryo thyroid follicles
and phase Il metabolism gene expression after exposure to B-naphthoflavone.
Bachelorarbeit, Universitat Heidelberg.

Langenecker, Lea (2024) Effekte des B-Blockers Carazolol auf die Embryonal-
entwicklung und die Herzfrequenz beim Zebrabarbling (Danio rerio). Bachelor-
arbeit, Universitat Heidelberg.

Matejcek, Marzia (2023) Protocol optimization for assessment of ototoxic effects
in the lateral line of zebrafish (Danio rerio) embryos. Master-Praktikumsproto-
koll, Universitat Heidelberg.

Neumann, Charlotte (2022) Transcriptional and morphological changes in eye
development of zebrafish (Danio rerio) under hyperthyroid conditions. Bache-
lorarbeit, Universitat Heidelberg.

Palmer, Alina (2023) Does methimazole (MMI) exposure affect the thyroid folli-
cle and eye development in zebrafish (Danio rerio)? Bachelorarbeit, Universitat
Heidelberg.
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(24)

(25)

(27)

(28)

(29)

(30)

Redzeposka, Alida (2024) Solubility tests of bezafibrate and its developmental
toxicity in zebrafish (Danio rerio) embryo. Bachelorarbeit, Universitat Heidel-
berg.

Scheible, Luisa (2024) Transgenic zebrafish (Danio rerio) embryos as a screen-
ing tool for the testing of angiomanipulative chemicals. Bachelorarbeit, Univer-
sitat Heidelberg.

Schwerdtfeger, David (2022) Time course of eye development in zebrafish
(Danio rerio) embryos under exposure to the thyroid hormone system disrupter
propylthiouracil. Bachelorarbeit, Universitat Heidelberg.

Stoll, Marian (2023) Auswirkungen von Resorcinol auf die Entwicklung der
Schilddrisenfollikel und Augen von Embryonen des Zebrabarblings (Danio re-
rio). Bachelorarbeit, Universitat Heidelberg.

Trender, Sophie (2023) Behavioral alterations caused by paroxetine and ser-
traline in zebrafish (Danio rerio) embryos. Bachelorarbeit, Universitat Heidel-
berg.

Wiesenberger, Mona (2022) An investigation into the antidepressant paroxetine
using the Fish Embryo Acute Toxicity (FET) test and the coiling assay with
zebrafish embryos (Danio rerio). Bachelorarbeit, Universitat Heidelberg.

Zorko, Katharina (2023) Developmental and behavioral effects of sertraline ex-
posure in zebrafish (Danio rerio) embryos. Bachelorarbeit, Universitat Heidel-
berg.
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12.

(7)

Liste der Publikationen der AG Aquatische Okologie und Toxi-
kologie an der Universitat Heidelberg zum Thema Pharmazeu-
tika

Frese, L. and Braunbeck, T. (2023) Adapting classic paradigms to analyze al-
terations of shoal-wide behavior in early-life stages of zebrafish (Danio rerio) -
A case study with fluoxetine. Neurotoxicol. Teratol. 95: 107136.

Brotzmann, K., Escher, S.E., Walker, P. and Braunbeck, T. (2022) Potential of
the zebrafish (Danio rerio) embryo test to discriminate between chemicals of
similar molecular structure — a study with valproic acid and 14 of its analogues.
Arch. Toxicol. DOI: https://doi.org/10.1007/s00204-022-03340-z

Escher, S.E., Aguayo-Orozco, A., Benfenati, E., Bitsch, A., Braunbeck, T., Brot-
zmann, K., Bois, F., van der Burg, B., Castel, J., Exner, T.E., Gadaleta, D.,
GArnder, |., Goldmann, D., Hatley, O., Golbamaki, N., Graepel, R., Jennings,
P., Limonciel, A., Long, A., Maclennan, R., Mombelli, E., Norinder, U., Jain, S.,
Santos CApi8nha, L., Taboureau, O.T., Tolosa, L., Vrijenhoek, N.G., van Vugt-
Lussenburg, B.M.A., Walker, P., van de Water, B., Wehr, M., White, A., Zdrazil,
B. and Fisher, C. (2022) Integrate mechanistic evidence from new approach
methodologies (NAMs) into a read-across assessment to characterise trends in
shared mode of action. Toxicol. in Vitro 79: 105269.

Brotzmann, K., Wolterbeek, A., Kroese, D. and Braunbeck, T., 2021. Neurotoxic
effects in zebrafish embryos by valproic acid and nine of its analogues: the
fish-mouse connection? Arch. Toxicol. 95: 641-657.

Simeon, S., Beaudouin, R., Brotzmann, K., Braunbeck, T. and Bois, F.Y., (2021)
Multistate models of developmental toxicity: Application to valproic acid-induced
malformations in the zebrafish embryo. Toxicol. Appl. Pharmacol. 414: 115424.

Braunbeck, T., Bohler, S., Knorr, S., Lorracher, A.-K., Pelka, K.E., Kais, B.,
2020. Development of an OECD Guidance Document for the Application of
OECD Test Guideline 236 (Acute Fish Embryo Toxicity Test). UBA Texte
94/2020. ISSN 1862-4804, 106 pp.

Baumann, L., Holbech, H., Schmidt-Posthaus, H., Moissl, A.P., Hennies, M.,
Tiedemann, J., Weltje, L., Segner, H., Braunbeck, T., 2020. Does hepatotoxicity
interfere with endocrine activity in zebrafish (Danio rerio)? Chemosphere 238.
DOI 10.1016/j.chemosphere.2019.124589

Brotzmann, K., Wolterbeek, A., Kroese, D., Braunbeck, T., 2020. Neurotoxic
effects in zebrafish embryos by valproic acid and nine of its analogues: the fish
mouse connection? Arch. Toxicol. https://doi.org/10.1007/s00204-020-02928-
7.

Knoll, S., Jacob, S., Mieck, S., Triebskorn, R., Braunbeck, T., Huhn, C., 2020.
Development of a capillary electrophoresis mass spectrometry method for the
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(10)

(11)

(12)

(13)

(14)

(15)

analysis of metformin and its transformation product guanylurea in biota. Anal .
Bioanal. Chem. 412, 4985-4996.

Kroese, D., Blum, J., Bois, F., Braunbeck, T., Brotzmann, K., Fisher, C., Jaklin,
M., Kisitu, J., Koch, B., Kustermann, S., Leist, M., Lussenburg, B., Norinder, U.,
Simeon, S., van der Burg, B., van Vugt, B., Waldmann, T., Zdrazil, B. (2020a)
Case study on the use of Integrated approaches to testing and assessment for
read-across based filling of developmental toxicity data gap for methyl hexanoic
acid. OECD Series on Testing and Assessment No. 325:
ENV/JM/MONO(2020)21. Link: http://www.oecd.org/chemicalsafety/risk-as-
sessment/iata-integrated-approaches-to-testing-and-assessment.htm

Kroese, D., Blum, J., Bois, F., Braunbeck, T., Brotzmann, K., Fisher, C., Jaklin,
M., Kisitu, J., Koch, B., Kustermann, S., Leist, M., Lussenburg, B., Norinder, U.,
Simeon, S., van der Burg, B., van Vugt, B., Waldmann, T., Zdrazil, B. (2020b)
Annex II: In vitro models - detailed description of methods and generated data
within case study on the use of integrated approaches to testing and assess-
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I. Publishable Summary

Active Pharmaceutical Ingredients (APIs) have been recognized as important contaminants of
emerging concern (CECs) in aquatic ecosystems. Their presence originates from large
consumption in human and veterinary medicine, agriculture, aquaculture and limited removal by
wastewater treatment plants (WWTPs). The risk of pharmaceuticals in coastal areas has been
ignored for a long time on the presumption that oceans have an unlimited dilution capacity.
However, the increasing number of studies pointing out the ubiquitous occurrence of APIs in
worldwide water systems, highlighted the need to better investigate their occurrence and
distribution especially in coastal areas, as well as their potential impact in marine species. In this
respect, PHARMASEA - Presence, behaviour and risk assessment of pharmaceuticals in marine
ecosystems — is a European research project funded by the 2020 AquaticPollutants Joint call of
the AquaticPollutants ERA-NET Cofund gathering 5 research institutions including the Polytechnic
University of Marche (Italy), University of Heidelberg (Germany), University of Stavanger
(Norway), University of A Coruna (Spain) and the Spanish Institute of Oceanography — Spanish
National Research Council (Spain). PHARMASEA aimed to (i) enhance scientific knowledge on
occurrence, fate and effects of APIs in European coastal ecosystems, mapping priorities on a large
geographical scale, (ii) provide a reliable and flexible strategy for APIs detection and monitoring
in water systems, (iii) identify a list of priority APls and their mixtures in regional coastal
environments, (iv) develop a scientifically sound software-assisted tool for Environmental Risk
Assessment of pharmaceuticals, and (v) increase the general awareness on interactions between
human and environmental health. After 40 months from the beginning of the PHARMASEA
project, results of the first large scale field investigation covering the North Sea, part of the
Atlantic Ocean, the Western Mediterranean and the Adriatic Sea allowed to characterize more
than 50 pharmaceuticals in seawater, sediments and biota from different trophic levels. Laboratory
studies were performed on marine mussels and polychaetes exposed to environmentally realistic
levels of antidepressants, non-steroidal anti-inflammatory drugs, cardiovascular compounds, and
lipid lowering agents, tested both as isolated compounds and as mixtures; obtained results
revealed not only the capacity of these organisms to accumulate pharmaceuticals, but also the
onset of sub-lethal alterations. Similarly, other experiments revealed that APIs significantly also
affected the growth of marine algae and the embryonic development of sea urchins and zebrafish.
The integration of results through a quantitative “Weight-of-Evidence” approach allowed to
synthesize the wide datasets of complex and heterogeneous results into specific hazard indices
prior to their integration into an overall risk index. Since the beginning of PHARMASEA, project
activities and results have been disseminated to a wide range of audiences, including scientists,
public authorities, private sector organizations, pharma industries, NGOs, citizens, teachers and
students. The activation of PHARMASEA website (https://www.pharmasea-aquatpoll.eu/) enabled
to reach target audience and to provide them access to dissemination materials and constant
updates from the PHARMASEA project. Similarly, the launch of the PHARMASEA Facebook page
(https://www.facebook.com/PharmaSeaAquatPoll) maximized the promotion of project activities
and contributed to increase public awareness of the issues of pharmaceuticals as emerging
contaminants. Outreach activities performed with young students from primary schools were
important to disseminate and promote sustainable behaviours including the correct disposal of
domestic medicines. The involvement of stakeholders from pharmaceutical industries allowed to
create a path toward the assessment of the environmental sustainability of pharmaceuticals,
stimulating a green transition towards the development of new drugs that also consider effects
on non-target aquatic species. At the same time, cooperation with wastewater treatment plant
engineers promoted discussions on the need of more appropriate technologies for the removal

PHARMASEA Final Report 3


https://www.pharmasea-aquatpoll.eu/
https://www.facebook.com/PharmaSeaAquatPoll

Aquatic

of pharmaceuticals. Transfer of project output to regulatory bodies relevant to European
Directives will support the development of reliable normative guidelines and appropriate
strategies for environmental risk assessment. Overall, so far, |2 scientific articles have been
published in peer-reviewed international journals, and I8 are currently in preparation.
PHARMASEA was present at 23 international and national conferences with 54 contributions as
oral and poster presentations. From the activation of the PHARMASEA website, 40 “News”
articles were released, and more than 50 Facebook posts were published for a total number of >
100,000 people reached.

2. Work Performed and the Results achieved within the Project

a. Scientific and technological progress

To reach the main PHARMASEA objectives, an extensive literature review was initially performed
by the consortium, and a cooperation was established with the pharmaceutical industry Angelini
Pharma S.p.A. (member of the PHARMASEA stakeholder panel), which provided a list of the most
consumed pharmaceuticals in Europe (IQVIA survey). These activities allowed to select the 67
more relevant active principles in terms of volume of consumption and occurrence in coastal
areas, among more than 4000 APIs possibly reaching marine ecosystems. Simultaneously, the
PHARMASEA consortium carried out a large, comprehensive investigation on geographical and
seasonal occurrence of these APIs and their distribution in abiotic, biotic matrices and transfer
along the food chain of European coastal areas, started. More than 200 samples of water and
sediments were collected over three years through seasonal oceanographic campaigns in the
Adriatic, Western Mediterranean, North Sea, and North Atlantic Ocean. The cooperation with
wastewater treatment plants companies (IVAR, Norway; VivaServizi, Italy), and sanitary services
(Sergas-Galician Health Service and the Public Company Galaria, Spain), all members of the
PHARMASEA stakeholder panel, allowed to collect samples from WWTPs influents and effluents
and from a drinking water reservoir, as well as the evaluation of the potential risk of
pharmaceuticals as antineoplastic agents in coastal waters on the basis of their consumption.
Approximately 250 samples of field biota from |0 species belonging to different trophic levels
(Mytilus galloprovincialis, Ostrea edulis, Ruditapes philippinarum, Squilla mantis, Mullus barbatus, Solea
solea, Merluccius merluccius, Liza ramada, Mugil cephalus Gadus morhua) were also collected in the
same geographical basins. Due to the lack of standardized procedures for measuring the selected
APIs in environmental matrices, the development of specific protocols represented a major
challenge. Such an extensive analytical effort allowed to harmonize analytical procedures for
measuring the 67 more relevant APIs in water, sediment and biota samples. The overall results
on chemical analyses on environmental samples revealed the widespread occurrence of the
majority of investigated APls an some general trends: (i) WWTPs influents showed APIs levels
ranging from 0.6 to 48ug/L, concentrations which typically decreased at the effluent, at a rate
strongly dependent on the typology of pharmaceuticals: As an example, a low removal rate was
observed for the antiepileptic carbamazepine, the cardiovascular metoprolol, and the two
antibiotics ciprofloxacin and trimethoprim, while the antidepressant amitriptyline and the sedative
losartan were found at higher concentrations in the effluent compared to influent. However, few
APIs (e.g. amitriptyline) had higher concentrations in the outlet samples, most likely due to
deconjugation processes occurring during the treatment. (ii) In surface waters, higher
concentrations were found in river basins (~hundreds ng/L), compared to estuaries areas (~tens
ng/L). (iii) Field species could be demonstrated to bioaccumulate a large number of APIs, with
invertebrates being generally characterized by higher tissues levels than vertebrate species, as a
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probable consequence of more evolved biotransformation processes mitigating the APIs
accumulation for example in fish. (iv) The typologies of APls measured in water usually reflected
those accumulated in marine species, particularly for psychiatric drugs (carbamazepine, fluoxetine,
sertraline, lormetazepam) and Non-Steroidal Anti-Inflammatory Drugs (NSAIDs; nimesulide,
diclofenac, ibuprofen and naproxen). (v) APIs levels in field species collected from off-shore sites
were similar to those sampled in coastal areas, suggesting the spread and persistence of these
compounds also far from the land-based sources of input. (vi) Seasonality did not provide a clear
pattern of variation of pharmaceuticals accumulation in field species. (vii) Presence and distribution
of APIs in European coastal areas revealed a similar pattern of occurrence in abiotic and biotic
matrices in the Adriatic Sea, North Atlantic Ocean and Western Mediterranean, while samples
from the North Sea showed lower levels and numbers of APIs; this can be possibly related to the
lower anthropogenic pressure and/or to the strong currents of the Stavanger area resulting in
lower APIs contamination compared to the other European sampling areas. Laboratory studies
to address toxicological properties of APIs were preceded by an additional literature review on
the 67 selected drugs, allowing the choice of a core list of the more relevant 25 APIs in terms of
their capability to elicit adverse effects on non-target species. After 40 months, the acute and
chronic toxicity of all selected 25 APIs and 10 mixtures were tested at a large number of
concentrations through in vivo, in vitro and ex vivo approaches. At low level of biological
organization, in vitro analyses on fish hepatic and gills cells highlighted greater sensitivity of gills
compared to liver indicating in the latter the key role of detoxification processes in mitigating
APIs effects. Among the therapeutic classes, NSAIDs were the less reactive compared to
psychiatric and cardiovascular drugs, whereas paroxetine, naproxen, and atenolol were identified
as the most toxic active principles. All single APIs and mixtures selected were also tested through
an in vivo battery of bioassays (algal growth inhibition, embryotoxicity assay and the inhibition of
bacterial bioluminescence). Results showed the low acute toxicity of pharmaceuticals, further
confirming the limited biological reactivity of NSAIDs and revealing carbamazepine, its metabolite
(carbamazepine-epoxide), the lipid regulator gemfibrozil and once again paroxetine as the most
biologically reactive APIs. Additional in vivo tests on zebrafish embryos revealed the capability of
all tested APIs to induce neurotoxicity, edemata of the yolk sac and pericardium, and incipient
necrosis of the fin tails at higher test concentrations. Paroxetine and sertraline were highlighted
among the most neurotoxic APIs for these early life-stages. Molecular and cellular effects of APIs
dosed alone, in mixtures and in combination with other factors were investigated in mussels and
polychaetes through analyses of transcriptional variations, immune system responses, oxidative
stress, alterations of lipid metabolism, as well as neuro- and genotoxicity. Results confirmed the
capability of test species to accumulate the same pharmaceuticals as those detected in field
organisms, further highlighting their depuration capacity at the end of recovery periods in
uncontaminated seawater. All compounds caused the onset of adverse effects with changes in the
immune system, redox homeostasis and lipid metabolism being most affected. Such effects
persisted even after the depuration period, suggesting the long-lasting impairment of biological
processes even when pharmaceuticals were excreted by mussels. The application of the WOE
model allowed to channel complex heterogeneous data into synthetic indices of hazard, which
are helpful to prioritize most toxic compounds: This approach was effective for summarizing
outcomes derived from all in vivo exposure of adult mussels, revealing carbamazepine and
venlafaxine as biologically particularly reactive pharmaceuticals (“MAJOR” level of hazard),
followed by valsartan, ibuprofen, paroxetine (“MODERATE”), and gemfibrozil, ramipril,
metformin, bezafibrate and citalopram (“SLIGHT”). The overall results on mixture toxicity
highlighted competing mechanisms among tested drugs, suggesting the role of specific mechanisms
of action in modulating the onset of adverse effects. Results obtained from field studies and
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laboratory investigations allowed to produce a list of priority APIs in natural coastal areas. The
prospect of the developed WOE model to summarize complex data and to communicate the risk
in a simple way without reducing the scientific soundness of the overall investigation will support
the decision-supporting process for assessing the ecological risks of APIs in aquatic environments.
The problems associated with APIs in aquatic ecosystems were also addressed from an economist
point of view exploring the possibility to implement traditional social-benefit cost-analyses with
environmental data for a better risk-informed decision-making process. Obtained results provides
valuable insights, including for the first time the economic estimation of citizens’ willingness to pay
in Norway, Italy and Germany for reducing or eliminating pharmaceutical discharges into the
environment. Different stakeholder surveys highlighted the importance of managing uncertainties
and gaps of knowledge in environmental data. During the entire project, communication with the
PHARMASEA stakeholders was very active thanks to the dialogue between the consortium and
various stakeholders of the panel which included relevant national authorities (e.g. Spanish Ministry
of Environment, Italian ISPRA, German UBA, SERGAS and Galician Ministry of the Sea, all
responsible of the implementation of the Marine Strategy Framework Directive), European
pharma industries (Angelini Pharma S.p.A.), WWTPs and domestic water treatment companies
(IVAR, VivaServizi), non-governmental organizations actively involved in citizen engagement
(Impronta Animale). Activities and results of PHARMASEA have been published in 12 scientific
papers, presented in 23 International conferences, 10 dissemination events/year. Newsletters,
Podcast episodes and surveys for the general public have been published along with 40 “news”
articles on the PHARMASEA website and 50 posts on the Facebook page, thus reaching > 100,000
people.

b. Collaboration, coordination and mobility

Collaboration of the five PHARMASEA partners started with an extensive literature review and
the simultaneous cooperation of the consortium with the pharmaceutical industry Angelini Pharma
S.p.-A. (member of the PHARMASEA stakeholder panel), which provided a list of the most
consumed pharmaceuticals in Europe (IQVIA survey). These activities allowed to select the 67
most relevant active principles in terms of volume of consumption and occurrence in coastal
areas, among more than 4000 APIs possibly reaching the marine ecosystems.

Thanks to the collaboration among ltalian, Spanish and Norwegian Partners, a large field
investigation was performed on geographical and seasonal APIs occurrence and their distribution
in abiotic, biotic matrices: more than 200 samples of water, sediments and approximately 250
samples of field biota from 6 species belonging to different trophic levels were collected over
three years though seasonal oceanographic campaigns in the Adriatic, Western Mediterranean,
North Seas, and the North Atlantic Ocean. UDC, UNIVPM and UiS collaborated to successfully
develop harmonized analytical procedures for measuring the 67 selected APIs in abiotic and biotic
matrices. Moreover, synergies between UHEI and UDC lead to the development of protocols for
the APIs detection in early life-stages. Collaboration among UNIVPM, UHEI, UiS and IEO-CSIC
allowed to design more than 20 different but strictly interconnected experimental plans under
laboratory conditions for the evaluation of the ecotoxicological potential of 25 APIs and 10
mixtures in Gadus morhua, Danio rerio, Mytilus galloprovincialis, M. edulis, Paracentrotus lividus,
Crassostrea gigas, Nereis virens, Aliivibrio fischeri, Phaeodactylum tricornutum, Tisochrysis lutea,
Poecilliopsis lucida and Oncorhynchus mykiss cell lines. Interactions among the specific expertise of
the entire consortium allowed to define for each selected pharmaceutical, the threshold of
variation, further assigning a specific weight to single measured effect/endpoint reflecting the
toxicological relevance. This activity was of outmost importance for the final WOE elaboration
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of all the PHARMASEA results. Collaboration among PHARMASEA Partners led to joint
publications (detailed in section 9), so far including Garcia-Pimentel, et al., 2023 (IEO-CSIC/UDC);
Garcia-Pimentel, et al., 2025 (IEO-CSIC/UNIVPM); Garcia-Pimentel et al, in prep. (IEO-
CSIC/UiS); Panni et al.,, under revision (UNIVPM/UiS); Jafari M et al., in prep. (UiS/UHEI). The
involvement of all partners in communication and dissemination activities allowed to create
common materials (project brochures, leaflets, posters, roll up, video, board games), 40 news
updating articles, 50 posts on the PHARMASEA website and Facebook page. Shared abstracts for
posters and oral presentations at international conferences (e.g. SETAC Europe, PRIMO) were
prepared, also stimulating the partners to encounter and discuss during scientific international
venues. Cooperation on planning and execution of project activities benefited both from the not
particularly great dimension of the consortium and from the constant dialogue through the seven
meetings organized online or in person since the beginning of the project. Project results,
particularly those related to the widespread occurrence and distribution of APIs in all investigated
European coastal basins represent a tangible proof about the transnational nature of issues
addressed by PHARMASEA. Moreover, the cooperation with the pharmaceutical industry Angelini
Pharma S.p.A. allowed to obtain a list of the most consumed pharmaceuticals in Italy, Germany,
Norway and Spain (IQVIA survey), and further contributed to highlight that transnationality of
this environmental issue is reflected also in different APls consumption behaviours among
countries: the survey presently assessed could be easily exported also to other countries currently
lacking environmental data on APIs occurrence.

Mobility activities:

UiS (P3) is contributing with an in-kind PhD and the PhD candidate started to work in August
2022, focusing the research on zebrafish embryos exposure studies, using single compounds,
mixture or environmental samples; the PhD student, Marwin Jafari, benefited from a mobility stay
at UHEI (P2) to harmonise the project research and exchange knowledge (8 weeks). UiS (P3)
hosted in 2023 two PhD students, Michela Panni from UNIVPM (P1), and Maria del Mar Garcia
Pimentel from IEO-CSIC (P5). UNIVPM (P1) hosted PhD student, Maria del Mar Garcia
Pimentel from IEO-CSIC (P5). Thanks to these mobility activities, PhD candidates became
eligible to receive the International PhD mention, which gives added value to the title. Moreover,
Post Doc researchers had the opportunity to apply for the Marie Sktodowska-Curie
Postdoctoral MasterClass 2023 and 2024 organized by UNIVPM, benefiting from an in-depth
MSCA proposal writing with the support of the International Projects Service. Post Doc
Researcher, Marica Mezzelani in the framework of the research position co-funded by
“Programma Operativo Nazionale (PON), Ricerca e Innovazione 2014-2020” (MUR, Italy), by
European Union REACT-EU and PHARMASEA had the opportunity to carry out 6 months of
PHARMASEA research activities in collaboration with Angelini Pharma S.p.A. to finally develop a
protocol to assess the environmental sustainability of pharmaceuticals.

Coordination with other projects:

In the framework of projects funded by the 2020 Joint Call, PHARMASEA has a connection with
the ARENA project, also highlighted by the PHARMASEA participation to the workshop on
“Antibiotic resistance in Aquaculture: addressing challenges and promoting sustainable practices”
organized by CNR-IRBIM (Coordinator of ARENA project) at AQUAFARM exhibition in
February 2024. In addition, CNR-IRBIM and UNIVPM (P1) cooperate in research activities of
the National Recovery and Resilience Plan (NRRP), Mission 4 of the European Union-
NextGenerationEU “National Biodiversity Future Center—NBFC” on activities 1.2 and 2 on “Zero
pollution strategy for biodiversity protection” and “Restore Biodiversity and Ecosystems”.
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PHARMASEA has also links with many national and international research projects investigating
distribution, fate and effects of various CECs, including two projects funded for 2020-2022 by JPI
Oceans, “Toward a risk-based assessment of microplastic pollution in marine ecosystems
(RESPONSE)” (lead by UNIVPM) and “Integrated approach on the fate of microplastics towards
healthy marine ecosystems (MICROPLASTIX)” (UDC); “Exploring the fate of Mediterranean
microplastics: from distribution pathways to biological effects” (2020-24, lead by UNIVPM); the
EU-ToxRisk2| “An Integrated EUropean ‘Flagship’ Program Driving Mechanism-based Toxicity
Testing and Risk Assessment for the 21st Century", funded for 6 years within Horizon 2020 from
2016 to 2022 (UHEI); PLASMED project entitled “Influence of microplastics on transfer and
effects of CECs on marine organisms: Environmental and ecotoxicological impact in coastal
ecosystems” (IEO-CSIC, 2018-2020) and ARPA-ACUA project “Environmentally respectful
alternatives for polymers and their chemical additives in Aquatic Environment” (UDC, 2017-
2020)” both funded by Spanish Government and by ERDF; participation to Marine Sciences
Programme within the Complementary R+D+| Plans, PT3- Action on Marine chemical pollution
for the detection of threats and risks (funded by the National Recovery, Transformation and
Resilience Plan-PRTR and the Autonomous Region of Galicia-FEMP-FEMPA, UDC, 2023-2025);
the “Marine Sewage Outfalls — Environmental Impact Evaluations” project led by the UiS (2019-
2023) and funded by the Research Council of Norway within the SANOCEAN (South Africa —
Norway co-operation on ocean research including blue economy, climate change, the
environment and sustainable energy), and “Nor-SA2023: Joint evaluation and mitigation of
emerging contamination risks”, led by UiS (2020-2024) and funded by the Research Council of
Norway within the INTPART (International Partnerships for Excellent Education, Research and
Innovation).

The cooperation with Transfer Project represented from the beginning an added value for
PHARMASEA, particularly in terms of networking and by maximizing dissemination of project
activities and results through number of pathways (Newsletters, Booklet, Podcast). The complete
list of all PHARMASEA activities carried out in collaboration with the TP is provided in a dedicated
paragraph in section n. 9 of the present report.

c. Impact statement

Considering the PHARMASEA objectives, the main project outcomes identified as exploitable
results are represented by i) an overview on occurrence, fate and effects of APIs in European
coastal ecosystems; ii) a reliable and flexible strategy for their detection and monitoring in water
systems; iii) a list of priority APl and their mixtures in regional coastal environments; iv) a
scientifically sound software-assisted tool for Environmental Risk Assessment; v) social benefit
cost analyses of relevant environmental benefit-transfer values. In this respect, various
exploitation pathways can be highlighted, with impacts for multiple governmental, economical,
scientific and societal end-users, such as:

— public authorities and regulatory bodies relevant to European Directives, including The
European Water Framework Directive WFD, the Marine Strategy Framework Directive MSFD
and the European Green Deal; regional sea conventions (Ospar, Barcelona, Helcom & Black Sea
Commission, ICES) to develop reliable normative guidelines and appropriate strategies for APls
monitoring and environmental risk assessment; European Agencies (EEA, ECHA, EFSA), involved
in the draft of scientific advises, reports requested by the European Commission, European
Parliament and EU Member States; on a global scale, the United Nation within the Agenda 2030
Sustainable Development Goals (SDGs);
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— private sector organizations and industries including pharmaceutical societies may start investing
in new processes based on the design and development of environmentally sustainable drugs,
stimulating a green transition towards the development of new medicine that also consider the
effects on non-target aquatic species. Medical doctors might decide to prescribe among drugs
with the same therapeutic effects, those highlighted as more eco-friendly.

— WWTPs operators, water supply companies and aquaculture facilities can invest in new
technologies to specifically remove the more recalcitrant compounds, thus obtaining clean and
safe water, further promoting its reuse;

— scientific community and academia in related fields of expertise to support both ongoing
research studies and future actions dealing with associated topic (Horizon Europe Mission
"Restore our ocean and waters by 2030”, Horizon Europe “Healthy oceans, seas, coastal and
inland waters”)

— civil society and citizens can be targeted to improve public awareness on the ecological risk of
APIs and associated concern, to promote sustainable behaviours including the correct disposal of
unwanted/expired medicines and proper mitigation strategies.

PHARMASEA results have already produced scientific and societal impacts as demonstrated by
participation to scientific conferences, and publication of papers in highly cited scientific journals.
Moreover, the 100,000 people reached by PHARMASEA dissemination activities (games, podcast,
workshops, exhibitions) and surveys confirm an ongoing increase of awareness on this important
environmental issue, facilitating the adoption of correct behaviours and future mitigation strategies
to reduce pharmaceutical pollution. Similarly, outreach activities performed with young students
from primary school enabled to disseminate and promote sustainable actions including the correct
disposal of domestic medicines. Political and economic impacts, by their nature typically require
longer timelines: in terms of regulatory bodies, the list of priority APl along with its proper
dissemination, could influence the revision of the list of priority substances present in the Watch
list of the WFD. Similarly, the overall elaboration of results with the WOE model can promote
at a European level the development of specific monitoring strategies for such compounds. The
adoption of the developed and scientifically sound software-assisted tool for environmental risk
assessment by environmental agencies or private companies dealing with monitoring of pollutants
represent a short-term and tangible impact: thanks to the UNIVPM (PIl) training sessions, such
stakeholders will be able to immediately use this tool. The final delivery of the cost-benefit
analyses, including for the first time the economic estimation of citizens’ willingness to pay in
Norway, Italy and Germany, provides valuable insights. These analyses support actions aimed at
reducing or eliminating pharmaceutical discharges into the environment and highlight the
economic benefits associated with improving environmental quality. Such findings have the
potential to further drive the adoption of more sustainable actions and policies.
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d. Which AquaticPollutants JTC theme/themes were addressed by the pfbjéét? |
How did the project cover the main aims & objectives of the Call?

PHARMASEA contributed to 2 themes, (T | and T2) and 4 sub-themes (STs I.1; 1.2; 2.1; 2.2) of

the AquaticPollutants JTC.

Within PHARMASEA, harmonized analytical procedures were developed for measuring (T1)
the presence, distribution and spread of 67 APls in marine ecosystems, consistent with the main
objectives of the AquaticPollutants JTC. These protocols were applied for the analyses of selected
APIs in more than 450 environmental samples (water, sediments and biota) seasonally collected
over three years in the Adriatic, Western Mediterranean, North Sea, and North Atlantic Ocean.
The significance of different potential sources, reservoirs and pathways of APIs was
assessed (STI.1), along with the characterization of the main APls exposure routes
(ST2.1): overall, a widespread occurrence of the majority of investigated APIs was observed;
WWTPs influents typically showed higher APIs levels (0.6 to 48ug/L) compared to effluents; in
surface waters, higher concentrations were found in river basins (~hundreds ng/L), compared to
estuaries areas (~tens ng/L). Field species have been demonstrated to bioaccumulate many APIs
being invertebrates generally characterized by higher tissues levels compared to vertebrates;
moreover, results on number of active principles present at the same time in tissues organisms
collected from the Adriatic Sea, revealed that all the samples contain at least | pharmaceutical and
more than 50% showed between 8 and 9 APIs simultaneously, thus elucidating the cumulative
behavior (ST 1.2) of these contaminants of emerging concern. The typologies of APIs measured
in water usually reflect those accumulated in marine species, particularly for psychiatric drugs and
NSAIDs. APIs levels in field species collected from off-shore sites were similar to those sampled
in coastal areas, suggesting the persistence of these compounds also far from the land-based
sources of input. A similar pattern of pharmaceutical occurrence in abiotic and biotic matrices
was observed in the Adriatic Sea, North Atlantic Ocean and Western Mediterranean, while
samples from the North Sea showed lower levels and numbers of APls. Overall, results allowed
to get novel insight on the environmental behavior (ST1.2) of analyzed APIs, suggesting
relationships between their occurrence in the water column, sediments as well as biota and the
trophic transfer along food webs. A large set of laboratory investigations was carried out to
characterize the effects (ST2.1) of 25 APIs and 10 mixtures on 12 aquatic species through
the execution of more than 20 experimental designs (in vivo, in vitro and ex vivo exposures).
Obtained results from in vivo studies on mussels and polychaetes exposed to environmentally
realistic levels of antidepressants, non-steroidal anti-inflammatory drugs, cardiovascular
compounds, and lipid lowering agents, tested both as isolated molecules and as mixtures
confirmed the capacity of these organisms to accumulate pharmaceuticals, as highlighted by field
species, but also their capability to excrete drugs when maintained in clean seawater, at the end
of a depuration period. The analyses of a large panel of molecular, biochemical and cellular
biomarkers revealed the onset of sub-lethal alterations and impairment of redox homeostasis,
lipid metabolism, activation of immune response and neurotoxicity. Such effects persisted even
after the depuration period, suggesting the long-lasting impairment of biological processes even
when pharmaceuticals are excreted by non-target species. Other in vivo, in vitro and ex vivo
experiments revealed that APIs significantly affected also the growth of marine algae and the
embryonic development of sea urchins, oysters and zebrafish. Interactive competing mechanisms
regulated the onset of toxicity in pharmaceutical mixtures and synergies with climate-change
related stressors were always outlined, allowing to provide useful insights on cumulative effects
and behavior of combined contaminants of emerging concern in aquatic ecosystems (ST 1.2).
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PHARMASEA also allowed the development of an integrated risk assessment procedure
(ST 2.2) for APIs in marine ecosystems. Elaboration of data obtained from laboratory studies
allowed to synthesize complex heterogeneous data in synthetic indices of hazard from ABSENT
to SEVERE, based on the relative importance of analyzed responses and the magnitude of variation
compared to specific thresholds. As an example, the use of this approach for summarizing
outcomes derived from all in vivo exposure of adult mussels, revealed psychiatric drugs as
carbamazepine, and venlafaxine as particularly biologically reactive pharmaceuticals (“MAJOR”
level of risk), followed by valsartan, ibuprofen, paroxetine (“MODERATE”), gemfibrozil, ramipril,
metformin, bezafibrate and citalopram (“SLIGHT”). The elaboration of data from field
investigations is still in progress due to the limited availability of comparison data for proper
definition of baseline concentrations. On the other hand, thresholds of variation and toxicological
relevance for each APl have been defined and the integration within the WOE model of results
obtained from laboratory investigations has been concluded by the end of the project (month 40).
These results will allow to (i) communicate the risk in a simple way without reducing the scientific
soundness of the overall investigation, (ii) clarify a list of priority APls and (iii) provide a scalable
science-based and flexible effect-based risk assessment procedure useful to support the
implementation of relevant EU policies, in agreement with the AquaticPollutants 2020 JTC aims.
Overall, results obtained from the PHARMASEA project allowed to analyse the spread of APIs in
aquatic ecosystems from the different sources, describing their effects when entering the different
aquatic systems and accumulating in the food chain. This project has further contributed to the
development of an integrated and cross-sectoral approach for risk assessment, thus covering
several of the AquaticPollutants 2020 Joint Transnational Call objectives.

e. Is the collaboration between consortium partners expected to continue after
the funding period? If yes, please describe how and indicate concrete actions
taken to continue collaboration.

The collaboration between consortium partners will definitely continue after the end of the
Project (31/12/2024). The final elaboration of all obtained results with the WOE model has been
performed in the cooperative effort of all Partners, through both online and in person meetings:
for example, taking the advantage of the participation of the PHARMASEA consortium to the
Agquatic Pollutants Final Meeting in Frankfurt (October, 22"-23"), a final Project meeting was
organized at the University of Heidelberg (October, 21%) where final steps of the projects and
future collaborations have been discussed and defined, also considering the next EU call within
Horizon Europe. In this respect, as reported in the section 9, results obtained within
PHARMASEA will be valorised in many joint scientific articles, to be published in high-impact
journals. Moreover, this consortium has strengthened mutual knowledge, further corroborating
the interest on common scientific topics, highlighting the desire to apply for forthcoming European
Calls to improve and continue research activities started with PHARMASEA. Mobility of the
researchers within the consortium (Section 2b) will continue with participation as members of
the committees/opponents/external tutors to PhD thesis defences, but also to organize specific
lectures, taking the advantage of Erasmus+ for Researchers and Full Professors.
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3. Table of Deliverables

Please indicate whether the planned deliverables were completed, delayed or readjusted. Please explain
any changes, difficulties encountered and solutions adopted. Please add/supress fields as necessary in
the table below.

Aquatic

Deliverable Lead Date Status (completed/ |(Changes, difficulties
name partner |delivered |delayed/ encountered, and new
(country) rescheduled) solutions adopted
WPI UD(.:’
Spain
D 1.l Manual of Month 24, |Completed in month [ The preparation of a manual of
harmonized September (40, December 2024 harmonized protocols was
protocols 2023 completed in a cooperative
effort after final revisions and
adjustments carried out during
the final project meeting (Oct
2024).
D 1.2 Overview on Month |4, |Completed in month [ The lack of already existing
APIs November (30, March 2024 procedures in literature for
environmental 2022 measuring APIs in
levels environmental matrices made
the development of
harmonized protocols longer
than expected. For this reason,
the achievement of D.1.2 was
readjusted and now reached at
month 30.
D 1.3 Mapping Month 20, |Completed in month [ Due to the delayed D1.2, also
APIs in European May 2023 |30, March 2024 this step has been readjusted
coastal areas and now completed.
D 1.4 APIs Month 28, |Completed in month [ The list of priority APIs has
prioritization January 40, December 2024 been completed, after the
2024 elaboration trough the WOE
model (D 3.2)
D 1.5 Publication Month 30, |Completed in month
of the first March 2024|15
manuscript (Magnuson et al., 2022,
and Castafno-Ortiz et
al., 2023a). See section
9 of the present Report
WP2 UHEI,
Germany
D2.1 Overview on Month 24, |Completed
APIs September
bioaccumulation 2023
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Deliverable Lead Date Status (completed/ |(Changes, difficulties
name partner |delivered |delayed/ encountered, and new
(country) rescheduled) solutions adopted
D2.2 Month 28, |Completed
Characterization January
of “omics” 2024
responses
D2.3 Report on Month 28, |Completed on month [ The report was completed
APIs adverse anuary 36, September 2024 after the elaboration of the last
effects 2024 obtained results.
D2.4 Manuscripts Month 36, |Completed (Castafho-
on APIs biological September |(Ortiz et al.,, 2023b). See
effects 2024 section 9 of the present
Report
D2.5 Manuscripts Month 36, |Completed (Magnuson
on APIs effects: September |et al., 2023). See
vertebrates 2024 section 9 of the present
Report
D2.6 Manuscripts Month 36, |Completed (Bernardini
on APIs toxicity September |et al., 2025; Mezzelani
2024 et al.,2023, 2024; Nardi
et al.,, 2022). See
section 9 of the present
Report
WP3 UNIVPM,
Italy
D3.1 Flowcharts Month 16, |Completed
for individual January
LOEs 2023
D3.2 Report on Month 36, |Completed on month [ Considering the huge amount
WOE September (40, December 2024 of collected data (much higher
elaborations 2024 compared to the project
proposal), the Report was
prepared and completed after
the elaboration of the last
obtained results.
D3.3 Software for Month 36, |Completed
WOE elaboration September
2024
WP4 All
D4.1 UNIVPM, [Month 2, |Completed
Dissemination  |ltaly November
Plan 2021
D4.2 Project UNIVPM, [Month 4, |Completed
Website and Italy January
Social Media 2022
Outlets
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Changes, difficulties

Deliverable Lead Date Status (completed/
name partner |delivered |delayed/ encountered, and new
(country) rescheduled) solutions adopted
D4.3 State-of- Month |2, |Completed (Mezzelani
Knowledge September |& Regoli, 2022). See
Review 2022 section 9 of the present
Report
D4.4 Project E- Month 36, |Completed (2 Project
Newsletters September |[E-newsletter, | Blog
2024 Article, | Podcast
Episode, 37 news
articles in website)
D4.5 Social- UiS Month 36, |Completed in month | Considering the huge amount
benefit-cost September (40, December 2024 of collected data, the analysis
analysis (SBCA) 2024 was completed after the
elaboration of all surveys.
WP5 All
D5.1 Consortium  [UNIVPM, |Month 2, |Completed
Agreement Italy November
2021
D5.2 Periodic UNIVPM, [Months 6, |Completed
reporting Italy 12, 18, 24,
30, 36
D5.3 Data UNIVPM, Month 06, |Completed
Management Plan |italy March 2022

4. Budget review

UNIVPM, (P1), used 100% of the allocated fund from the Italian FPO funding agency (the Italian
Ministry of University and Research, MUR). Main costs include ~ 120 K € personnel, ~40 K €
consumables and reagents, ~40 K € general costs (including travel, registration to conferences,
meetings organization, dissemination material, website).

UHEI, (P2) developed in time a specific German language version of the PHARMASEA proposal in
collaboration with the funding agency (BMBF) focusing on UHEI contributions to officially start
the project in September 2021. Provision and expenditure of funds with minor deviations as
planned with the exception that funds for consumables will partly be shifted to personnel to cover
higher costs caused by hiring a postdoctoral researcher instead of a PhD candidate (as already
negotiated with funding agency). The reduction of funds for consumables will be compensated
by intramural funds and savings from reduced travel costs during the late covid-19 pandemic. So
far, UHEI has used approx. 102 % (~176K € personnel, ~14 K € consumables, ~6.7 K € travel) of the
allocated funds.

UiS, (P3) has used 68% of the allocated fund. The expenditure of the budget from 1%t of August
2021 to 31°%t August 2024 was used for consumables and equipment (~ 49 K €), surveys and
analysis (~18 K €), travel and meeting costs (~8.4 K €). Salary cost for PhD candidate of 200 K € is
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own financed by UiS. UiS has applied at the Research Council for an extension in Norway of the
PHARMASEA project ending at 31/10/2025. This extension, approved by the PHARMASEA
Coordinator and by the AquaticPollutants ERA-NET Cofund call, was motivated to complete the
scientific manuscripts, finalize a PhD thesis, and support dissemination events scheduled for 2025

UDC, (P4) has used 100% of the allocated fund. The expenditure of the budget from 1st of
September of 2021 (official start of PHARMASEA) to 31st of December 2024 was used for personal
salary (one postdoctoral researcher for 24 months: 77.03 K €), consumables (24.05 K €) and
instrumental analysis (20.75 K €), travels and subsistence (1.97 K €) and project audit (1.2 K €).
Salary cost PhD candidate for 27 months is financed by P4’s own funds and a PhD grant from
Xunta de Galicia (~ 46 K €).

IEO-CSIC, (P5) has used 100% of the allocated fund. The expenditure of the budget from 1%
September of 2021 (official start of PHARMASEA) to 30t September 2024 was used for personal
salary (one contract for 10 months: 37.7 K €), consumables, travels and subsistence (33.3 K €) and
the registration to an international congress (250€). The rest of the funds was also used till end
of the project (31 of December of 2024).

5. Consortium Meetings

Please fill in the table below, add/suppress fields as necessary in the table below.

N° | Date Location | Attending Purpose
partners

| 22.11.2021 online All: UNIVPM, UHEI, | First kick-off meeting:
uiS, UDC, IEO- — Nomination of Leaders/Co-leaders
CSIC for the WPs |-4.

— Discussion to define harmonization
of sampling strategy and
methodologies (WPI; selection of a
panel of active pharmaceuticals
ingredients (APIs) to investigate;
selection of common/similar
representative species
(vertebrates/invertebrates) within
the temperate zone; available
analytical protocols for APIs
extraction, detection and
quantification.

Presentation by all partners of
experimental plans for laboratory
investigations WP3. Discussion was
focussed on the importance to select
a list of representative APIs and in
turn the rationale for the selection.
Strategy to elaborate all gained data
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within Weight of Evidence approach
(WP3). Definition of PHARMASEA
logo and dissemination and
communications activities (VWP4)

2 09.02.2022

online

All: UNIVPM, UHEI,
UiS, UDC, IEO-
CsIC

[ WP2-Meeting:

— Presentation of ongoing and
planned activities by partners,

— Discussion on potential
synergisms,

— Development of analytical
procedures for chemical analysis,
— Rationale for the selection of
priority list of APIs.

3 19.07.2022

online

All: UNIVPM, UHEI,
uiS, UDC, IEO-
CSIC

2" WP2-Meeting:

— Presentation of ongoing and
planned activities by partners,

— Discussion and planning of the first
annual meeting in person.

4 |23
25.11.2022

Ancona,
Italy

All: UNIVPM, UHEI,
uiS, UDC, IEO-
CSIC

Ist Annual Meeting

— Presentation of ongoing and
planned activities for all VWPs

— Discussion of results and
achievements

— Future steps: experiments, mobility
of PhD students and researchers,
samples sharing and shipment

— Plan of the first stakeholder
meeting (online)

— Social benefit cost analyses and
Survey update

— PHARMASEA contribution to
upcoming Scientific conferences:
SETAC 2023

5 13.07.2023

online

All: UNIVPM, UHEI,
uiS, UDC, IEO-
CSIC

3rd WP2-Meeting:

-Presentation of ongoing and planned
activities by partners

-Discussion about data elaboration
with the WOE model

-Joint Manuscripts

6 27.11.2023

online

All: UNIVPM, UHEI,
uiS, UDC, IEO-
CSIC

First PHARMASEA Advisory
Board/Stakeholders Meeting:

— Objectives, structures, performed
activities and obtained results

— Future activities and next steps of
the Project

— Suggestions and feedback from the
AB members and invited
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stakeholders (Prof. Daniel Schlenk,
Prof. Elena Gomez; Thomas
Broschard, Merck group; Reinhard
Laenge, Bayer; Gerd Maack, UBA;
Sara Zucchi, Angelini Pharma)

— suggestion for a better Stakeholder
Engagement & Communication

7 20- online All: UNIVPM, UHEI, | Final PHARMASEA technical meeting:
21.06.2024 UiS, UDC, IEO- — Presentation and discussion of
CSIC overall results

— Discussion on WOE elaboration
— Synergies and cooperation within
the PHARMASEA consortium

— Dissemination material

— Final meeting in Frankfurt

8 21.10.2024 Heidelberg, | All: UNIVPM, UHEI, | Final PHARMASEA Consortium
Germany UiS, UDC, IEO- meeting:

CSIC — Final meeting in Frankfurt

- Future steps for PHARMASEA
(Reports, Booklet)

— Future collaboration for
forthcoming European Calls

9 22/23.10.2024 | Frankfurt, | All: UNIVPM, UHEI, | Final AquaticPollutants Meeting
Germany | UiS, UDC, IEO- (organized by DECHEMA)
CSIC

6. Stakeholder/Industry Engagement

Within the PHARMASEA project, the Communication and Dissemination activities, as well as
stakeholders and industries engagement represented the core of a dedicated Work Package,
WP4. The PHARMASEA Advisory Board included not only 2 scientists of recognized international
experience, but also two representatives of important European pharma industries (Bayer and
Merck). In addition, the PHARMASEA project had an official “Stakeholder panel”, including
WWTPs and domestic water treatment companies (e.g. IVAR and Viva Servizi), pharma industries
(Angelini Pharma, Bayer, BASF, Merck); political and normative authorities (e.g. Spanish Ministry
of Environment, Italian ISPRA, German UBA, Norwegian Environment Agency, Galician Ministry
of the Sea, all responsible of the implementation of the Marine Strategy and Water Framework
Directives), non-governmental organizations actively involved in citizen engagement and
environmental protection (Impronta Animale, Marevivo, GreenPeace) as well as students and
citizens. From the beginning of the project, cooperation and dialogue with WWTPs companies (i)
enabled a better selection of sampling sites and facilitated all sampling activities performed in
WWTPs input and output, and (ii) promoted shared dissemination activities for students and
citizens (e.g. “PHARMASEA at MOBY LITTER Ill, UNIVPM”; “ A walk in our WWTPs, Sharper
Night, 2022”, UNIVPM; “Chronicles from UiS and IVAR”, Norway; see below Section 9), and (jii)
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promote a discussion on the need of more appropriate technologies for the removal of
pharmaceuticals.

The activated cooperation with Angelini Pharma provided a list of the most consumed
pharmaceuticals in Italy, Germany, Norway and Spain (IQVIA survey), contributing to select the
67 more relevant active principles in terms of volume of consumption and occurrence in coastal
areas, among more than 4000 APIs possible reaching the marine ecosystems. Cooperation with
pharma industries helped to provide a preliminary assessment of (specific) pharmaceuticals
sustainability stimulating a green transition towards the development of new medicines that also
consider potential effects on non-target marine organisms. Two surveys were specifically
developed to target the scientific community and citizens/non-experts/students. The first one was
spread in all scientific conferences attended by the consortium and to all the scientific community,
thanks to synergies with the Aquatic Pollutants Transfer Project, Aquatic Pollutants Secretariat,
JPI Ocean and Water JPI (Section 9). Different stakeholder surveys highlighted, among others, the
importance of managing uncertainties and gaps of knowledge in environmental data. The second
survey was used to actively involve people in all the dissemination events, exhibitions, laboratories
and workshops with students (see Section 9 for the entire list): questions on the emerging concern
of pharmaceuticals as environmental pollutants contributed to raise awareness on causes, sources
of distribution, legislative regulation, mitigation strategies. More in details, students from primary
and secondary schools were involved in different activities of previously established disseminations
programs in the STEM field from PHARMASEA Institutions: As an example, seminars and
workshops in the framework of “Plan for Scientific Degrees” and “Pathways toward cross-cutting
expertise” allowed to increase the awareness toward this environmental issue in youth but have
also promoted the teachers update’s, reaching overall 300 participants/year.

Project activities and results were presented to and discussed with various involved stakeholders
both in dedicated organized meetings (e.g. PHARMASEA Advisory Board/Stakeholder meeting),
but also capitalizing previously-established networks of connections in the framework of
workshops with National Stakeholders like the “Institute for Environmental Protection and
Research, ISPRA, Italy”, the “Institute for Economic and Business Management Studies, Adriano
Olivetti, Italy”; the “Experimental Zooprophylactic Institute of Umbria and Marche, Togo Rosati,
Italy”; “The National Biodiversity Future Center, NBFC, Italy” or the “International Council for
the Exploration of the Sea (ICES)”. The continuous dialogue with the Aquatic Pollutants Transfer
Project and Secretariat further allowed to maximize the stakeholders involvement thanks to the
presentation of the PHARMASEA project and activities to EUROcean 2023, contributing to reach
also the European Marine Board, the Technology Centre of the Sea (CETMAR), the Institute of
Marine Research (lIM-CSIC), the European Marine Research Network (EuroMarine),
the European Global Ocean Observing System (EuroGOOS), the European Union Innovation
Actions EuroSea and EcoScope, the European Fisheries Control Agency (ECFA), the Centre for
Marine Research of the University of Vigo (CIM-UVigo), the Campus do Mar, the Regional
Government of Galicia (Xunta de Galicia), the Governing Board of CETMAR, the Marine Institute,
the Council of the City of Vigo (Concello de Vigo), the Port of Vigo, and industry associations
CONXEMAR and ANFACO. Dialogue with the ARENA project allowed to present the
PHARMASEA project at the workshop “Antibiotic resistance in Aquaculture: addressing
challenges and promoting sustainable practices” at the AQUAFARM exhibition, contributing to
meet fisheries and aquaculture industries.

Stakeholder engagement was also considered to address the economic value of environmental
risk of pharmaceuticals and the general perception of the economic value of environmental quality:
the implementation of traditional social-benefit cost- analyses with environmental data for a better
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risk-informed decision-making process was preceded by data elaboration of a scientific-based
survey developed by UiS (P3) for society released to 1500 people in Norway, Germany and Italy.

7. Knowledge Output Transfer

Please complete the following table for each of the outputs arising from the project. Knowledge outputs may
be deliverables, part of deliverables or non-deliverables. Publications, communications and dissemination
actions must not be listed here, but in section |0.

Knowledge Output Short Title Development of analytical protocols for APls
detection in environmental matrices.

Knowledge Output Description Analytical protocols for APIs extraction,
purification, separation and detection allowing
the characterization and quantification of
pharmaceuticals in seawater, sediments and
marine species (e.g. bivalves, shellfish, fish) have
now been developed and validated. The
application of these harmonized procedures
allowed to compare results obtained in
different laboratories.

Output type: Exploitable scientific result;
RTD protocol/technical manual.

Sectors & Subsectors: Basin Management,

Drinking Water, Bathing Water, Emissions and
Water Reuse, Adaptation to Global Change,
Blue Economy, Fisheries, Seafood, One health
approach  (antimicrobials,  multiresistance,
biofilms), Governance, Consumer Health &
Welfare, Stakeholder Involvement.

Potential users: Education & Training

(Universities, Monitoring Agencies);
Environmental Managers & Monitoring;
Industry (Pharma); Scientific
Community (STEM Community)

Status: Ready to be transferred

IPR (Intellectual Property Rights) n/a

Policy-Relevance The developed protocols meet recent
regulatory guidelines (October 2022) related to
the proposal for amending Directive
2000/60/EC (establishing a framework for
Community action in the, field of water policy),
Directive 2006/1 I18/EC (on the protection of
groundwater against pollution and
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deterioration) and Directive 2008/105/EC (on
environmental quality standards), which
provide the inclusion of 9 pharmaceutical
compounds in the list of priority substances.

Knowledge Output Short Title

Characterization of APIs effects in different
marine environments and species.

Knowledge Output Description

A large number of sublethal effects has been
described thanks to laboratory studies carried
out within PHARMASEA, allowing to clarify
most biologically reactive compounds and APIs
mixtures.

Output type: Exploitable scientific result;
Scientific publication, Multimedia, Data
Sectors & Subsectors: Basin Management,

Drinking Water, Bathing Water, Adaptation to
Global Change, Blue Economy, Fisheries,

Seafood, One health approach (antimicrobials,
multiresistance, biofilms,), Governance,
Consumer Health & Welfare, Stakeholder
Involvement, Socio-Economics.

Potential users: Education & Training
(Primary, Secondary schools, University);
Environmental Managers & Monitoring;
Industry (Pharma, WWTPs); Scientific
Community (STEM Community), Civil Society.

Status: transfer has been initiated and will
continue.

IPR (Intellectual Property Rights)

n/a

Policy-Relevance

The present Knowledge Output is relevant for
(i) the WFD and the related last version (2022)
of the Watch List (2013/39/EU) and (ii)) COM
(2019)128 — Communication EU Strategic
Approach  to  Pharmaceuticals in the
Environment, aiming to fill the gap of knowledge
in terms of presence and effects of APIs in
marine ecosystems,

Knowledge Output Short Title

Software development for APls environmental
risk assessment.

Knowledge Output Description

The development of a software-assisted tool
enables the elaboration and integration of
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heterogeneous typologies of data to provide a
science-based environmental risk assessment
procedure for pharmaceuticals in the
environment. It will be helpful for regulatory
bodies and public authorities.

Output type: Exploitable scientific result;
Software/modelling tools, Product.

Sectors & Subsectors: Basin Management,

Drinking Water, Bathing Water, Emission and
water reuse; Adaptation to Global Change, Blue
Economy, Fisheries, Seafood, One health
approach  (antimicrobials,  multiresistance,
biofilms), Governance, Consumer Health &
Welfare, Finance; Modelling & Prediction;
Socio-Economics; Stakeholder Involvement.

Potential users: Education & Training
(University and Monitoring Agencies);
Environmental Managers & Monitoring;
Industry; Policy Makers/Decision Makers
(WFD, MSFD); Scientific Community, Civil
Society.

Status: ready to be transferred (90%)

IPR (Intellectual Property Rights)

n/a

Policy-Relevance

The present Knowledge Output represents the
concrete demonstration on the use of
multidisciplinary integrative strategies based on
both chemical and biological approaches, which
is highly recommended by several international
agencies, such as OSPAR, HELCOM, MEDPOL,
and ICES, and strongly encouraged by European
Directives such as the Marine Strategy
Framework Directive (MSFD, Directive
2008/56/EC) and the Woater Framework
Directive (WFD, Directive 2000/60/EC). The
last Italian normative on sediments quality
classification (DM, 173/2016) has introduced the
legal requirement to integrate chemical and
ecotoxicological characterization of these
materials for defining the allowed management
option. Innovative aspect of this regulation is
the adoption of weighted criteria to elaborate
analytical results. Under this perspective the
present Knowledge Output extends the
possibility to elaborate heterogeneous data for
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providing science-based quantitative levels of
risk also the category of “pharmaceutical
compounds”.

Knowledge Output Short Title

Dissemination and stakeholders’ engagement
tools

Knowledge Output Description

In PHARMASEA web site (outreach section)
and Facebook Page, is available all dissemination
material developed within the Project,
including: Project Brochures, Roll-Up, poster,
2 PHARMASEA Surveys (See links in section 6),
2 board games namely “The PHARMA
Adventure” and the “PHARMA MAP”, with
instructions, explanation and cards to play. A
video to easily explain how filter feeding species
accumulate pollutants: the material can be
downloaded hence teachers, students, citizen
can be constantly informed, trained on the issue
of pharmaceuticals in the environment.
Output type: Training activity, Tools,
Multimedia

Sectors & Subsectors: Blue Economy,

Fisheries, Seafood, One health approach
(antimicrobials, = multiresistance,  biofilms),
Governance, Consumer Health & WWelfare;
Socio-Economics; Stakeholder Involvement.
Potential users: Education & Training;
Environmental Managers & Monitoring;
Industry; Policy Makers/Decision Makers;

Scientific Community, Civil Society.

Status: Transfer has been initiated and will
continue.

IPR (Intellectual Property Rights)

n/a

Policy-Relevance

Development of targeted dissemination tools
plays a crucial role in all the European Union’s
Horizon 2020 and Horizon Europe Framework
Programmes. The present knowledge output
fall within the many initiatives addressed by the
“Citizen science”, a concept that promote
knowledge dissemination of research project
with positive impacts on democratisation of
science; societal sensitivity toward science,
ecosystems issues and all environmental
policies. Similarly, the presented Knowledge
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Outputs match  with the Sustainable
Development Goals (SDGs) of the United
Nations and with concepts present in the
Strategic Approach to Pharmaceuticals in the
Environment" (COM/2019/128 final).

8. Open Data

All aspects related to data management are reported in the PHARMASEA Data Management Plan
written, shared and agreed by the entire consortium. According to PHARMASEA-DMP, all the data
resulting from the project are freely available in the Water JPl Open Data & Open Access platform.

9. List of Publications produced by the Project - Open Access

Peer-reviewed journal contributions
Published:
2022:

I. Magnuson, J. T., Longenecker-Wright, Z., Havranek, |, Monticelli G., Brekken, H. K,
Kallenborn, R., Schlenk, D., Sydnes, M. O., & Pampanin, D. M. 2022. Bioaccumulation potential
of the tricyclic antidepressant amitriptyline in a marine Polychaete, Nereis virens. Sci. Total
Environ. 851 (Pt 1), 158193. https://doi.org/10.1016/j.scitotenv.2022.158193

2. Mezzelani, M., Regoli, F., 2022. The biological effects of pharmaceuticals in the marine
environment. Annu. Rev. Mar. Sci. 4. https://doi.org/10.l 146/annurev-marine-040821-075606

3. Nardi, A,, Mezzelani, M., Costa, S., d’Errico, G., Benedetti, M., Gorbi, S., Freitas, R., Regoli, F.,
2022. Marine heatwaves hamper neuro-immune and oxidative tolerance toward carbamazepine

in Mytilus galloprovincialis. Environ. Pollut. 300, 118970.
https://doi.org/10.1016/j.envpol.2022.1 18970
2023:

4. Castano-Ortiz, J.M., Gil-Solsona, R., Ospina-Alvarez, N., Garcia-Pimentel, M.M., Ledn, V.M,
Santos, L.H.M.L.M., Barceld, D., Rodriguez-Mozaz, S. 2023a. Bioaccumulation and fate of
pharmaceuticals in a Mediterranean coastal lagoon: Temporal variation and impact of a flash
flood event, Environ. Res. 228, |1 15887. https://doi.org/10.1016/j.envres.2023.115887

5. Castano-Ortiz, .M., Courant, F., Gomez, E., Garcia-Pimentel, M.M,, Leén, V.M., Campillo, J.A,,
Santos, L.H.M.L.M,, Barcelo, D., Rodriguez-Mozaz, S. 2023b. Combined exposure of the bivalve
Mytilus galloprovincialis to polyethylene microplastics and two pharmaceuticals (citalopram and
bezafibrate): Bioaccumulation and metabolomic studies. Journal Hazard Mat. 458, 131904.
https://doi.org/10.1016/j.jhazmat.2023.131904

6. Garcia-Pimentel, M.M., Fernandez, B., Campillo, J.A.., Castano-Ortiz, |.M., Gil-Solsona, R,,
Fernandez-Gonzilez, V., Muniategui-Lorenzo, S., Rodriguez-Mozaz, S., Leon, V.M. 2023.
Floating plastics as integrative samplers of organic contaminants of legacy and emerging concern
from Western Mediterranean coastal areas. Sci. Total Environ. 905, 166828.
https://doi.org/10.1016/j.scitotenv.2023.166828
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https://doi.org/10.1016/j.envpol.2022.118970
https://doi.org/10.1016/j.envres.2023.115887
https://doi.org/10.1016/j.jhazmat.2023.131904
https://doi.org/10.1016/j.scitotenv.2023.166828

Aquatic

7. Magnuson |.T., Sydnes M.O.., Reder E.M,, Schlenk D., Pampanin D.M. 2023. Transcriptomic
profiles of brains in juvenile Atlantic cod (Gadus morhua) exposed to pharmaceuticals and
personal care products from a wastewater treatment plant discharge. Sci. Total Environ.912,
169110 https://doi.org/10.1016/j.scitotenv.2023.169110

8. Mezzelani, M., Peruzza, L., d'Errico, G., Milan, M., Gorbi, S., & Regoli, F. 2023. Mixtures of
environmental pharmaceuticals in marine organisms: Mechanistic evidence of carbamazepine
and valsartan effects on Mytilus galloprovincialis. Sci. Total Environ, 860, 160465.
https://doi.org/10.1016/j.scitotenv.2022.160465

2024:

9. Mezzelani, M., Notarstefano, V., Panni, M, Giorgini, E., Gorbi, S., Regoli, F. 2024. Exposure to
environmental pharmaceuticals affects the macromolecular composition of mussels digestive
glands. Sci Rep, 14, 9369. https://doi.org/10.1038/s41598-024-59663-7

10. Pampanin, D.M,, Schlenk, D., Vitale, M., Sydnes M.O. Use of DREAM to assess relative risks of
presence of pharmaceuticals and personal care products from a wastewater treatment
plant. Front. Environ. Sci. Eng. 18, 113 (2024). https://doi.org/10.1007/s11783-024-1873-7

2025:

I . Garcia-Pimentel, M.M., Mezzelani, M., Valdés, N.J., Giuliani, M.E., Gorbi, S., Regoli, F., Ledn,
V.M., Campillo, J.A. 2025. Integrative oxidative stress biomarkers in gills and digestive gland of
the combined exposure to citalopram and bezafibrate with polyethylene microplastics on
mussels Mytilus galloprovincialis. Environ. Poll. 366, 125508
https://doi.org/10.1016/j.envpol.2024.125508

|2. Bernardini, |., Mezzelani, M., Panni, M., Dalla Rovere, G., Nardi, A., El Idrissi, O., Peruzza, L.,
Gorbi, S., Ferraresso, S., Bargelloni, L., Patarnello, T., Regoli, F, & M. Milan. 2025.
Transcriptional modulation in the Mediterranean Mussel Mytilus galloprovincialis following

exposure to four pharmaceuticals widely distributed in coastal areas. Aquatic Toxicology,
107255 https://doi.org/10.1016/j.aquatox.2025.107255

Under revision:

| 3. Panni, M., Mezzelani, M., d’Errico, G., Vitale, M., Gorbi, S., Pampanin D.M., Regoli, F. Cellular
effects of environmental pharmaceuticals: mechanisms of action on Poeciliopsis lucida fish
hepatoma cell line. Aquatic Toxicology

In preparation:

I. del Pupo C, Sydnes MO, Pampanin DM (2024). Biological Impact Assessment of a Novel
Environmentally Friendly Antibiotic Compound.

2. Fischer, M., Brotzmann, K., Heinrich, P., Braunbeck, T., et al. 2024. A red flag for
developmental neurotoxicity - low doses of antidepressants impair the behavior of zebrafish
(Danio rerio) embryos.

3. Garcia-Pimentel, M.M., Campillo, J.A., Ledn, V.M., and Pampanin, D.M. Evaluating Marine Cell
Line Sensitivity to Emerging Contaminants: In Vitro Effects of Pharmaceutical and Plastic
Additive Mixtures at Environmental Concentrations on Fish Liver Cells (PLHC-1).
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4. Jafari M, Magnuson |T, Essfeld F, Eilebrecht S., Brotzmann K, Pampanin DM. Ocular toxicity
induced in zebrafish embryos by antidepressants amitriptyline and nortriptyline.

5. Keyser S, Pampanin DM et al. (2024). Effects of environmentally relevant concentrations of
diclofenac, ciprofloxacin and their binary mixture on Mpytilus edulis sperm function and
fertilization.

6. Khan S, Kipperberg G., Pampanin D. et al. European consumers’ preferences for reducing
emissions of pharmaceuticals and personal care products into the environment.

7. Kipperberg G., Pampanin D., et al. The Environmental science & economics of pharmaceutical
discharges from wastewater treatment facilities: Towards a comprehensive one-health
analytical framework.

8. Lejo-Santiago, J., Concha-Grana, E., Muniategui-Lorenzo, S., et al. “Seasonal study of the
presence of pharmaceuticals in A Coruna estuary (NVV Spain)”

9. Lejo-Santiago, J., Concha-Grana, E., Muniategui-Lorenzo, S., et al., “Development of a green
multiresidue method for the determination of pharmaceuticals in biota”

10. Lejo-Santiago, J., Concha-Grana, E., Muniategui-Lorenzo, S., et al, “Occurrence of
Pharmaceuticals in mediterranean mussels and red mullets”

I'1. Mezzelani, M., Panni, M., El Idrissi, O., d’Errico, Milan, M., Ferraresso, S., Dalla Rovere, G,
Nardi, A., Benedetti, M., Gorbi, S., Regoli, F. Evidence on modulation of M. galloprovincialis
metabolic pathways by environmental pharmaceuticals: first insights on ibuprofen, paroxetine
and their mixture.

12. Mezzelani, M., Panni, M., d’Errico, G., Di Carlo, M., Fattorini, D., Nardi, A., Gorbi, S,
Benedetti, M., Regoli, F. Interactive effects modulate toxicity of gemfibrozil, venlafaxine,
ramipril, and metformin APIs mixture.

3. Mezzelani, M., Panni, M., d’Errico, G., Di Carlo, M., Fattorini, D., Nardi, A., Gorbi, S.,
Benedetti, M., Regoli, F. Spatial and temporal distribution of active pharmaceutical ingredients
in in biotic and abiotic matrices of Adriatic Sea.

14. Mezzelani, M., Panni, M., Nardi, A., d’Errico, G., Di Carlo, M., Fattorini, D., Gorbi, S.,
Benedetti, M., Regoli, F. Impact of climate change related stressors on pharmaceutical
mixture toxicity.

I5. Panni, M., Mezzelani, M., Gorbi, S., d’Errico, G., Nardi, A., Benedetti, M., Regoli, F. Application
of a battery of bioassays within the assessment procedure for the ecotoxicological impact of
environmental pharmaceuticals.

| 6. Panni, M., Mezzelani, M., d’Errico, G., Vitale, M., Gorbi, S., Pampanin D.M., Regoli, F. Cellular
effects on Oncorhynchus mykiss fish gill cell line by environmental pharmaceuticals and their
mixtures.

17. Panni, M., Mezzelani, M., Giuliani, M.E., Nisi Cerioni, P., Nardi, A., Benedetti, M., Mollo, E.,
Regoli, F., Gorbi, S. 2024. Mechanisms of cellular responses of caulerpin as a target of the
peroxisome proliferator-activated receptor a (PPAR a) and its similarities with the lipid
lowering agent fenofibrate.

Oral presentations at international conferences:

|. Braunbeck, T. (UHElI) PHARMASEA - Presence, behavior and risk assessmentof
pharmaceuticals in marine ecosystems. Talk at Dechema — oral presentation of the
PHARMASEA project; 21.11.2022.

2. Castano-Ortiz, J.M., Garcia-Pimentel, M.M,, Ledn, V.M., Campillo, J.A., Courant, F., Gomez,
E., Santos, L., Barcelo, D., Rodriguez-Mozaz, S. (IEO-CSIC). Do Microplastics and
Pharmaceuticals Interactively Affect Mussels? An Insight Into Uptake, Tissue Distribution and
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Metabolomic Profiles. Oral presentation at the 32 annual meeting of SETAC Europe in
Copenhagen; 15-19.05.2022

Mezzelani, M., Peruzza, L., Bernardini, |., Buttari, F., Gorbi, S., d’Errico, G., Panni, M., Fattorini,
D., Milan, M., Regoli, F. (UNIVPM). Interactive effects of pharmaceuticals’ mixtures in Mytilus
galloprovincialis. Oral presentation at 21° International Symposium on Pollutants Responses
in Marine Organisms, PRIMO, Gothenburg, 22-25 May 2022.

Magnuson, J.T., Havranek, |., Longenecker-Wright, Z., Monticelli, G., Brekken, K., Kallenborn,
R., Schlenk, D., Sydnes, M.O., Pampanin, D.M. (UiS). Contaminants of emerging concern in
environmental samples near a wastewater treatment discharge site in Norway: Detection,
accumulation, and toxicity to biota._Oral presentation at 21° International Symposium on
Pollutants Responses in Marine Organisms, PRIMO, Gothenburg, 22-25 May 2022.
Castano-Ortiz, ].M., Gil-Solsona, R., Ospina, N., Leon, V.M., Santos, L. H.M.L.M., Barcelo, D.,
Rodriguez-Mozaz, S. (IEO-CSIC). Pharmaceutical Pollution in a Threatened Coastal Lagoon:
Changes and Current Situation of the Mar Menor (SE Spain). Oral presentation at
MICROPOL 2022, Santiago de Compostela (Spain) 6-10 June 2022.

Ledn, Victor M., Garcia-Pimentel, Maria del Mar, Fernandez-Galindo, Beatriz, Rodriguez-
Mozaz, Sara, Fernandez-Gonzalez, Verdnica, Castano-Ortiz, Jose M., Muniategui-Lorenzo,
Soledad and Campillo, Juan A. (IEO-CSIC, UDC). Occurrence and distribution of
contaminants of legacy and emerging concern sorbed on floating plastic debris from Mar
Menor lagoon and Ebro river surface waters. Oral presentation at XXI Iberian Seminar on
Marine Chemistry (SIQUIMAR) and VIII International Symposium on Marine Sciences. Las
Palmas de Gran Canarias (Spain), 4-8th July 2022.

Pampanin D.M., Magnuson ).T., Kipperberg G., Sydnes M.O., Schlenk D. One Health
Approach for Evaluating Presence and Effect of Pharmaceuticals Discharged via a VWastewater
Treatment Plant in the Marine Environment. Oral presentation at 33™ SETAC (Society of
Environmental Toxicology and Chemistry) Europe, Dublin, Ireland (April 30- May 4, 2023).
Brotzmann, K. and Braunbeck, T. (UHEI) Zebrafish embryo vs. mouse — An alternative to
mammalian teratogenicity tests in assessing effects of pharmaceuticals? Oral presentation at
44th SETAC North America in Louisville, Kentucky, USA; 12.-16.11.2023.

Brotzmann, K., Fischer, M., Wolf, R., Dober, L. and Braunbeck, T. (UHEI) Psychoactive drugs
in non-target species — neurotoxicity of venlafaxine in zebrafish (Danio rerio) embryos. Oral
presentation at 44th SETAC North America in Louisville, Kentucky, USA; 12.-16.11.2023.

. Garcia Pimentel, M.M., Campillo, J.A., Leon, V.M., Valdés, |., Castano-Ortiz, .M., Rodriguez-

Mozaz, S., Mezzelani, M., Panni, M., Gorbi, S., Regoli, F. Biological responses in digestive gland
of mussels (Mytilus galloprovincialis) exposed to citalopram/bezafibrate and polyethylene
microplastics in seawater. Oral presentation at SETAC Europe, Dublin, 30 April - 4 May 2023

. Mezzelani, M., Panni, M., d’Errico, G., Benedetti, M., Gorbi, S., Regoli F. Molecular,

biochemical and cellular effects of single and combined pharmaceuticals in Mytilus
galloprovincialis. Oral presentation at SETAC Europe, Dublin, 30 April - 4 May 2023

. Regoli, F. Presence, behaviour and risk assessment of pharmaceuticals in marine ecosystems.

Oral presentation at Aquatic Pollutants Mid-Term Meeting. Madrid, Spain, 30-31 May 2023.

. Mezzelani, M. Presence, behaviour and biological effects of pharmaceuticals in non-target

species. Oral presentation at EurOcean, Vigo, Spain, October 2023.

. Pampanin D.M., Magnuson J.T., Sydnes M.O., Schlenk D. Risk Assessment and Biological

Effects of Pharmaceuticals Discharged via a Wastewater Treatment Plant in the Marine
Environment. Oral presentation at SETAC (Society of Environmental Toxicology and
Chemistry) North America 44th Annual Meeting, Louisville, KY (November 12-16, 2023).
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I5. Magnuson J.T., Puglis H., Leet J., Moody A., Edwards T.M., Pampanin D.M. Sublethal effects
of the pharmaceutical, carbamazepine, to early life stage zebrafish (Danio rerio)
development. Oral presentation at 4th International Conference on Environmental
Pollution, Restoration, and Management, Quy Nhon, Vietnam (March 4-7, 2024).

|6. Jafari M., Magnuson J.T., Brotzmann K., Eilebrecht S., Essfeld F., Pampanin D.M. Adverse
effects on eye development of zebrafish embryos after exposure to tricyclic
antidepressants. Oral presentation at 34th SETAC (Society of Environmental Toxicology
and Chemistry) Europe, Seville, Spain (May 5-9, 2024).

|7. Cafiero, G., Brotzmann, K. and Braunbeck, T. (UHEI) Hazards of cardiovascular drugs in the
aquatic environment: Impact on growth and vascular system development in zebrafish (Danio
rerio) embryos. Oral presentation at 34th SETAC Europe in Seville, Spain; 5.-9.05.2024;
special invitation of Pharmaceutical Interest Group Setac.

I8. Brotzmann, K., Fischer, M., Wolf, R., Dober, L. and Braunbeck, T. (UHEI) Psychoactive drugs
in non-target species — neurotoxicity of venlafaxine in zebrafish (Danio rerio) embryos. Oral
presentation at SETAC GLB in GieBen and Homberg (Ohm), Germany; 08.-11.09.2024.

|9. Mezzelani, M. Presence, behaviour and biological effects of pharmaceuticals in non-target
species. "Antibiotic resistance in Aquaculture: addressing challenges and promoting
sustainable practices". Oral presentation at Aquafarm, Pordenone, Italy, February 2024.

20. Mezzelani, M., Panni, M., d’Errico, G., Di Carlo, M., Fattorini, D., Nardi, A., Benedetti, M.,
Gorbi, S., Regoli, F. Interactive biological responses modulate the toxicity of pharmaceuticals
mixtures. Oral presentation at 22° International Symposium on Pollutants Responses in
Marine Organisms, PRIMO, Nantes, 26-29 May 2024.

21. Panni, M., Mezzelani, M., Vitale, M., d’Errico, G., Gorbi, S., Regoli F., Pampanin, D.M. An in
vitro approach to assess the cellular effects of several therapeutic classes of pharmaceuticals
as single compounds and mixtures (2024). Oral presentation at 22° International Symposium
on Pollutants Responses in Marine Organisms, PRIMO, Nantes, 26-29 May 2024.

22. Lejo-Santiago, J., Ruiz Moreno, J. P, Concha-Grana, E., Lépez-Mahia, P., Muniategui-
Lorenzo, S. (UDC). “Development of an extraction method for the multiresidue analysis of
40+ pharmaceuticals in biota (mussels and red mullets) using QUEChERS — LC-MS/MS” Oral
presentation at the XXVIIl Encontro Galego Portugués de Quimica. Vigo, Spain, 13-15
November 2024.

23. Jafari M., Magnuson ].T., Brotzmann K., Eilebrecht S., Essfeld F., Pampanin D.M. Adverse
effects on eye development in larval zebrafish exposed to tricyclic antidepressants. Oral
presentation at 22nd International Symposium on Pollution Responses in Marine Organisms,
PRIMO 22, Nantes, France (May 26-29, 2024).

24. Pampanin_D.M., Magnuson |.T., Kipperberg G., Sydnes M.O, Schlenk D. One Health
Approach for evaluating risks of pharmaceuticals discharged via a Norwegian wastewater
treatment plant in the marine environment. Oral presentation at ACES Conference, Austin,
Texas, USA (December 9-12, 2024).

25. Pampanin D.M., Magnuson |.T., Kipperberg G., Sydnes M.O, Schlenk D. One Health
Approach for evaluating risks of pharmaceuticals discharged via a wastewater treatment plant
in the marine environment. Oral presentation at International Symposium on Risk/Resilience
Management in Social-Ecological Systems, virtual organised by Center for Environmental
Science and Ecological Engineering, Korea University (January 21, 2025).

Poster presentations at international conferences:
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Brotzmann, K and Braunbeck, T. (UHEI) The zebrafish embryo — a source of tools for risk
assessment of pharmaceuticals in marine ecosystems. Poster at 32" annual meeting of
Society of Environmental Toxicology and Chemistry, SETAC Europe in Copenhagen; |5-
19.05.2022

Fischer, M. and Braunbeck, T. (UHEI) From histology to behavior: Sublethal effects of
desnitro-imidacloprid in zebrafish (Danio rerio). Poster at 32nd annual meeting of Society of
Environmental Toxicology and Chemistry, SETAC Europe in Copenhagen; 15-19.05.2022.
Magnuson, J.T., Longenecker-Wright, Z., Monticelli, G., Brekken, H.K., Schlenk, D., Sydnes,
M. and Pampanin, D. (UiS). Uptake and Accumulation of Amitriptyline in the Polychaete,
Nereis Virens, Exposed to Field-Collected Sediment Near a Wastewater Treatment Discharge
Site in Norway. Poster at the 32™ annual meeting of SETAC Europe in Copenhagen; |5-
19.05.2022

Magnuson, ].T., Sydnes, M. and Pampanin, D.M. (UiS). Transcriptomic Effects of Wastewater
Treatment Plant Discharge to the Brain of in situ Exposed Juvenile Atlantic Cod (Gadus
morhua) in Norway. Poster at the 43rd annual meeting of SETAC America in Pittsburgh |3-
17.11.2022,

Magnuson, J.T., Lilja S.M. Pedersen, Brekken, H.K. Drange Vee, E. and Pampanin, D.M. (UiS).
Oxidative Stress Response in Blue Mussel (Mytilus edulis) Exposed to Ciprofloxacin,
Diclofenac, and Binary Mixtures. Poster at the 43rd annual meeting of SETAC America in
Pittsburgh 13-17.11.2022.

Lejo-Santiago, ], Concha-Graha, E., Lopez-Mahia, P., Muniategui-Lorenzo, S.
(UDC). “Determination of pharmaceuticals in surface waters by direct injection in liquid
chromatography coupled to mass spectromety” Poster presentation at the XXVI Encontro
Galego Portugués de Quimica. Santiago de Compostela, Spain, 16-18 November 2022.

Brotzmann, K. and Braunbeck, T. (UHEl) The zebrafish embryo — An alternative to
mammalian teratogenicity tests in assessing effects of pharmaceuticals? Poster at 33rd
SETAC Europe in Dublin, Ireland; 30.04.-04.05.2023.

Fischer, M., Wolf, R. and Braunbeck, T. (UHEI) Psychoactive drugs alter behavior in non-
target species — coiling as a sensitive endpoint for neurotoxicity in zebrafish (Danio rerio)
embryos. Poster at 33rd SETAC Europe in Dublin, Ireland; 30.04.-04.05.2023.

Garcia Pimentel, M.M., Campillo, J.A., Valdés, J., Castano-Ortiz, ].M., Rodriguez-Mozaz, S,
Mezzelani, M., Gorbi, S., Panni, M., Regoli, F., Leon, V.M. Biological effects of simultaneous

and separated exposure of mussels to citalopram/bezafibrate and polyethylene microplastics
in seawater. Poster at SETAC Europe, Dublin, 30 April - 4 May 2023.

. Lejo-Santiago, J., Concha-Grana, E., Muniategui-Lorenzo, S., et al. “Development of a

Multiresidue Method for the Determination of Pharmaceutical Products in Seawater” Poster
at SETAC Europe, Dublin, 30 April - 4 May 2023.

. Panni, M. Mezzelani, M., d’Errico, G., Benedetti, M., Gorbi, S., Regoli F. (UPM). Application

of a battery of bioassays within the assessment procedure for the ecotoxicological impact of
environmental pharmaceuticals. Poster at SETAC Europe, Dublin, 30 April - 4 May 2023.

. Regoli, F., Braunbeck, T., Pampanin, D. M., Lorenzo, S. M., Ledn, V. M., Mezzelani, M., Gorbi,

S., Panni M, et al. Presence, Behavior and Risk Assessment of Pharmaceuticals in European
Marine Ecosystem. Poster at SETAC Europe, Dublin, 30 April - 4 May 2023.
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I3. Magnuson J.T., Sydnes M.O., Schlenk D., Pampanin D.M. Effect of Wastewater Treatment
Plant Discharge in a Norwegian Fjord to Juvenile Atlantic Cod (Gadus morhua) Brain
Transcriptome. Poster at 33rd SETAC (Society of Environmental Toxicology and Chemistry)
Europe, Dublin, Ireland (April 30- May 4, 2023).

[4. Jafari M., Magnuson ). T., Brotzmann K., Eilebrecht S., Pampanin D.M. Effects of
Amitriptyline and Metabolite Nortriptyline on Eye Development in Danio rerio. Poster at
33rd SETAC (Society of Environmental Toxicology and Chemistry) Europe, Dublin, Ireland
(April 30- May 4, 2023).

I5. Keyser S., Lgkset M., Petrik L., Maree L., Pampanin D.M. The Effect of Environmentally
Relevant Concentrations of Diclofenac, Ciprofloxacin and a Binary Mixture on Mytilus
edulis Fertility Potential. Poster at 33rd SETAC (Society of Environmental Toxicology and
Chemistry) Europe, Dublin, Ireland (April 30- May 4, 2023).

| 6. Magnuson J.T., Puglis H., Leet J., Moody A., Edwards T.M., Pampanin D. Carbamazepine
Induces Visually-Mediated Behavioral Alterations in Early Life Stage Zebrafish (Danio rerio).
Poster at American Fishery Society, Honolulu, Hawaii, USA (September 15-19, 2024)

| 7. Brotzmann, K., Cafiero, G. and Braunbeck, T. (UHEI) Cardiovascular drugs in the aquatic
environment: Impact on growth and vascular system development in zebrafish (Danio rerio)
embryos. Poster at SETAC GLB in GieBen and Homberg (Ohm), Germany; 08.-11.09.2024.

I8. Cafiero, G., Brotzmann, K. and Braunbeck, T. (UHEI) Hazards of cardiovascular drugs in the
aquatic environment: Impact on growth and vascular system development in zebrafish (Danio
rerio) embryos. Poster at 34th SETAC Europe in Seville, Spain; 5.-9.05.2024.

19. Fischer, M., Brotzmann, K. and Braunbeck, T. (UHEI) Low doses of antidepressants impair

the visual motor response behavior of zebrafish (Danio rerio) embryos — a red flag for
developmental neurotoxicity. Poster at 34th SETAC Europe in Seville, Spain; 5.-9.05.2024.

20. Lejo-Santiago, J., Concha-Grana, E., Muniategui-Lorenzo, S., et al. Validation of a miniaturized
multiresidue method for the determination of pharmaceutical products in Zebrafish
embryos”. Poster at SETAC Europe, Seville, Spain, 5 - 9 May 2024.

21. Lejo-Santiago, J., Concha-Grana, E., Muniategui-Lorenzo, S., et al. “Seasonal study of the
presence of pharmaceuticals in A Coruna estuary (NVV Spain)”. Poster at SETAC Europe,
Seville, Spain, 5 - 9 May 2024.

22. Garcia-Pimentel, M.M, Panni, M., Vitale, M., Campillo, J.A., Ledn, V.M. and Pampanin, D.M
(2024). In vitro effects of PhACs at environmental relevant concentrations on liver fish cell
line (PLHC-1). Poster at SETAC Europe, Seville, Spain, 5 - 9 May 2024.

23. Garcia-Pimentel, M.M., Panni, M., Vitale, M., Campillo, J.A., Le6n, V.M., Pampanin, D.M. In
vitro effects of plastic additives and their mixtures with pharmaceuticals on fish liver cell line.
Poster at SETAC Europe, Seville, Spain, 5 - 9 May 2024.

24. Keyser S., Maree L., Vitale M., Schlenk D., Pampanin D.M. Effects of environmentally relevant
concentrations of diclofenac, ciprofloxacin and their binary mixture on Mytilus edulis sperm

function and fertilization. 22nd International Symposium on Pollution Responses in Marine
Organisms, Poster at PRIMO 22, Nantes, France (May 26-29, 2024).

25. Lejo-Santiago, J., Pérez Guzman, B., Concha-Grana, E., Lépez-Mahia, P., Muniategui-Lorenzo,
S. “Multiresidue analysis of 7 therapeutic classes of pharmaceuticals in sediments by US-SPE-
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LC-MS/MS". Poster at XXVIIl Encontro Galego Portugués de Quimica, Vigo, Spain. 1315
November 2024.

Oral presentations at national conferences:

|. Braunbeck, T. (UHEI) PHARMASEA — Presence, behavior and risk assessment of
pharmaceuticals in marine ecosystems. Oral presentation at Dechema, the Society for
Chemical Engineering and Biotechnology 2022.

2. Panni, M., Mezzelani, M., d’Errico, G., Benedetti, M., Gorbi, S., Regoli, F. (UPM). Application
of a battery of bioassays within the assessment procedure for the ecotoxicological impact of
environmental pharmaceuticals. Oral presentation at the first international workshop of the
Society of Environmental Toxicology and Chemistry (SETAC), ltalian Branch. Siena, 15
September 2022.

3. Lejo-Santiago, J., Concha-Grana, E., Lopez-Mahia, P., Muniategui-Lorenzo, S. (UDC). Study
of the retention of pharmaceutical compounds of different therapeutic classes in the filtration
step of water samples analysis. Oral presentation at the PhD Multidisciplinary Chemical
Congress, Gijon, 19-20 January 2023 organized by the Royal Spanish Society of Chemistry.

Poster presentation at national conferences:

4. M. Panni (2024, 2023, 2022). Presence, behavior and risk assessment of pharmaceutical
products in aquatic ecosystems. Poster at PhD week, Polytechnic University of Marche,
Ancona, ltaly

Dissemination initiatives
Click the links to see!
— Interviews on television, newspapers and magazines:

I. Science Forum South Africa (SFSA 2021) (http://sfsa.co.za/ ) a virtual debate organised by the
Research Council of Norway (December 2021, Oslo). (UiS). The meeting record is available
here (Contribution at min 35:40).

2. National Journal on human health “Senza Eta” on December 2021. (UPM).

National TV Program on human health “Elisir”, RAI 3. January 2022. (UPM)

4. Article in National Newspaper (Stavanger Aftenblad): Pampanin DM, Sydnes MO — Havets
helse er var helse. (UiS). Stavanger Aftenblad (2022) Wednesday 08. May, pp. 29

5. Article in National Newspaper, “Corriere Adriatico”, Italy. Prof. Francesco Regoli: “Non ci
bastava inquinare la Terra: adesso anche lo spazio”, March 2024

6. Article in a National Newspaper, “Domani”’, Italy. Prof. Francesco Regoli:

https://www.editorialedomani.it/ambiente/inquinamento-farmaci-mare-ufgl zx2f March 2024

Aquatic Pollutants Podcast Series, Episode | “PHARMASEA project”, Dr. Marica Mezzelani.

8. Interview on FB canal Prof. Stefania Gorbi “Contaminants of Emerging Concern”, September
2024

— Citizen engagement events:

I. SHARPER NIGHT September 2021, 2022, 2023, 2024. European researchers' night
SHARPER (SHAring Researchers' Passion for Engaging Responsiveness) is an event promoted

w

N
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https://www.pharmasea-aquatpoll.eu/2024/09/27/pharmasea-returns-to-sharper-night/
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by the European Commission which aims to foster meeting and dialogue between citizens
and researchers. Ancona, Italy (UNIVPM).

CLIMBING FOR CLIMATE September 2021, 2022, 2023, 2024. Initiative of the University
Network for Sustainable Development - RUS which aims to raise public awareness of the
effects of ongoing climate change, considering the objectives of the UN Agenda 2030.
SEALOGY November 2021 and 2022: The European Blue Economy Show is an International
fair entirely dedicated to the sea universe and its resources. Ferrara, Italy (UPM).
SOSTENIBILMENTE November 2021. Local event, in the Ancona city, on the topic of
sustainability. Ancona, Italy (UNIVPM).

XXVII edition of the “CIENCIA NA RUA”, Dissemination event. May 2023-2024. A Corufa,
Spain. (UDC).

CULLERCIENCIA. Dissemination event: June 2023-2024. A Coruna, Spain. (UDC).
G-NIGHT, European researchers' night. September 2023-2024. A Coruna, Spain. (UDC).
APERITIVO SCIENTIFICO, January 2024. Dissemination local event on pharmaceutical
pollution, organized by the associations Impronta Animale - APS and Legambiente Pungitopo
Ancona at Zuchero a velo.

SEMINAR ON PHARMACEUTICAL POLLUTION IN MARINE ECOSYSTEM November
2023. Local event on pharmaceutical pollution organized by Osimo municipality. Ancona,
Italy (UNIVPM).

. Guidance and training activities with students from primary and secondary schools, using

dissemination material prepared and available on PHARMASEA website (e.g. Survey, Roll-
Up, factsheets and posters, (https://www.pharmasea-aquatpoll.eu/outreach/)

— Advisory Board and Stakeholders:

Chronicle entitled “Medicines end up in the ocean and back on the dinner table” (in
Norwegian): Egeland, M.; Pampanin, D. M.; Sydnes, M. O. — “Legemidler havner i havet og
tilbake pa middagsbordet” (Pharmaceuticals end up in the ocean and back on our dinner
table) forskning.no (January 2022). UiS and IVAR. https://forskersonen.no/biologi-hav-og-
fiske-kjemi/legemidler-havneri- havet-og-tilbake-pa-middagsbordet/1962375

International Council for the Exploration of the Sea (ICES) working group as a reference
project for methods to be used in future monitoring programs for Contaminants of Emerging
Concern (CECs). Uis and ICES https://doi.org/10.17895/ices.pub.8222

PHARMASEA at MOBY LITTER [ll, IV and V (2022-2023-2024): an event organized by
UNIVPM to talk with local Italian stakeholders involved in sustainability, regulations, circular
economy and development of new technologies for healthy oceans about the challenges that
research is called to face in the future to ensure the health of our oceans.

Advisory Board_Stakeholder Meeting. The PHARMASEA consortium meets member of the
Advisory Board and Stakeholder: Prof. Daniel Schlenk (University of California Riverside,
USA), Dr. Elena Gomez (University of Montpellier, France), Dr. Thomas Broschard (Merck,
Darmstadt, DE), Dr. Reinhard Lange (Bayer, Berlin, DE), Dr. Sara Zucchi (Angelini Pharma,
IT) discussing activities, results, impacts of the PHARMASEA project. Online mode,
November 2023.

Meeting and presentation of PHARMASEA activities to the Italian Stakeholeder “Institute for
Environmental Protection and Research, ISPRA” Prof. Francesco Regoli, Livorno, November
2023.

Lecture within the Italian “master’s in management and planning of sanitary services”, Prof.
Francesco Regoli, February
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Meeting and presentation of PHARMASEA activities to the Italian “Experimental
Zooprophylactic Institute of Umbria and Marche, 'Togo Rosati”. Prof. Francesco Regoli,
Ancona, June 2024.

Meeting and poster presentation to the “LIFE Green API: Innovating for the Future”
organized by Angelini Pharma. Dr. Marica Mezzelani, Aprilia, November 2024.

Communication, dissemination activities and Networking via AquaticPollutants
Transfer Project:

2.

b

© N

9.

Dissemination material published in the “Booklet for AquaticPollutants RDI funded project”
(September 2021) (UNIVPM);

Participation to the Aquatic Pollutants Project kick-off virtual meeting with an oral
contribution entitled: “Presence, behavior and risk assessment of pharmaceuticals in marine
ecosystems” (September 2021) (UNIVPM);

Preparation of a PHARMASEA poster presented in 3rd Water JPl conference (November
Milheim/Ruhr, Germany), November 2021 (UNIVPM);

Participation to the first AquaticPollutants Core Synergy Forum (March 2022);

Ist working group meeting for Cross Cutting Issue #2: Standarization of methods (April
2022);

PHARMASEA Newsletters (April 2022, 2023);

Participation to the German DECHEMA meeting (UHEI, November 2022);

I st working group meeting for Cross Cutting Issue #1: Communication (February 2023)
PHARMASEA Podcast episode n. |, April 2024

0. PHARMASEA blog post, July 2024
I'l. Contribution for the development of the TransNet Viewer tool.

Aquatic Pollutants Transfer Project, Aquatic Pollutants, Water JPl and Pl Oceans provide the
unvaluable help to disseminate the PHARMASEA Survey for Stakeholders via their social media and
mailing list, thus maximizing the number of reached people (~1000).

All PHARMASEA dissemination activities have been promoted and documented via our Website
and Facebook pages producing in 40 months 40 “NEWVS” Articles and 50 FB posts. The produced
dissemination material is available on PHARMASEA web site, in the OUTREACH section.

10.Personnel

UNIVPM (P1):

Prof. Francesco Regoli, Male, PhD, Italy. PHARMASEA Project Coordinator.

2. Prof. Stefania Gorbi, Female, PhD, Italy. PHARMASEA Team member.
3. Dr. Marica Mezzelani, Female, PhD, Italy. PHARMASEA Project manager and Team
member. Contracted specifically for the project.
4. Michela Panni, Female, MSc, Italy. PHARMASEA Team member.
5. Dr. Giuseppe d’Errico, Male, PhD, Italy. PHARMASEA Team member.
6. Marta di Carlo, Female, MSc, Italy. PHARMASEA Team member.
UHEI (P2):
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Prof. Thomas Braunbeck, Male, PhD, Germany. PHARMASEA Principal Investigator and
Team Member.

Dr. Katharina Brotzmann, Female, PhD, Germany. PHARMASEA Team Member.
Specifically contracted for project (Post Doc position)

Sabeth Maria Sheela Fischer, Female, PhD, Germany. PHARMASEA Team Member.
Specifically contracted for project (PhD paid by intramural funds, but working part-time for
PHARMASEA)

Patrick Heinrich, Male, PhD, Germany; PHARMASEA Team Member. Specifically
contracted for project (PhD paid by intramural funds, but working part-time for
PHARMASEA)

Uis (P3):

2.

w
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Prof. Daniela Maria Pampanin, Female, PhD, Italy. PHARMASEA Principal Investigator and
Team Member.

Prof. Magne Olav Sydnes, Male, PhD, Norway. PHARMASEA Team Member.

Prof. Gorm Kipperberg, Male, PhD (Social Benefit Cost Analyses), Norway. PHARMASEA
Team Member.

Dr. Jason T. Magnuson, Male, PhD, Norway. PHARMASEA Team Member.

Dr. Sufyan Ullah Khan, Male, PhD, Norway. PHARMASEA Team Member.

Dr. Shannen Keyser, Female, PhD, Norway. PHARMASEA Team Member.

Dr. Eli Drange Vee, Female, PhD, Norway. PHARMASEA Team Member.

Dr. Julie Nikolaisen, Female, PhD, Norway. PHARMASEA Team Member.

Dr. Kjetil Bardsen, Male, PhD, Norway. PHARMASEA Team Member.

. Marwin Jafari, Male, MSc, Norway. Contracted specifically for the project as PhD student,

PHARMASEA Team member

UDC (P4):

w

Prof. Purificacion Lépez Mahia, Female, PhD, Spain. PHARMASEA Principal Investigator and
Team Member.

Prof. Soledad Muniategui Lorenzo, Female, PhD, Spain. PHARMASEA Team Member.

Prof. José Manuel Andrade Garda, Male, PhD, Spain. PHARMASEA Team Member.

Dr. Estefania Concha Grana, Female, PhD, Spain. PHARMASEA Team Member. Specifically
contracted for the project (Post Doc position).

Jorge Lejo Santiago, Male, MSc, Spain. PHARMASEA Team Member.

IEO-CSIC (P5):

nhwn

Prof. Victor Manuel Le6n Ledn, Male, PhD, Spain. PHARMASEA Principal Investigator and
Team Member.

Prof. Juan Bellas Bereijo, Male, PhD, Spain. PHARMASEA Team Member.

Prof. Juan Antonio Campillo Gonzalez, Male, PhD, Spain. PHARMASEA Team Member.
Prof. Marina Albentosa Verdu, Female, PhD, Spain. PHARMASEA Team Member.

Maria del Mar Garcia Pimentel, Female, MSc, Spain. Part of her PhD (10 months) was
funded by PHARMASEA, PHARMASEA Team member

List all students supported by or dffiliated with this project

\ Institution \ Student Name \ Gender \ Degree Courses, Country \
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UNIVPM (PI) Valentina Tavolazzi Female | Master - Italy

UNIVPM (PI) Federica Buttari Female | Master - Italy

UNIVPM (P1) Alessia Saccardi Female | Master - Italy

UNIVPM (PI) Gaia Flori Female | Master - Italy

UNIVPM (P1) Elena Alfero Female | Master - Italy

UNIVPM (P1) Moinuddin Sheam Male Professional Practice within the
Framework of the International
master’s in marine Biological
Resources (IMBRSea) - Italy

UNIVPM (P1) Sam Gibson Male Professional Practice within the
IMBRSea - Italy

UNIVPM (P1) Dorian Baraba Male Professional Practice within the
IMBRSea - Italy

UHEI (P2) Philipp Hecht Male Bachelor, BSc - Germany

UHEI (P2) Alexander Heck Male Bachelor, BSc - Germany

UHEI (P2) Alida Redzeposka Female | Bachelor, BSc - Germany

UHEI (P2) Amelie Eisenring Female | Bachelor, BSc - Germany

UHEI (P2) Giulia Cafiero Female | Bachelor, BSc - Germany

UHEI (P2) Greta Hagen Female | Bachelor, BSc - Germany

UHEI (P2) Isabella Maria Huck Female | Bachelor, BSc - Germany

UHEI (P2) Katharina Zorko Female | Bachelor, BSc - Germany

UHEI (P2) Lea Dober Female | Bachelor, BSc - Germany

UHEI (P2) Lea Langenecker Female | Bachelor, BSc - Germany

UHEI (P2) Leticia Belen Giordani | Female | Bachelor, BSc - Germany

UHEI (P2) Lisa Becker Female | Bachelor, BSc - Germany

UHEI (P2) Mona Wiesenberger Female | Bachelor, BSc - Germany

UHEI (P2) Robin Hannemann Male Bachelor, BSc - Germany

UHEI (P2) Saskia Hagstotz Female | Bachelor, BSc - Germany

UHEI (P2) Sophie Trender Female | Bachelor, BSc - Germany

UHEI (P2) Theresa Bier Female | Bachelor, BSc - Germany

UHEI (P2) Tim Freitag Male Bachelor, BSc - Germany

UiS (P3) Marwin Jafari Male PhD - Norway

UiS (P3) Lilja Pedersen Female | Master - Norway

UiS (P3) Maren Angermo Female | Bachelor, BSc - Norway

UiS (P3) Marie Nilsen Female | Bachelor, BSc - Norway

UiS (P3) Sonja Zweng Female | Master (Erasmus student from
Heinrich-Heine-University)

UiS (P3) Valerie Buhren Female | Master (Erasmus student from
Heinrich-Heine-University)

UiS (P3) Yohan Tapin Male Master (exchange student from
Universite de Bretagne
Occidentale, France)

UiS (P3) Natalie Bode Female | Master (Exchange student from
University of Kiel, Germany)

UiS (P3) Carolina del Pupo Female | Master (Exchange student from

Federal University of Rio de
Janeiro)

PHARMASEA Final Report

Aquatic

34



Aquatic

Pollutants
UDC (P4) Jorge Lejo Santiago Male Master, Spain
UDC (P4) Juan Pablo Ruiz Male Bachelor, BSc, Germany
Moreno
UDC (P4) Birkania Pérez Guzman | Female | Bachelor, BSc, Rep. Dominicana
[EO-CSIC (P5) | Maria del Mar Garcia | Female | PhD — Spain
Pimentel
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I I.Problems encountered during project implementation

UNIVPM, PI, received from the national funding agency (Italian Ministry of University and
Research, MUR) 80% of the overall funded budget (€ |13.678,00) only in February 2024.
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Annex |

AquaticPollutants Joint Transnational Call
Final Technical Report

Risks posed to human health and the
environment by pollutants and pathogens present
in water resources

Presence, behavior and risk assessment of pharmaceuticals
in marine ecosystems (PHARMASEA)
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Overall summary

PHARMASEA was aimed to (i) enhance scientific knowledge on occurrence, fate and effects of active
pharmaceuticals ingredients (APIs) in European coastal ecosystems, mapping priorities on a large
geographical scale; (ii) provide a reliable and flexible strategy for APIs detection and monitoring in
water systems; (iii) identify a list of priority APIs and their mixtures in regional coastal environments;
(iv) develop a scientifically sound software-assisted tool for Environmental Risk Assessment of
pharmaceuticals, and (v) increase the general awareness on interactions between human and
environmental health. To reach these objectives, an extensive literature review was initially
performed by the Consortium, and a cooperation was established with the pharmaceutical industry
Angelini Pharma S.p.A. (member of the PHARMASEA stakeholder panel) which provided a list of
the most consumed pharmaceuticals in Europe (IQVIA survey). These activities allowed to select
the 67 more relevant active principles in terms of volume of consumption and occurrence in coastal
areas, among more than 4000 APIs possible reaching the marine ecosystems. Simultaneously, the
PHARMASEA consortium carried out a large, comprehensive investigation on geographical and
seasonal occurrence of these APIs and their distribution in abiotic, biotic matrices and transfer along
the food chain of European coastal areas, started. More than 200 samples of water and sediments
were collected over three years through seasonal oceanographic campaigns in the Adriatic, Western
Mediterranean, North Sea, and North Atlantic Ocean. The cooperation with wastewater treatment
plants companies (IVAR, Norway; VivaServizi, Italy), and the sanitary services (Sergas-Galician Health
Service and the Public Company Galaria, Spain), all members of the PHARMASEA stakeholder panel,
allowed to collect samples from WWTPs influents and effluents and from a drinking water reservoir,
as well as the evaluation of the potential risk of pharmaceuticals in coastal waters on the basis of
their consumption. Approximately 250 samples of wild biota from 10 species belonging to different
trophic levels (Mytilus galloprovincialis, Ostrea edulis, Ruditapes philippinarum, Squilla mantis, Mullus
barbatus, Solea solea, Merluccius merluccius, Liza ramada, Mugil cephalus Gadus morhua) were also
collected in the same geographical basins. Due to the lack of existing procedures for measuring the
selected APIs in environmental matrices, the development of specific protocols represented a major
challenge: such an extensive analytical effort allowed to harmonize analytical procedures for
measuring the 67 more relevant APIs in water, sediment and biota samples. The overall results on
chemical analyses on environmental samples revealed the widespread occurrence of the majority of
investigated APls an some general trends: (i) WWTPs influents showed APIs levels ranging from 0.6
to 48pg/L, concentrations which typically decreased at the effluent, at a rate strongly dependent on
the typology of pharmaceuticals: as an example, a low removal rate was observed for the
antiepileptic carbamazepine, the cardiovascular metoprolol, and the two antibiotics ciprofloxacin
and trimethoprim, while the antidepressant amitriptyline and the sedative losartan were found at
higher concentrations in the effluent compared to influent. However, few APIs (e.g. amitriptyline)
had higher concentrations in the outlet samples, most likely due to deconjugation processes
occurring during the treatment. (i) In surface waters, higher concentrations were found in river
basins (~hundreds ng/L), compared to estuaries areas (~tens ng/L). (iii) Field species have been
demonstrated to bioaccumulate a large number of APIs, being invertebrates generally characterized
by higher tissues levels compared to vertebrate species, as a probable consequence of more evolved
biotransformation processes mitigating the APls accumulation in fish. (iv) The typologies of APls
measured in water usually reflect those accumulated in marine species, particularly for psychiatric
drugs (carbamazepine, fluoxetine, sertraline, lormetazepam) and Non-Steroidal Anti-Inflammatory
Drugs, NSAIDs (nimesulide, diclofenac, ibuprofen and naproxen). (v) APIs levels in field species
collected from off-shore sites were similar to those sampled in coastal areas, suggesting the
persistence of these compounds also far from the land-based sources of input. (vi) Seasonality did
not provide a clear pattern of variation of pharmaceuticals accumulation in field species. (vii)
Presence and distribution of APIs in European coastal areas revealed a similar pattern of occurrence
in abiotic and biotic matrices in the Adriatic Sea, North Atlantic Ocean and Western Mediterranean,
while samples from the North Sea showed lower levels and numbers of APIs; this can be possibly



related to the lower anthropogenic pressure and/or to the strong currents of the Stavanger area
resulting in lower APIs contamination compared to the other European sampling areas. Laboratory
studies to address toxicological properties of APIs were preceded by an additional literature review
on the 67 selected drugs, allowing the choice of a core list of the more relevant 25 APIs in terms of
their capability to elicit adverse effects on non-target species. After 40 months, the acute and chronic
toxicity of all selected 25 APIs and 10 mixtures were tested at a large number of concentrations
through in vivo, in vitro and ex vivo approaches. At low level of biological organization, in vitro analyses
on fish hepatic and gills cells highlighted greater sensitivity of gills compared to liver indicating in the
latter the key role of detoxification processes in mitigating APls effects. Among the therapeutic
classes, NSAIDs were the less reactive compared to psychiatrics and cardiovascular drugs, whereas
paroxetine, naproxen, and atenolol were identified as the most toxic active principles. All selected
single APIs and mixtures were also tested through a in vivo battery of bioassays (algal growth
inhibition, embryotoxicity assay and the inhibition of bacterial bioluminescence). Results showed the
low acute toxicity of pharmaceuticals, further confirming the limited biological reactivity of NSAIDs
and revealing carbamazepine, its metabolite (carbamazepine-epoxide), the lipid regulator gemfibrozil
and once again paroxetine as the most biologically reactive APIs. Additional in vivo tests on zebrafish
embryos revealed the capability of all tested APIs to induce neurotoxicity, edemata of the yolk sac
and pericardium, and incipient necrosis of the fin tails at higher tested concentrations. Paroxetine
and sertraline were highlighted among the most neurotoxic APIs for these early life stages. Molecular
and cellular effects of APls dosed alone, in mixtures and in combination with other factors were
investigated in mussels and polychaetas, through the analyses of transcriptional variations, immune
system responses, oxidative stress, alteration of lipid metabolism, neuro and genotoxicity. Obtained
results, confirmed the capability of tested species to accumulate the same pharmaceuticals detected
in field organisms, further highlighting their depuration capacity, at the end of recovery periods in
uncontaminated seawater. All molecules caused the onset of adverse effects, being immune system,
redox homeostasis and lipid metabolism among the most affected pathways. Such effects persisted
even after the depuration period, suggesting the long-lasting impairment of biological processes even
when pharmaceuticals were excreted by mussels. The application of the WOE model allowed to
synthesize complex heterogeneous data in synthetic indices of hazard being helpful to prioritize
most toxic compounds: this approach was effective for summarizing outcomes derived from all in
vivo exposure of adult mussels, revealing carbamazepine, and venlafaxine as particularly biologically
reactive pharmaceuticals (“MAJOR” level of hazard), followed by valsartan, ibuprofen, paroxetine
(“MODERATE”), gemfibrozil, ramipril, metformin, bezafibrate and citalopram (“SLIGHT”). The
overall results on mixtures toxicity highlighted competing mechanisms among tested drugs,
suggesting the role of specific mechanisms of action in modulating the onset of adverse effects.
Results obtained from field studies and laboratory investigations allowed to produce a list of priority
APIs in natural coastal areas. The prospect of the developed WOE model to summarize complex
data and to communicate the risk in a simple way without reducing the scientific soundness of the
overall investigation, will support the decision-supporting process for assessing the ecological risks
of APIs in aquatic environments. The problem of APIs in aquatic ecosystems was also addressed
from an economist point of view exploring the possibility to implement traditional social-benefit
cost-analyses with environmental data for a better risk-informed decision-making process. Obtained
results provides valuable insights, including for the first time the economic estimation of citizens’
willingness to pay in Norway, Italy and Germany for reducing or eliminating pharmaceutical
discharges into the environment. Different stakeholders’ surveys highlighted the importance of
managing uncertainties and gaps of knowledge in environmental data. During the project, the
communication process with the PHARMASEA stakeholders has been continuous thanks to the
dialogue between the Consortium and various stakeholders of the panel which included relevant
national authorities (e.g. Spanish Ministry of Environment, Italian ISPRA, German UBA, Galician
Ministry of the Sea, all responsible of the implementation of the Marine Strategy Framework
Directive), European pharma industries (Angelini Pharma S.p.A.), WWTPs and domestic water



treatment companies (IVAR, VivaServizi), non-governmental organizations actively involved in citizen
engagement (Impronta Animale). Activities and results of PHARMASEA have been published in 12
scientific papers, presented in 23 International conferences, 10 dissemination events/year.
Newsletters, Podcast episodes and surveys for the general public have been published along with 40
“news” articles on the PHARMASEA website and 50 posts on the Facebook page, thus reaching >
100,000 people.

Introduction

Active Pharmaceutical Ingredients (APIs) have been recognized as important contaminants of
emerging concern (CECs) in aquatic ecosystems. The remarkable worldwide increase of medicines
has represented one of the greatest benefits to modern societies, but it has also been paralleled by
the ubiquitous occurrence of such compounds in natural ecosystems. Population aging, combined
with improvements in health standards especially in developing countries, triggered a rapid growth
of the global pharmaceutical market over the past two decades, and future projections indicate that
this increment will continue in the next years (Couto et al. 2019). Pharmaceutical residues can enter
the aquatic environment by multiple pathways, primarily wastewater treatment plants (WWTPs),
but also industrial and hospital discharges, aquaculture facilities, animal farming, soil runoff, and direct
discharge of untreated wastewater (Bagnis et al. 2019, Couto et al. 2019, de Oliveira et al. 2020,
Mezzelani et al. 2018). WWTPs are often inefficient for pharmaceuticals while are only minimally
removed by primary and secondary treatment processes (Peake et al. 2016). Tertiary treatments,
based on finer filtration techniques and absorption by activated carbon represent more advanced
technologies with a higher removal capacity, but their application is still limited due to their elevated
costs. WWTPs have been extensively documented as a source of APIs to surface waters prior to
the entry of these compounds into the marine environment (Couto et al. 2019, Sathishkumar et al.
2020). The risk of pharmaceuticals in coastal areas has been ignored for a long time on the
presumption that seawater had an unlimited dilution capacity. However, the occurrence of
pharmaceuticals in marine ecosystems has been demonstrated at a worldwide scale with
concentrations ranging from a few nanograms per liter up to hundreds of micrograms per liter (Biel-
Maeso et al. 2018, Gonzalez-Alonso et al. 2017, Kummerer 2010, Mezzelani et al. 2018b). Despite
the prioritization of environmental sustainability of more than 4,000 active ingredients potentially
reaching natural ecosystems has been identified as a major research need, nonetheless
comprehensive monitoring programs for such emerging pollutants remain neither regulated nor
mandatory. A basic prerequisite to achieve this goal is to integrate a better knowledge of released
loads with an assessment of the bioavailability, uptake, and biological effects of pharmaceuticals in
non-target organisms. APls are typically designed to cross biological membranes and various
antibiotics, psychiatric, anti-inflammatory drugs have been detected in aquatic biota. The majority of
studies focused on riverine and lacustrine fauna, and fish species have been preferentially investigated
in comparison to mollusks and other invertebrates (Liu et al., 2015; Burket et al., 2019; Miller et al.,
2019). This is a crucial aspect since APIs concentrations in bivalves can be one order of magnitude
higher than those measured in fish from the same sampling area (Du et al., 2014). The few studies
carried out on species living in coastal areas (Mezzelani et al., 2018a, Martinez-Morcillo et al., 2020)
highlighted a variable accumulation of eighteen APIs in fish and mollusks from the Mar Menor Lagoon
(Moreno-Gonzilez et al, 2016), as well as in wild Mytilus spp. from Adriatic Sea, Belgian and
Portuguese Atlantic coasts (Mezzelani et al., 2018a, 2020); however, the knowledge on geographical
occurrence and distribution of APIs in abiotic, biotic matrices and their transfer along the food chain
is completely lacking in most European coastal areas. APIs are specifically designed to exert their
biological activity at low doses, and pioneering studies on their deleterious effects were based on
the application of acute toxicity tests in bacteria, algae, invertebrates, and vertebrates. This approach
revealed an apparent lack of risk, with EC50 values for selected end points at concentrations more
than one order of magnitude higher than those typically found in marine ecosystems. However,
these data more realistically demonstrated that the onset of acute toxicity is highly improbable for
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such compounds and that the exclusive use of ecotoxicological bioassays may underestimate
potential adverse outcomes in marine organisms exposed to low doses in long-term, chronic
conditions (Brausch & Rand 2011, Mezzelani et al. 2018b). In this respect, pharmaceuticals exert
their biological activity by targeting metabolic, enzymatic, or cell signaling processes through well-
characterized mechanisms of action. Since molecular targets are evolutionarily conserved in many
aquatic species, specific alterations at the molecular and cellular levels may represent sensitive early
warning signals for these drugs before the onset of long-term toxicological effects or changes at
higher levels of biological organization. An increasing bulk of evidence highlights the impairment of
multiple biological processes including reproduction, growth, metabolism, immunity, feeding,
locomotion, color physiology and behavior in fish, mollusks and other aquatic invertebrates exposed
to API at environmentally relevant concentrations (Crago et al., 2016; Mezzelani et al. 20163, b
2018a, b; Sanganyado et al. 2017; Silva et al. 2017; Strecker et al. 2013; Weigt et al. 2011,
2012);however, such available data on the effects of pharmaceuticals in non-target species are still
too fragmented to delineate the overall impact of APls on marine organisms. The urgency to explore
the ecotoxicological potential of APIs and to develop environmental risk assessment procedures for
such CECs is emphasized by the European Commission (EC) within the “Strategic Approach to
Pharmaceuticals in the Environment” (COM/2019/128 final). Moreover, following new evidence on
the multiple hazards posed by these compounds, in 2013 the European Commission added for the
first time 4 four pharmaceuticals (17a-ethinyl estradiol, |17b-estradiol, diclofenac and macrolide) to
the Watch List of the daughter Water Framework Directive (2013/39/EU), amending Environmental
Quality Standards Directive (2008/105/EC); this dynamic list has been updated in 2022 including 9
pharmaceuticals (clindamycin, cefalexin, ofloxacin; allopurinol, gabapentin, gemfibrozil, irbesartan,
propranolol, metformin with its transformation product guanyl urea). As a consequence of the
increased awareness on the presence of pharmaceuticals in water and their effects on non-target
organisms, the development of environmental risk assessment procedures for these CECs has been
highlighted as important to support the implementation of relevant EU policies including the Water
Framework Directive, EU Marine Strategy Framework Directive, EU Zero Pollution Action Plan for
air, water and soil and, the EU Biodiversity Strategy for 2030. In this respect, PHARMASEA -
Presence, behavior and risk assessment of pharmaceuticals in marine ecosystems was designed as
an integrated multidisciplinary European research project combining expertise on environmental
chemistry, applied biology and toxicology to answer key research questions on the occurrence,
distribution, fate and biological effects of APIs in the marine environment. PHARMASEA specific
objectives include: (i) enhance scientific knowledge on occurrence, fate and effects of APIs in
European coastal ecosystems, mapping priorities on a large geographical scale, (ii) provide a reliable
and flexible strategy for APls detection and monitoring in water systems, (iii) identify a list of priority
APIs and their mixtures in regional coastal environments, (iv) develop a scientifically sound software-
assisted tool for Environmental Risk Assessment of pharmaceuticals, and (v) increase the general
awareness on interactions between human and environmental health. The communication and
connection with industries, private and public stakeholders was a core aspect of the PHARMASEA
project allowing to promote public awareness, pre-normative research for future implementation
into European Directives. PHARMASEA also recognized the importance to address the economic
burden of environmental risk of pharmaceuticals and the general perception of the monetary value
of environmental quality. PHARMASEA results are also expected to have an impact on prescribing
and disposal practices of domestic medicines, and to increase market opportunities and
competitiveness of European pharma industries investing on environmental sustainability of their
products.

PHARMASEA Consortium

Polytechnic University of Marche, Department of Life and Environmental Sciences (Italy, UNIVPM,
P1); University of Heidelberg, Aquatic ecology & Toxicology, Center for Organismal Studies
(Germany, UHEI, P2); University of Stavanger, Department of Chemistry, Bioscience and



Environmental Engineering (Norway, UiS, P3); University of A Corufa, Instituto Universitario de
Medio Ambiente (IUMA) (Spain, UDC, P4); Institute of Oceanography—Spanish National Research
Council, Centro Oceanografico de Murcia (Spain, IEO-CSIC, P5).

Project Structure
Work packages, involved partners (Leading Partner highlighted in bold), duration of activities:
WORK PACKAGE |, PHARMACEUTICALS IN EUROPEAN COASTS (PI, P3, P4, P5); (2-30

Months).

WORK PACKAGE 2, EFFECTS OF APIs ON AQUATIC SPECIES (PI, P2, P3, P4, P5); (9-36
Months).

WORK PACKAGE 3, WEIGHTED ELABORATION AND WOE MODEL (P1, P2, P3, P4, P5); (6-
36 Months).

WORK PACKAGE 4, DISSEMINATION AND STAKEHOLDER ENGAGMENT (PI, P2, P3, P4,
P5); (2-36 Months).
WORK PACKAGE 5, PROJECT AND DATA MANAGEMENT (P1, P2, P3, P4, P5); (2-36 Months).

NOTES:

Scientific papers published within the PHARMASEA project are reported throughout the report with the
suffix of related deliverable, e.g. “Surname et al., Year_D[.5”; details and the full list of published
scientific articles are provided in Section 9 of the Final Report, (FR) and in Water |Pl Open Data &
Open Access platform.

The online version of this Report contains hyperlinks, and digital references to facilitate the readers to access
to material of interest (Project website, FB page, dissemination events and materials).

Methodologies

WP I: Field campaigns and samples collection.
Task 1.2-1.4: “Sampling in the Adriatic Sea, Western Mediterranean, Atlantic Ocean and North Sea”.

UNIVPM (PIl) carried out two sampling campaigns (winter and summer 2022), collecting
sediments, surface water and native species from 3 main areas characterized by different
environmental and anthropogenic pressure selected within the North, Central and South- Adriatic
Sea, thus covering the entire basin of the Adriatic Sea. The first site, namely Porto Garibaldi,
represents a coastal area close to the Po River Delta considered to be of national relevance as
environmental source of land-based compounds to the Adriatic Sea. Particular attention has been
paid toward the second area (Central Adriatic Sea), where two main subareas were selected:
Ancona riviera and Ancona harbour which receive the outfall of the urban wastewater treatment
plant (WWTP). The third main area, in the South of the Adriatic Sea, represents a pristine site close
to the Marine Protected Area of the Tremiti Islands. Synergies with the NBFC project (see section
2b of the FR) allowed to increase number of sampling sites along the Italian coasts including 3 rivers
and related delta/estuary areas (Po, Tevere, Sarno), and urban outfalls of 3 cities (Genoa, Palermo
and Trieste). Sediments were collected through a Van Veen grab (stainless steel) while surface water
by directly filling the container at the sampling point; thanks to the involvement of the domestic
wastewater treatment company “Viva Servizi” in the PHARMASEA stakeholder panel (74.3), the
inlet and outlet water from the WWTP was also collected. In addition, species of commercial
interest belonging to different trophic levels have been obtained from local fishermen. Liver and
muscle tissues were dissected from benthopelagic and benthic fishes including Merluccius merluccius,
Mullus barbatus, Liza ramada, Mugil cephalus and Solea solea, while the entire soft tissues were
collected from crustaceans (Squilla mantis), oysters (Ostrea edulis), clams, (Ruditapes philippinarum)
and mussels, (Mytilus galloprovincalis). IEO-CSIC (P5) performed sampling activities in the Western
Mediterranean. Sediments, mussels (M. galloprovincialis) and the red mullet (M. barbatus) were
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collected in 4 areas: Barcelona coast, Ebro Delta influence area, the Valencia coast, and Santa Pola
Bay (Alicante) selected as a less impacted area. Collaboration with ICRA research’s team though
the PLASMED project (see section 2b of the FR) permitted to get additional samples from the Mar
Menor lagoon.

Surface sediments and red mullets (chosen as sentinel matrix used for MSFD and Barcelona
Convention monitoring programs) were sampled in October 2022 through |IEO oceanographic
campaigns, while mussels were collected in May 2022. Since no red mullets were caught in Santa
Pola Bay in 2022, specimens from this area were sampled during 2023. Water samples were
collected from 5 sites of Malaga Radial in 2023. UDC (P4) performed sampling activities collecting
seawater and sediments in the North Atlantic Ocean, along the Galician coast (NW of Spain). Three
main areas with different environmental characteristics and exposure to land-based sources were
sampled in 2022 and 2023: the Mero-Barcés River Basin (7 sampling sites), representing a rural area
with intensive cattle rearing and agriculture where is located, the Abegondo-Cecebre drinking water
reservoir (8 and 6 campaigns for water and sediments, respectively; seasonally sampled in 2022 and
2023); the A Coruna Estuary (5 sampling sites, 5 and 6 campaigns for water and sediments,
respectively via opportunistic IEO-CSIC (P5) campaigns in spring, summer, autumn, and winter
2022) and Galician estuaries (5 sampling sites, | sampling campaign for sediments in spring 2022, 36
sampling points). Sediments were collected through Box corer while Niskin bottles were used for
seawater. These sampling activities were endorsed by the Galician Health Service (Sergas and the
Public Company of Sanitary Services-Galaria, member of the PHARMASEA stakeholder panel (T4.3).
UiS (P3) carried out a sampling campaign in the North Sea during Summer 2022, focussing on the
Stavanger North-Jaren wastewater treatment plant (WWTP), which has a direct discharge at sea. It
serves a population equivalent of 400,000 and includes domestic, industrial and university hospital
discharges. The WWTPs and domestic water treatment company “IVAR” member of the
PHARMASEA stakeholder panel was actively involved in these activities (T4.3). Water was sampled
at the inlet and outlet of the WWTP (the discharges effluent is 1.6 km from land, 80 m depth in the
sea and the seawater was sampled with a Niskin bottle at 10m depth). Sediments were collected in
three sites in proximity of the WWTP discharge using a Van Veen grab (stainless steel) and in two
reference locations (Boknafjord, and Kvitsgy) and further used in T2./; mussels (Mytilus edulis) and
Atlantic cod (Gadus morhua) were caged for 4 weeks at this site to assess the bioaccumulation
potential and the biological effects. The numerical DREAM model (Dose related Risk and Effect
Assessment Model, version 10.0.1; Rye et al., 2008) for the release of complex mixtures of chemicals,
was used not only to quantify the overall distribution risk, but also to understand how much each
compound contributed to the estimate and how those molecules are dispersed in the aquatic
environment from the WWTP discharge. The different discharge scenarios were evaluated using
winds and currents data downloaded from Copernicus and the Norwegian Meteorological Institute
(Meteorlogisk institutt). The average daily discharge rate (149,538 m3/day) was provided by the
WWTP operator and used as the release rate. The DREAM simulations included, in alphabetical
order, acetaminophen, amitriptyline, atenolol, atrazine, benzotriazole, caffeine, carbamazepine,
ciprofloxacin, fluoxetine, losartan, methyl-1H-benzotriazole, metoprolol, DEET, nortriptyline,
sulfamethoxazole, trimethoprim, TCPP, and warfarin. In this context, M/.2 and MI|.5 were
accomplished in time.

WP -2-3: Extended literature review and creation of the PHARMASEA EndNote
database

The consortium decided to pre-identify an extended list of APls of interest, which was then
investigated in VWPI and 2 based on their relevance in terms of consumption, occurrence in coastal
areas and toxicity to non-target aquatic species (Mezzelani et al., 2022_D.4.3) An in-depth literature
review was performed by all partners, and an EndNote database was created by UHEI (P2)
currently including 497 scientific articles; moreover, the pharmaceutical industry Angelini Pharma
S.p-A., member of the PHARMASEA stakeholder panel (T4.3) provided data on most consumed



drugs in Italy, Germany, Norway and Spain via IQVIA survey. A total of 67 APIs of interest were
identified thanks to this cooperative effort. The development of analytical procedures (T/.5) was
performed for all the selected APIs of interest while a core group of 25 relevant APls were chosen
to be tested under laboratory conditions (T2.1, 2.2, 2.3, 2.4) based on their relevance in terms of
occurrence in coastal areas and toxicity to non-target aquatic species. The whole list of APIs of
interest (in italic those tested in laboratory conditions) includes: analgesic & non-steroidal anti-
inflammatory  drugs, NSAIDs  (antipyrine,  4-formilantipyrine, = 4-acetamidoantipyrine,
propyphenazone, acetaminophen, ibuprofen, ketoprofen, naproxen, nimesulide, diclofenac,
benzotriazole, methyl-1H-benzotriazole); psychiatric drugs (carbamazepine, 10,l1diH-10,11diOH
carbamazepine, carbamazepine epoxide, duloxetine, primidone, fluoxetine, sertraline, citalopram,
venlafaxine, des-venlafaxine, paroxetine, xylazine, lorazepam, lormetazepam, losartan, amitriptyline,
caffeine); cardiovascular drugs (amlodipine, propranolol, atenolol, bisoprolol, carazolol, metoprolol,
sotalol, ramipril, valsartan, furosemide, metformin, gemfibrozil, clofibric acid, bezafibrate, atorvastatin,
rosuvastatin, diltiazem, verapamil); antibiotics (azithromycine, erythromycin, erythromycin
anhydrate, tylosin, sulfamethoxazole, n4-acetylsulfamethoxazole, roxithromycin sulfamerazine,
sulfamethazine, sulfadimethoxine, trimethoprim, clarithromycin); proton pump inhibitors, PPI
(omeprazol, pantoprazole); diuretics (furosemide, hydrochlorothiazide), anticoagulants (warfarin,
rivaroxaban); thyroid agent (L-thyroxine); antihistaminic (diphenhydramine).

WP I: Development of analytical procedures for extraction, separation, detection and
quantification of pharmaceuticals in different matrices.
Task 1.5 “Development of harmonized protocols.”

Although the lack of existing procedures for measuring APIs in environmental matrices made the
development of harmonized protocols a major challenge, LC-MS/MS methodologies for detecting
the previously selected APIs of interest in surface water, seawater, sediments, and biota were
successfully developed and validated by UNIVPM (P1), UDC (P4) and UiS (P3). Since each
laboratory has different typologies of instruments, inter-laboratories calibration procedures were
performed to guarantee comparable results. In this context, M/.3 and D 1.5 were accomplished on
time at month 30 as re-scheduled from the mid-term report.

UNIVPM (P1) developed analytical procedures for measuring selected APIs of interest in biota
and seawater; these methods were applied by P for all chemical analyses performed in WPI (T1.1)
and WP2 (T2.1/2.2/2.4). For analyses on bioaccumulation, wet tissues were homogenated in 5 mL
of 100% methanol using a dispersing, stirring, homogenizing and grinding system. After centrifugation
at 5000 x g for |5 min, | mL of sample was purified using Phree Phospholipid Cartridges. A similar
procedure has been tested for the preparation and analyses of sediment samples. Water samples
were prepared with two different procedures on the basis of the best recoveries for each analyte:
in the first method, a solid-phase extraction (SPE) was applied to a 50mL sample volume using
STRATA-X polymeric cartridges. Cartridges were conditioned with 5 mL of methanol and 5 mL of
ultrapure water, after the loading of the sample volume, the sorbent was dried under vacuum of SPE
manifold and analytes were eluted with a volume of 5 mL of 5% formic acid in methanol. In the
second method, a volume of 5 mL of water was simply filtered using a syringe filter Phenex-RC.
Finally, the purified extracts of two different matrices (biota and water) were analysed using ultra-
high performance liquid chromatography (UHPLC) equipped with tandem triple quadrupole mass
spectrometry (LC-MS/MS). Finally, the purified extracts were analysed using ultra-high performance
liquid chromatography (UHPLC) with tandem triple quadrupole mass spectrometry (LC-MS/MS).
Chromatographic separations were performed with PerkinElmer QSight® LX50 UHPLC system on
Luna Omega® C18 column equipped with security guard column. Chromatographic separation was
carried out using a linear gradient of 0.1% Formic Acid and 0.4% Ammonium Acetate |M in methanol
(solvent A) and water (solvent B) as mobile phases at a constant flow Quantification and
identification of target analytes, were performed employing a triple quadruple mass spectrometer



PerkinElmer Qsight® 220 coupled at LX50 UHPLC system, using electrospray ionization (ESI)
source in the positive-ion mode. This method allows to determine about 30 APIs with LOQ ranging
from 0.13 to 260 ng/g d.w.

UDC (P4) developed 4 procedures based in multi-residue analytical methods for APIs either direct
injection or on-line uSPE-LC-MS/MS. The same methods are being tested for the non-target analyses
by LC-QTOF-MS. Briefly, for the analysis of surface water and seawater the method developed was
a WSPE on-line coupled with LC-MS/MS. HLB cartridges were used to perform the SPE, the
extraction phases were water and ACN. Liquid chromatography was performed using as mobile
phases water with acetic acid and acetic ammonium modifiers. The direct injection consisted of 100
pL of sample as alternative to the pre-concentration stage reaching satisfactory LOQ while skipping
one step. This method is capable to determine 56 pharmaceuticals of 8 therapeutic classes with
LOQ from <0.1 ng/L to 327 ng/L. The methodology for the determination of pharmaceuticals in
sediments consisted of ultrasonic extraction using a mixture of MeOH:H,O followed by a clean-up
step with HLB cartridges and a final filtration. The determination was by direct injection in LC-
MS/MS. For biota the developed method consisted of a QUEChERS (Quick, Easy, Cheap, Effective,
Rugged and Safe) extraction assisted with sonication, a centrifugation and a clean-up, again with HLB
cartridges. The filtered extract was directly injected in LC-MS/MS chromatographic using the same
method for the other matrices. Different results were obtained for each matrix: in Mytilus spp., 44
pharmaceuticals of 7 therapeutic classes were validated with LOQ between 0.01 and 4.15 ng/g; in
M. barbatus, 44 compounds of 7 therapeutic classes were analyzed with LOQ from 0.01 ng/g to 1.50
ng/g. These methods were applied by UDC (P4) for all chemical analyses performed in WPI (T/.2
collaboration with IEO-CSIC P5, T/.3.) and WP2 (laboratory-exposed samples of IEO-CSIC P5:
T2.1/2.2/2.4 which were all filtrated by regenerated cellulose filters). A specific method was
developed for the analyses of paroxetine, sertraline, venlafaxine in Danio rerio embryos in the
framework of the collaboration between UDC (P4) and UHEI (P2) (T2./, 2.4). A specific
miniaturized extraction method was developed due to the small amount of sample available, so the
extraction method consisted in an ultrasonic extraction with 300 yL of MeOH, a centrifugation and
a filtration of the extract. This methodology allowed to measure 57 compounds of 8 therapeutic
classes with LOQ from 0.02 pg/embryo to 137 pg/embryo.

Chemical analyses carried out by UiS (P3) are based on LC-MS/MS; extraction, analysis, and
QA/QC procedures for both water and fish muscle tissues has been already published and are
available elsewhere (Magnuson et al., 2022, 2024_D.5; Pampanin et al., 2024_D|.5). These methods
were applied by Ui$S (P3) for all chemical analyses performed in WPI (T1.4) and WP2 (T2.1/2.2/2.4).

WP2: EFFECTS OF APIs ON AQUATIC SPECIES

Task 2.1 “Bioavailability in short-term exposures”; Task 2.4 “Short term in vivo, in vitro and ex vivo
experiments”

UNIVPM (P1) carried out a series of experiments to evaluate the ecotoxicological potential of 16
pharmaceuticals belonging to different therapeutic classes through a battery of bioassays which
includes the algal growth inhibition of Phaeodactylum tricornutum, the embryotoxicity assay with
Paracentrotus lividus and Crassostrea gigas and the bioluminescence test with Aliivibrio fischeri following
methodologies already published (e.g. Lucia et al., 2023). 16 single drugs (venlafaxine, O-desmethyl
venlafaxine, paroxetine, fluoxetine, carbamazepine, carbamazepine-10,1| epoxide, lormetazepam,
ibuprofen, naproxen, diclofenac, nimesulide, valsartan, atenolol, ramipril, gemfibrozil,
metformin) and 6 mixtures were tested at two different concentrations (I pg/L and 10 pg/L, each)
selected as environmentally realistic doses in coastal areas. The same molecules and mixtures were
used for in vitro studies with two cell lines: PLHC-1 liver cells from topminnow (Poecilliopsis lucida),
and RTgill-WI from rainbow trout (Oncorhynchus mykiss) Effects were evaluated on cell viability,
ROS production, Mitochondrial Membrane Potential (MMP) and wound healing (Goksayr et al.,
2021) in collaboration with UiS, P2.



Ex vivo experiments were also performed to evaluate effects single pharmaceuticals
(paroxetine, rosiglitazone, metformin and gemfibrozil) on precision cut tissues slices (PCTS) of M.
galloprovincialis digestive glands. Standardized methods (Giuliani et al., 2019) involved the excision of
mussels' digestive glands, the inclusion of the tissue in agarose (2.5%) and the cut in slices of 300um
thickness using a motorized vibrating blade vibratome. This experimental plan was aimed to study
effects of single drugs on cell viability and responses related to oxidative and lipid metabolism.
Biological effects of the same molecules were also investigated in M. galloprovincialis through in vivo
laboratory studies (see methods in T2.2/2.3).

UHEI (P2) performed a series of in vivo toxicity studies selecting zebrafish (Danio rerio) as model
species. Most APIs selected from the core group for WP2 were initially tested with the Fish Embryo
Acute Toxicity (FET) test (OECD TG 236). Based on the effect concentrations (EC) and lethal
concentrations (LC) as well as the therapeutical class of each substance, additional tests were applied
to assess the onset of neurotoxicity (coiling assay, visual motor response, neuromast assay), vascular
toxicity (body length, heartbeat rate, vascular system), endocrine effects (thyroid follicles, body
length, histology eye, swim bladder, liver, intestine, pancreas) and modulation of metabolism (CYP2-
dependent 7-methoxycoumarin-O-demethylase (MCOD) activity). In addition to the assessment of
single APIs, 4 APIs were also tested as mixtures in agreement with UNIVPM (P1). Samples of
tested media and fish embryos were collected at the end of all experiments to perform chemical
analyses (by UDC, P4/ T1.5).

For in vitro approaches, the creation of transgenic cell lines expressing zebrafish proteins targeted
by the compounds (in particular cyclooxygenase, COX and serotonin transporters, SERT) was
attempted.

UiS (P3) performed in vivo toxicity studies selecting adult mussels (M. edulis) and zebrafish (D. rerio)
as model species. In mussels exposed to diclofenac, ciprofloxacin, and their binary mixture, analyses
were focussed on selected endpoints including (i) successful fertilization of oocyte (cell cleavage and
polar bodies formation after 4 hours post fertilization assay), (ii) successful larvae development in
normal "D-Shell" formation (48 - 72 hours post-fertilization). Zebrafish embryos were exposed to
single compounds (amitriptyline, nortriptyline) and to their mixture to assess the effects on visual
function, eye development and gene expression. Visual function was assessed after 120 hours post
fertilization (hpf) via the optokinetic response assay, which estimates visual function by quantifying
eye saccades of larvae placed within a rotating, striped cylinder; eye development was observed in
histology sections, while gene expression was assessed after 48, 72, 96 hpf via mRNA sequencing.
Tested concentrations were selected to be all in a sublethal range, with the lower depicting
environmentally relevant test concentrations. For amitriptyline, 0.3, 3 and 300 pg/L were tested, and
for nortriptyline 0.03, 0.3, 3 and 300 pg/L. For mRNA sequencing, only the 3 and 300 pg/L treatment
groups of amitriptyline and nortriptyline were analysed. A same experiment was performed with
the antiepileptic carbamazepine at 5, 10, or 50 pg/L collecting samples for the analyses of
transcriptomic profile at 48, 72, and 144 hpf. A similar experiment was carried out on zebrafish
embryos exposed to |, 5, 10, or 50 pg/L of carbamazepine for 48, 72, and 144 hours post fertilization
(hpf).

Further investigation on amitriptyline was carried out in laboratory conditions by exposing
the polychaete Nereis virens to field-collected sediments near the wastewater treatment discharge
site in Stavanger, as well as to Boknafjord, and Kvitsgy. Sediments were spiked with 3 and 30 pg/g
amitriptyline for 28 days and drug levels were measured in WWTP influents, effluents, sediments
and polychaetes according to methods previously reported in T/.5 (Magnuson et al.,, 2022_D1.5;
Pampanin et al., 2024_D.5).

In vitro and in vivo experiments on effects caused by the anti-inflammatory diclofenac, the
antimicrobial ciprofloxacin, and their binary mixture at environmentally relevant concentrations
(0.005 -0.05-0.5-1-10 pg/L) on the sperm function and fertilization success on M. edulis were carried



out. Male gametes from in vitro and in vivo exposures were analysed for cell viability, intact
mitochondrial membrane potential (MMP) and production of reactive oxygen species (ROS).
Fertilization assays were performed in in vivo-exposed mussels for 10 days, and fertilization success,
mortality and spawning were recorded.

For In situ experiment (T1.4) juvenile Atlantic cod, provided by professional fishermen were
caged for 28 days in the surrounding area of Stavanger WWTP discharge, then fish muscle fillets,
liver and brains were collected, flash frozen in liquid nitrogen, and stored until analysis (Magnuson
et al,, 2023_D2.5). The collection and processing of fish was approved by the Fiskedirektoratet
(Directorate of Fisheries). In order to study hepatic disfunctions, the aspartate aminotransferase
(AST, assessed by the Aspartate Aminotransferase Activity Assay Kit, Abcam) and the alanine
aminotransferase (ALT, assessed by the Alanine Transaminase Activity Assay Kit, Abcam) were
quantified. Energetic metabolism was assessed by the quantification of the triglycerides (Triglyceride
Assay Kit — Quantification, Abcam), total cholesterol (Cholesterol Assay Kit — HDL and LDL/VLDL,
Abcam) and free fatty acids (Free Fatty Acid Assay Kit — Quantification, Abcam).

In vitro bioassays with fish liver cells, PLHC-I were used for assessing the effluent toxicity
obtained from field sampling (T1.4), through cell viability, production of reactive oxygen species, and
ethoxyresorufin-O-deethylase (EROD) activities (Pampanin et al. 2024 _D|.5); other in vitro
experiments with cell lines were performed in collaboration with UNIVPM (P1) and with IEO-
CSIC (P5). In the latter, PLHC-1 liver cells from topminnow Poecilliopsis lucida were used to assess
the effects on cell viability, ROS production, MMP and wound healing caused by the antidepressant
citalopram, the lipid regulator bezafibrate, and the cardiovascular drug carazolol, (0.25-0.5-1-2.5-5
Hg/L).

IEO-CSIC (P5) carried out a series of experiments with microalgae Tisochrysis lutea to
evaluate the toxicity of individual and combined APIs (eg. I, 10, 100, 500 and 1000 pg/L of
bezafibrate, citalopram and carazolol). Specifically, analyses were focussed on selected endpoints
including microalgae growth, chlorophyll A concentration and cell size. Short-term experiments with
sea-urchin (Paracentrotus lividus) embryo-larval tests were also performed at the CN-IEO (Vigo Lab).
The effect of bezafibrate, citalopram, carazolol and diclofenac and their mixtures on embryonic
development and larval growth of the sea urchin was investigated. The analysis of APIs in seawater
and tissues were developed by the UDC, P4 and the experimentation and the biological effects
analysis were done by the IEO team. As above-mentioned additional in vitro experiments were
developed in collaboration with UiS (P3) using cell lines.

Task 2.2 “Long-term in vivo experiments”

UNIVPM (P1) carried out 5 experiments using the Mediterranean mussel Mytilus galloprovincialis
as model species. The overall aim was to study the effects of single APls, mechanisms of interactions
in APIs mixtures in terms of bioaccumulation/excretion and biological effects (72.1/2.2/2.3, T1.5),
further clarifying the influence of climate-change related stressors on pharmaceutical toxicity. In
experiment | (Mezzelani et al., 2023; 2024_D2.4, D2.6) mussels were exposed to the antiepileptic
carbamazepine, the antihypertensive valsartan (each 0.5pg/L) and their binary mixture (0.5pg/L
carbamazepine + 0.5pg/L valsartan) for 14 days followed by 14 days of recovery/depuration phase.
Experiments 2 and 3 provided a 30 days exposure phase followed by a 14 days recovery/depuration
phase: in Exp. 2, the non-steroidal anti-inflammatory drug (NSAID) ibuprofen, the antidepressant
paroxetine (each Iug/L) and their mixture (I pg/L ibuprofen + | pg/L paroxetine) were tested; while
Exp. 3, mussels were treated with the antidepressant venlafaxine, the lipid lowering agent
gemfibrozil, the B-blocker ramipril, and the antidiabetic metformin (each |pg/L) as well as with the
mixture of all 4 APIs (| pg/L each, Bernardini et al., 2025_D2.4, D2.6). The Exp. 4 was related to the
multiple-stressors scenario and consisted of eight treatments: |) solvent control condition, with
constant pH (8.0) and temperature (18 + 1°C); 2) pH decrease, OA, simulating hypercapnic acidosis
(pH 7.6, pCO; at 1700 patm); 3) heatwaves scenario, HWV, consisting of two consecutive dynamic
heatwaves with peaks at 23 £ 1°C, where temperature increased daily by | °C until reaching the




peak, maintained for |0 days, then gradually decreased until returning to the climatological mean
temperature (18 = 1°C), and held constant for an additional 6 days before the second heatwave; 4)
combination of OA and HW exposure, CC; 5) APls mixture composed by environmentally realistic
concentrations of: ibuprofen 1.5 pg/L, carbamazepine 1.5 pg/L, venlafaxine 0.3 pg/L, ramipril 0.2 pg/L,
metformin 1.5 pg/L and gemfibrozil 0.4 pg/L; 6) combination of OA and APIs mixture; 7)
combination of HW and APIs mixture; and 8) combination of CC and APIs mixture. The Exp. 5
specifically focused on APIs targeting the lipid metabolism and consisted of 14-days mussel exposure
to rosiglitazone, gemfibrozil and metformin dosed alone each at 2.5pg/L. The same molecules, as
above-mentioned, were tested also in an ex vivo experiment (T2.4). Chemical analyses on drug
accumulation in mussels were performed according to methods (T/.5) and integrated with a large
panel of molecular and cellular biomarkers (T2.3) reflecting the onset of sublethal alterations.

IEO-CSIC (P5) performed two long-term in vivo experiments using the Mediterranean mussel M.
galloprovincialis as model species. In the Exp. | the ecotoxicological potential of the antidepressant,
citalopram and the lipid lowering agent bezafibrate was evaluated. The experiment was developed
in collaboration with a previous national Spanish project, PLAS-MED (see section 2b of the FR). The
experimental design consisted of triplicate aquaria per treatment, including three control tanks.
Mussels were treated for 2| days with bezafibrate, citalopram (each 0.5 pg/L) and a mixture of these
pharmaceutical compounds and polyethylene microplastic. The exposure phase was followed by 7
days of depuration. Samples were collected at time 0, 10, 21 and 28 days. Bioaccumulation of
pharmaceuticals was characterized in collaboration with the Institut Catala de Reserca d'Aigua
through the PLAS-MED project, while information on analyzed biological responses are provided in
the next section (T2.3). In the Exp. 2 mussels were exposed for 2| days to the cardiovascular
compounds carazolol (0.5 pg/L) and diltiazem (0.5pg/L) and their mixture (0.5pg/L). The exposure
phase was followed by 7 days of depuration. Samples were collected at time 0, 4, 21 and 28 days.
Chemical analyses on pharmaceuticals in water and mussels, were performed by UDC, P4
according to previously described methods (T/.5), while information on analyzed biological
responses are provided in the next section (T2.3).

Task 2.3 “Molecular and cellular biomarkers”

In samples collected from all the in vivo experiments (T2.2), measurement of drugs bioaccumulation
(T1.5) was integrated with changes in the whole transcriptome and/or modulation of specific genes
and responsiveness of various biochemical and cellular biomarkers, though methods widely applied
by scientific community (Mezzelani et al., 2023_ D2.4, D2.6; Magnusson et al., 2022_D|.5). Briefly:
UNIVPM (PI), combined results on drugs bioaccumulation in mussel tissues (T/.5), with
measurements of a wide array of molecular and subcellular responses reflecting early warning signals
of biological disturbance, modulation of specific cellular pathways, onset of various typologies of
cellular damages and toxicity. Selected biomarkers included lysosomal and immunological responses
as the lysosomal membrane stability, granulocytes/hyalinocytes ratio, phagocytosis capacity of
haemocytes. Analyses of individual antioxidant defenses (catalase, glutathione S-transferases,
glutathione reductase, glutathione peroxidases, levels of glutathione) were integrated with those of
the total oxyradical scavenging capacity (TOSC-assay), which quantify the overall capability of a tissue
to neutralize different forms of oxyradicals. Onset of lipid peroxidation processes and changes on
lipid metabolism was assessed through the analyses of lipofuscin, neutral lipids accumulation,
malondialdehyde levels, activity of peroxisomal enzymes (acyl-CoA oxidase ACOX). Onset of neuro
and genotoxicity was also evaluated through acetylcholinesterase activity and DNA integrity,
micronuclei frequency, respectively. Characterization of the chemical building blocks of digestive
glands of M. galloprovincialis, and related changes in composition and topographical distribution of
main groups of biological macromolecules, such as proteins, lipids, and glycosylated compounds was
investigated for the first time using FTIRI Imaging (FTIRI) spectroscopy (Mezzelani et al., 2023, 2024 _



D2.4). Changes on transcriptional profile were evaluated trough the analyses of RNA Seq (Mezzelani
etal, 2023_ D2.4).

IEO-CSIC (P5) evaluated the onset of biological effects through different biomarkers of
neurotoxicity, oxidative stress and phase |l detoxication enzymes, in gills and digestive glands of the
exposed organisms. Validated protocols were used to analyse the following biomarkers in tissues of
exposed mussels: antioxidants defences and susceptibility to oxidative stress in gills (catalase,
glutathione S-transferases, glutathione reductase, glutathione peroxidases) and digestive gland
(catalase, glutathione S-transferases, glutathione peroxidases and the total antioxidant capacity
TOSC toward peroxyl radicals ROO* and hydroxyl radicals HO"); lipid peroxidation products as
malondialdehyde in both tissues; neurotoxic effects in gills (acetylcholinesterase activity). Gene
expression was also analysed in digestive gland to investigate the possible unbalance of redox
homeostasis at molecular level (cat, sod, gst, gpx, acox and abcbl), in collaboration with UNIVPM
(P1) (T2.3).

WP 3, Weighted elaboration and WOE model
Tasks: “3.1, HQ for APIs in seawater/sediments; 3.2, HQ for APIs in biota; 3.3, HQs for
ecotoxicological effects and 3.4; Overall WOE elaboration for APIs”.

To summarize in specific hazard levels associated to presence of APIs (abiotic and biotic matrices-
WP1), and their biological effects (VWWP2, molecular, biochemical, cellular alteration, adults and early
life stages, ecotoxicological bioassays, bioaccumulation) the overall results obtained from all Partners
(P1-2-3-4-5) were elaborated within a quantitative Weight Of Evidence (WOE) model, using the
largely validated Sediqualsoft approach (Piva et al,, 201 I; Regoli et al., 2019; Pittura et al., 2018;
Morroni et al., 2020; Mezzelani et al., 2021). Collection of already available data and field results on
APIs distribution in various geographical regions are currently used to define baseline levels and
ranges of variability of APIs in abiotic matrices (T3./) and in organisms as a function of species,
biological factors and environmental features (73.2). For the weighted elaboration of effects caused
by APIs, for each response/biomarker was given a weight based on its toxicological relevance, and a
specific threshold for changes of biological relevance that depend on biphasic responses and tissue
responsiveness: biomarker variations are compared to their specific thresholds, corrected for the
weight of the response and the statistical significance of differences compared to controls (73.3).
The elaboration of HQ for ecotoxicological bioassays considers specific thresholds and weights for
each bioassay, depending on toxicological relevance of the biological endpoint, tested matrix and
time of exposure (73.3). The HQs elaborated from individual typologies of data (or Lines Of
Evidence, LOEs) were normalized to a common scale and integrated within a WOE approach which
assigns a different weight to each LOE before synthesizing one of five classes of risk, from Absent
to Severe (T73.4), (Piva et al.,, 2011). Detailed elaboration procedures, flow-charts of calculation,
weights and thresholds for traditional chemical pollutants and the recently update with the
elaboration on distribution, fate and effects of microplastics in marine ecosystems are available
elsewhere (Regoli et al., 2019, Pittura et al., 2022; Gambardella et al., 2024; Nardi et al., 2024), while
those related to PHARMASEA are detailed in Mezzelani et al 2024, Bernardini et al., 2025_D3.2.

WP4: Dissemination and stakeholder engagement
Tasks: “4.1 Dissemination Plan, 4.2 Project Website and social media, 4.3 Stakeholder Engagement
4.4 Project E-Newsletters; 4.5 Social-benefit-cost analysis.

All partners from the PHARMASEA consortium were involved in activities of this WP. Thanks to
the early development of the PHARMASEA dissemination plan at the beginning of the project
(November 2021, DI/.4) and its constant update, the Consortium followed key strategies to
disseminate and communicate project outputs to different audience including expert scientists,



political decision-makers, pharmaceutical industries, citizenships and students. Among the key
strategies, methodologies and tools, the project logo was developed in month | of the project to
ensure that PHARMASEA has a tangible brand to be identified throughout Europe. Moreover, the
online presence of the PHARMASEA project was established in month 8 (M4.//D4.2) to make it
visible and to provide easily accessible information to both experts and non-experts. The website
(https://www.pharmasea-aquatpoll.eu/news/) comprises several static pages (detailing project aims,
consortium, funding acknowledgements etc.), and a “News” page that is updated regularly based on
partner activities and outputs. Additional pages were created as necessary (i.e. Mulitmedia Page,
Publications Page etc.). Website communication was supported through social media for fast and
effective correspondence on project outreach. The PHARMASEA Facebook account was delivered
in May 2021 (M4.1/D4.2), being monitored and utilized by the project team on an ongoing basis. The
PHARMASEA Facebook account is used to compliment the activities that are promoted through
the project website https://www.facebook.com/PharmaSeaAquatPoll). Moreover, a project
brochure (part of the D.4.4) has been produced at month 8 and released via the PHARMASEA
website. Project newsletters (D4.5) were published in collaboration via the Aquatic Pollutants
Transfer Project and PHARMASEA activities and results were also discussed in an episode of the
Aquatic Pollutants Podcast series available on Spotify. PHARMASEA collaborated with ARENA
project (also funded within the Aquatic Pollutants Call and JPl Ocean) by presenting PHARMASEA
activities and results at Aquafarm and EurOcean2023. Stakeholder engagement begun with the
involvement of the Advisory Board of representatives of European pharmacological industries. The
stakeholder panel, part of the PHARMASEA Project included various pharma companies (Merck,
Bayer, BASF, Angelini Pharma) WWTPs engineers and managers (IVAR and VIVASERVIZI), political
authorities (Spanish Ministry of Environment, Italian ISPRA, German UBA, Norwegian Environment
Agency, Galician Ministry of the Sea), NGOs (Impronta Animale, MAREVIVO) and citizens. The
PHARMASEA Stakeholder meeting (M4.2) was performed in November 2023 to present results and
perspectives obtained in the Project. To perform a social benefit cost analyses for estimating the
monetary burden of environmental damages and release of APIs as well the economic value derived
from an improvement of environmental quality, UiS (P2) developed a scientific-based survey for
society which was released (via YouGov) in 3 countries, reaching a total of 1500 people. Briefly, this
European citizen survey was developed according to following steps: (1) Design & development; (2)
Piloting; (3) fielding in Norway, Germany, & Italy (July, 2024); (4) analysis and scientific articles. The
EU-citizen survey, including visualizations, information texts and 24 questions, was designed as a
collaboration between natural and social scientists. To research the willingness to pay of EU-
residents for four different programs, the method of contingent valuation was chosen, and two
experiments were added. One, to test the respondents’ faith in science and one to find out whether
people prefer individual action or community action to reduce the environmental impact of
pharmaceuticals and personal care products. The work revealed the importance and opportunities
of interdisciplinary dialogue and highlighted the current limitations of gaps in environmental data and
managing uncertainty.

WORK PACKAGE 5: PROJECT AND DATA MANAGEMENT

All partners from the PHARMASEA consortium are involved in activities of this WP though the
following tasks “5.1 Planning of the project activities; 5.2 Administrative management; 5.3 Scientific
project coordination; 5.4 Data Management”.

Results and Discussions
WPI PHARMACEUTICALS IN EUROPEAN COASTS

UNIVPM (P1)- The analyses on biota seasonally collected in the three sites along the Adriatic Sea
(e.g. Porto Garibaldi, Ancona and Tremiti Island) highlighted the widespread occurrence of several
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active principles: overall only 8 molecules were always <LOD (acetaminophen atenolol,
atorvastatine, sulfametoxazole, 3-idrossicotinine, cocaine, deprenyl and nicotine) while the most
frequently detected APIs were diclofenac (present in the 85% of analyzed organisms), carbamazepine
(81.%), fluoxetine and sertraline (both ~65%), metformin and nimesulide (both 60%), gemfibrozil
(53%), valsartan (47%), paroxetine (40%), lormetazepam (28%), carbamazepine-epoxide (25%),
benzisotiazolinone (17%), venlafaxine(15%), ibuprofen and propranolol (13%). Lower frequency of
detection was observed for des-venlafaxine, ramipril, ketoprofen, naproxen, caffeine, lorazepam and
cotinine (~5-10% of analyzed organisms). Results obtained on marine species collected in the
framework of synergies with the NBFC project (see section 2b of the FR) confirmed the previous
general trend of occurrence, but also highlighted some evident geographical differences between
sampled areas. APls concentrations often appeared species-specific (as detailed below), but higher
average levels were often measured in invertebrates compared to vertebrates: this could be at least
partly related to the different typology of analyzed tissues that included the whole body of
invertebrates, while only muscle of vertebrates. In addition, the presence of more evolved
biochemical biotransformation pathways in vertebrates, play a crucial role in detoxification and
excretion of such molecules.

Results on the number of active principles present at the same time in tissues of analyzed organisms,
revealed that all the samples contain at least | pharmaceutical and more than 50% show between 8
and 9 APIs simultaneously, confirming the actual need to deepen our knowledge on the effects of
mixtures. Looking at results from single species, S. mantis always contained appreciable levels of
metformin (~ 35 ng/g d.w.), diclofenac (~ 2.5 ng/g) and gemfibrozil (~ 3.5 pg/g) in all sampling sites
and periods.The Ancona area, in the central Adriatic Sea, appeared as the site with the more elevated
number of APIs especially for NSAIDs and psychiatric drugs (carbamazepine, fluoxetine, sertraline,
paroxetine, lormetazepam, carbamazepine-epoxide, venlafaxine). This was particularly evident for M.
galloprovincialis collected in the proximity of the urban WWTPs outfall, showing tissues levels similar
to those detected in S. mantis, with the only exception for the much higher concentration of
venlafaxine (~ 100 ng/g). In this area, the analyses of water samples confirmed the presence of all
bioaccumulated APIs both at the WWTPs outlet and, at lower level, in coastal seawater where
mussels were sampled; only gemfibrozil, detected in marine species was always <LOD in seawater.
The same parallelism between occurrence of the same APl in seawater and tissues of marine species
was observed for samples collected from the Po Delta (Porto Garibaldi) especially for psychiatric
drugs (carbamaezepine, fluoxetine, sertraline, lormetazepam) and NSAIDs (nimesulide, diclofenac,
ibuprofen and naproxen). Bioaccumulation analyses carried out on the overall vertebrates, revealed
S. solea characterized by a low number of detected APls, mainly diclofenac (~ 2.5 ng/g), ibuprofen
with higher levels compared to all the other species (~ 150 ng/g) and carbamazepine (~ 0.5 ng/g);
limited variations were highlighted among sampling periods and sites. A different accumulation profile
was observed in muscle of M. barbatus, with the simultaneous occurrence of most analyzed APIs,
such as diclofenac (~ 4 ng/g), nimesulide (~ | ng/g), gemfibrozil (~ | pg/g) and metformin (~ | ng/g):
in this species, there was also no clear evidence of seasonal or geographical differences. Results on
M. merluccius showed an accumulation profile similar to M. barbatus both in terms of detected
molecules and concentrations. Overall results obtained for the Adriatic Sea, beside demonstrating
the wide distribution of APIs in this basin, highlighted their constant presence also in off-shore
samples (Tremiti Island), thus suggesting a certain persistence of these molecules also far from the
input areas.

UDC (P4)- The analyses on surface water, seawater and sediments collected from the two areas
of Mero-Barcés River Basin and A Coruna estuary (Galician coast in the North Atlantic Ocean,
T1.3), revealed for surface water higher levels of pharmaceuticals in three sites (namely Guilliade,
Meirama and Telva) close to the Abegondo-Cecebre drinking water reservoir with levels up to~800
ng/L, while in the remaining 5 sites the concentration measured was ~200 ng/L. In sites with higher
levels, 37 pharmaceuticals were measured: psychiatric drugs (the metabolites of antipyrine,



carbamazepine, citalopram, fluoxetine, propyphenazone, sertraline venlafaxine and xilazine),
cardiovasculars (atenolol, bezafibrate, bisoprolol, carazolol, diltiazem, fenofibrate, gemfibrozil,
hydrochlorothiazide, metoprolol, propanolol, sotalol and valsartan), antibiotics (azithromycin,
clarithromycin, erythromycin and its anhydrate, roxithromycin, sulfadimethoxine, sulfamethazine
sulfamethoxazole, trimethoprim and tylosin), NSAIDs (diclofenac, N4 acetylsulfamethoxazole and
nimesulide), antihistaminic (diphenhydramine), anticoagulants (warfarin) and PPls (omeprazole)
Antipyrine and its metabolites, azhithromycine, bisoprolol, carazolol, carbamazepine, fluoxetine,
diphenhydramine nimesulide and venlafaxine were present in all sampling campaigns, being the
metabolites of antipyrine the ones detected in higher concentrations. The analyses of sediments
from Mero-Barcés River Basin revealed the presence of only 5 APIs (clarithromycin, fluoxetine,
sertraline, trimethoprim and venlafaxine), In agreement with results on surface water, site with
higher levels was within Abegondo-Cecebre drinking water reservoir, in Telva, with 1.3 ng/g of
fluoxetine, sertraline and venlafaxine (sum of the three APIs).

In seawater of A Coruha estuary, cardiovascular drugs (atenolol, bisoprolol, metoprolol and
carazolol), antibiotics (azithromycin, erythromycin, erythromycin anhydrate and trimethoprim),
psychiatric drugs (carbamazepine, fluoxetine, sertraline and venlafaxine), NSAIDs (diclofenac and
nimesulide), antihistaminic (diphenhydramine) and PPIs (omeprazole) were detected. The sampling
points with higher concentrations were the inner parts of the estuary (~100 ng/L of all compounds),
while the outermost parts presented lower levels (~30 ng/L of all compounds). Carazolol, nimesulide
and trimethoprim were detected in the 4 seasonal samplings while erythromycin and diclofenac
appeared less frequently but at higher concentrations. Levels of APIs in sediments from A Coruna
Estuary were below LOD. The sediment samples from the 5 Galician estuaries were analysed
detecting 5 APIs (azithromycin, carazolol, fluoxetine, sertraline and venlafaxine), being the A Coruna
and Vigo estuaries with the higher presence of pharmaceuticals. Overall, results on APIs in water
revealed higher levels and typologies of pharmaceuticals in surface waters compared to seawater (A
Coruna estuary < Mero-Barcés River Basin) as an effect of the sea dilution capacity. In the
Abegondo-Cecebre drinking water reservoir, hydrodynamics characteristics of the site, with lack of
currents and low water re-circulation, can explain the higher detected concentrations; the location
of this site, close to agricultural and farm activities, can partly explain the typologies and levels of
detected APIs. Sediments were confirmed to be a challenging matrix with low rate of APIs detection;
additional data are needed to clarify interpretation of obtained results and get insights on
mechanisms influencing APls deposition/degradation in this matrix. UDC (P4)- analyses on field
samples collected from the Western Mediterranean (T/.2) revealed the presence of azhithromycine,
carazolol, carbamazepine, diphenhydramine, fluoxetine and nimesulide at around 2 ng/L (as sum of
each analyte) in seawater samples from the 5 sites of the Malaga Radial. Mussels, collected from 8
sites (from Barcelona to Manilva), revealed the presence of 7 APIs: 4-formilantipyrine, bisoprolol,
citalopram, fluoxetine, propanolol, sertraline and sulfamerazine. Barcelona was the most
contaminated site where sertraline concentration was near the 50 ng/g of 75 ng/g as sum of the 5
pharmaceuticals (propanolol and sulfamerazine were below LOD). 5 APIs (all except fluoxetine and
propanolol) were found in the Ebro Delta with sum concentration of 32 ng/g. In southern sampling
sites (from Castellon to Manilva) only 3 pharmaceuticals (4-formilantipyrine, citalopram and
sertraline) were found; sulfamerazine which was detected only in Manilva. In Castellén and Cullera
the sum concentration was around 30 ng/L, in Guardamar ~15 ng/g, in La Herradura and Portman
~4 ng/g and in Manilva || ng/g. Red mullets collected from 6 sites from Barcelona to Santa Pola
revealed the presence of 5 APIs. In Barcelona, 2 metabolites from antipyrine, 4-formilantipyrine and
4-acetamidoantipyrine (~0.5 ng/g each) were found; in Tarragona and Ebro Delta no pharmaceuticals
were detected, while acetaminophen was measured in Santa Pola (~2 ng/g) and fluoxetine and
propranolol were only detected in Valencia (~1.8 ng/g each). Analyses of sediments showed the
presence of 2 cardiovascular drugs (bisoprolol and bezafibrate) in levels around the 0. ng/g in
Barcelona and Tarragona. In agreement with pattern of APIs occurrence and distribution highlighted
for the Atlantic Ocean, results confirmed the role of seawater to dilute APIs levels which in the



Malaga Radial were at least on order of magnitude lower than in A Coruna estuary: this could also
be influenced by climatic conditions of high rain during the sampling in Malaga. APIs levels observed
in both Atlantic and Mediterranean seawater are below those observed in harbor areas in Xiamen
Island (~ 80 ng/L; Chen, H. 2021) and Cataluna (~200 ng/L; Gros, M. 2012). Results on biota
demonstrated the widespread occurrence and bioaccumulation of APIs in both mussels and red
mullets, with generally higher levels in the bivalves, in agreement with results already discussed for
the Adriatic Sea (UNIVPM, P1), and thus highlighting the major sensitivity of this invertebrate
species in revealing APls contamination.

Main highlights of data obtained from UDC (P4) include fluoxetine and sertraline as the most
relevant pharmaceuticals in terms of occurrence and distribution in both Western Mediterranean
and North Atlantic Ocean, since they were found in most studied matrices and sites. Azithromycine,
carbamazepine, clarithromycin, diclofenac and erythromycin, proposed to be regulated in surface
water by the EU (2022/0344, COD), were found in most of analyzed samples. Diclofenac occurred
at levels above the regulated concentration: 64 ng/L in A Coruna estuary and 37 ng/L in Mero-Barcés
river basin, but it was only detected between September and February, and then only in a few cases,
suggesting localized contaminations from the hospitals in the surroundings of A Coruna Radial, or
the effects of heavy rainfall and storm water run-off in the reservoir. Considering antibiotics,
azithromycine levels were ~0.3 ng/L, ~5 ng/L and 9.5 ng/L in Malaga estuary, Mero-Barcés and A
Coruna estuary respectively, being found in most cases while erythromycin was detected less times
only in Mero-Barcés and A Coruna in ~13 and ~22 ng/L, respectively. Clarithromycin was only
detected in Mero-Barcés both in water and sediments at a concentration of 37 ng/L and 0.084 ng/g
respectively, especially in the Telva it was found in most sampling campaigns, but a similar level was
found in other samplings points. Their presence indicates antibiotics contamination that could lead
to bacterial resistance, highlighting the importance to monitor these highly consumed
pharmaceuticals. The antiepileptic carbamazepine was found in all surface samples at the Mero-
Barcés in a concentration of ~3.1 ng/L, and it was also found in some samples of Malaga and A
Coruna seawater in 0.1 and 0.4 ng/L.

UiS (P3) analyses on WWTPs, revealed the detection and quantification of 22/30 targeted APIs in
influent and effluent samples. Removal was greater than 90% for |2 APIs comparing the inlet and
outlet samples. In general, the removal efficiency was not dependent on the class or the
concentration of the specific substance and varied between 12-100%. A relatively low removal rate
was observed for 4 pharmaceuticals: carbamazepine (12%, effluent concentration 66.9 ng/L),
ciprofloxacin (53%, effluent concentration 7.9 ng/L), metoprolol (17%, effluent concentration 388.4
ng/L), and trimethoprim (31%, effluent concentration 5.5 ng/L). Regarding the influent, 22
compounds were quantified, and the highest concentrations were reported for: caffeine (48.1 pg/L),
atorvastatin (682 ng/L), benzotriazole (430 ng/L), methyl-1H-benzotriazole (340 ng/L) and
metoprolol (466 ng/L). In the effluent, 14 compounds were detected, and 2 of them (amitriptyline,
losartan) had higher concentrations compared to the influent (Pampanin et al., 2024_D.5). Among
biota samples, only fish muscle from caged Atlantic cod provided consistent information, only 2 APIs
(caffeine and octocrylene) being detected. In the sediment samples collected in the proximity of the
WWTP discharge only amitriptyline could be quantified (12 ng/g) (Magnuson et al., 2022_D1.5).

APIs detected in the discharged wastewater (outlet) were utilised to assess individual contributions
to the risk of the effluent through the DREAM model simulation to predict the fate of the WWTP
discharge plume using a 30-day integration time (Pampanin et al., 2024_D|.5). Within 10 days, the
plume was located near the WWTPs discharge point and, at the end of the simulation period, the
plume went deeper into the fjords. Looking at the relative contribution of each compound, caffeine
provided the highest input to overall risk (81%), followed by amitriptyline, carbamazepine,
ciprofloxacin, and metoprolol. A second simulation was carried out after removing caffeine, to
highlight the contribution of other components of the WTTP discharge. Overall, the seven
compounds contributing to the second simulation were ciprofloxacin (43%), amitriptyline (20%),



metoprolol (20%), carbamazepine (14%), nortriptyline (1%), DEET (1%), and TCPP (1%). DREAM
provided useful information regarding the WWTP discharge plume spread and distribution over
time. Although the highest amount was near the discharge point, the plume went deeper into the
fiord areas (in a Northeast direction), showing the discharge plume accumulation in unexpected
locations. This information is particularly useful for designing environmental surveys such as depth
sampling or cage studies, which should be included in regulation for environmental management.
Although risk was not identified based on the PEC/PNEC ratio in this case, it is important to note
that this approach presents some limitations (Mezzelani et al. 2018a): harmonisation of new tools
for the risk assessment of PPCPs is desirable as it will equip both WWTPs operators and legislators
with accurate information.

Overall, characterization of APIs presence and distribution in European coastal areas were
performed (M 1.6; D 1.2; DI.3) revealing a wide pattern of APIs occurrence in abiotic and biotic
matrices in the Adriatic Sea, North Atlantic ocean and Western Mediterranean; samples from the
North Sea showed lower levels and numbers of API; possibly due to the more limited anthropogenic
pressure and the high currents of the Stavanger area. In terms of active principles, field samples
suggest the importance to pay particular attention to the antidepressants fluoxetine, sertraline and
paroxetine, the antiepileptic carbamazepine, the NSAIDs diclofenac and nimesulide and
cardiovasculars propranolol, valsartan, metoprolol, metformin and gemfibrozil, which represent a

list of priority APIs (D1.4_D3.2).

WP2, Effects of APIs on aquatic species and WP3, Weighted elaboration and WOE
model

Task 2.1 “Bioavailability in short-term exposures” and Task 2.4 “Short term in vivo, in vitro and ex
vivo experiments”

UNIVPM (P1) results on the ecotoxicological potential of |16 single APls and 6 mixtures (1-10ug/L)
highlighted different sensitivity of tested species toward selected pharmaceuticals and mixtures, with
major effects on P. tricornutum and P. lividus, C. gigas. Although the overall elaboration with the WOE
model revealed (M.3.2, 3.3; D3.1,3.2,3.3) limited acute toxicity of pharmaceuticals, higher levels of
hazard were measured for mixtures compared to single compounds: the exposure to single drugs
at both doses resulted in a level of hazard “Absent” for NSAIDs, “Slight” for the psychiatric drugs
paroxetine, carbamazepine and its metabolite at |0pug/L and “Moderate” for the lipid regulator
gemfibrozil (10pg/L). All the other APIs resulted in an “Absent” level of hazard. Noteworthy, in
mixtures the higher toxicity was not related to an exposure dose or to the number of combined
drugs, suggesting the need of future investigations to unravel mechanisms of interaction among these
molecules (Figure 1). The same experimental conditions (16 single APls, 6 mixtures, 2 doses: |-
IOpg/L) were also tested through an in vitro approach measuring the cytotoxicity, reactive oxygen
species production, and changes in mitochondrial membrane potential in fish hepatic (PLHC-1) and
gill (RTgill-W1) cell lines in collaboration with UiS, (P2). Results highlighted greater sensitivity of
RTgill-WI cells compared to PLHC-I cells (as summarized by the WOE elaboration in Figure 2,
M.3.2, 3.3; D3.1,3.2,3.3), indicating that hepatic cells possess a greater ability to mitigate chemical
stress due to their key role in detoxification processes. Among the therapeutic classes, also in this
case NSAIDs were the least reactive, whereas paroxetine, naproxen, and atenolol were identified
as the most toxic compounds within the categories of psychiatric drugs, NSAIDs, and cardiovascular
drugs, respectively. In these biological models, individual pharmaceuticals induced more marked
effects than their mixtures, where antagonistic interactions between antidepressants and NSAIDs
were noted. In general, the comparison between in vivo and in vitro results indicated that cellular
responses were more sensitive than those measured at the organismal level.

Ex vivo experiments on precision cut tissues slices (PCTS) of M. galloprovincialis digestive
glands revealed the lack of paroxetine effects on cell viability when dosed both at environmentally



realistic and high doses like 100 and 500 pg/L. Similarly, the PCTS exposure to high doses (100-
500pg/L) of metformin and gemfibrozil significantly affected the oxidative system with a significant
increase of lipofuscin; both compounds unexpectedly increased the neutral lipids content, thus
suggesting the opposite trend compared to their physiological effect in target species.

UHEI (P2) results from in vivo toxicity studies on zebrafish (D. rerio) highlighted that all psychiatric
drugs tested, namely sertraline, venlafaxine and paroxetine, induced a loss of balance in the FET
tests, with embryos lacking their capability to keep the body upright in the water column on the
fifth day after fertilization. This can be interpreted as a first symptom of neurotoxicity. Other effects
included edemata of the yolk sac and pericardium, as well as incipient necrosis of the fin tails at high
test concentrations. To identify substance-induced behavioral changes in zebrafish embryos, two
different methods were selected, namely the coiling assay and the visual motor response test, while
the neuromast assay was included as a complementary morphological test. The results for
venlafaxine illustrated a significant reduction only for coiling duration, whereas the highest test
concentration without observable effects (NOEC) was 0.1 mg/L. In contrast, no such concentration
could be determined for paroxetine exposure: The lowest tested concentration of 0.0l mg/L
increased both duration and frequency of coiling. A biphasic curve could be observed for paroxetine
at the tested concentrations: hyperactivity at lower concentrations in contrast to hypoactivity at
higher concentrations. For sertraline, statistically significant abnormalities were evident at 0.1 pg/L.
Considering cardiovascular compounds, due to the mode of action of valsartan and metoprolol,
assays for vascular toxicity were conducted in addition. While metoprolol and carazolol expressed
positive effects on two of three endpoints, valsartan showed a poor water solubility and
concentrations of £ 300 mg/L (0.5% DMSO) did not cause effects in either the FET test or any
additional test method. Results on lipid lowering agents highlighted the onset of endocrine-related
effects in response to gemfibrozil. Bezafibrate showed poor water solubility and the determined test
concentration of £ 100 mg/L did not cause any developmental effects in the FET test. Since naproxen
showed a limited solubility of < 50 mg/L in artificial water (0.01 % DMSQO) NSAIDs did not produce
any lethal effects, but edemata were most obvious sublethal effects, however, only in a small number
of embryos, and EC as well as LC values could not be determined. Concentrations of 100 pg/L also
failed to show any effects on the thyroid follicles. For ketoprofen, a multi-organ histologic analysis
was chosen because the available literature was very limited and did not provide evidence for the
impairment of any particular system. For anticoagulants, warfarin showed multiple effects in the FET
test but no impairment of the cytochrome P450 phase | activity; (S)-rivaroxaban, an alternative API
to warfarin, showed very low solubility in aqueous solutions during the preparations for the FET
test. A maximum test concentration of 200 uM was achieved with a final solvent concentration of 2
% DMSO, which, however, did not lead to any significantly observable effects in the FET test. For
this reason, further tests with this substance were not carried out for the time being. Analyses on
bioavailability of APIs tested in zebrafish (D. rerio) have been carried out and, furthermore UHEI
(P2) also attempted to create transgenic cell lines expressing zebrafish proteins targeted by the
compounds (in particular cyclooxygenase, COX and serotonin transporters, SERT) to be applied in
in vitro approaches. For this end, coding sequences from zebrafish mRNA were successfully cloned
and inserted into expressions plasmids, which were afterwards transfected into various cell lines as
expression hosts/systems. After several failures in attempts to obtain genetically modified lines with
the desired enzyme activities to be assessed, extensive troubleshooting was performed. In order to
visually check for correct protein expression, assembly and localization, a fluorescent fusion protein
zfSERTa-eGFP was created and transfected into the expression host. Fluorescence microscopy
revealed that the protein is indeed efficiently expressed and assembled; however, it was not
exported and did not correctly locate to the plasma membrane as expected, but remained within
intracellular vesicles (probably ER), putatively due to the zebrafish signal peptides being incompatible
with the chosen expression hosts. While this may be alleviated by engineering of the N-terminal



zebrafish protein sequences to conform to those of another plasma-membrane-localized protein of
the expression host (e.g. GLUTI).

UiS (P3) results from in vivo toxicity studies on zebrafish (D. rerio) showed significant effects on the
optokinetic response assay in embryos exposed to 3 and 300 pg/L of amitriptyline AMI, which caused
a 25.7% and 86.0% decrease in the number of eye saccades. Zebrafish treated with 300 pg/L of
nortriptyline, NOR exhibited a 65.4% decrease. Histological analysis indicated that the retinal
pigment epithelial layer diameter was significantly greater after exposure to 300 pg/L of both AMI
and NOR. Differential expression analysis of mRNA showed significant effects to 3477 genes across
the AMI and NOR treatment groups, including genes relevant for vision, such as opsins and genes
involved in retinoic acid metabolism. Gene set enrichment analysis of differential expression levels
indicated significant transcriptional effects to visual perception and phototransduction in multiple
AMI and NOR treatment groups. The present findings demonstrate that AMI and NOR affect the
visual system of zebrafish on multiple levels of biological organization.

A similar experiment was carried out on zebrafish embryos exposed to I, 5, 10, or 50 pg/L of
carbamazepine, CBZ for 48, 72, and 144 hours post fertilization (hpf). Obtained results highlighted
the top enriched gene ontology pathways in 48 hpf larvae were involved in eye development and
visual perception, regardless of treatment concentration. In 72 hpf larvae, top enriched pathways
were involved in visual perception, lens structure, and ATP synthesis, regardless of treatment. Larvae
that were 144 hpf had enriched pathways involved in immune response in embryos exposed to |-
10 pg/L CBZ, with the highest dose exhibiting changes involved in skeletal system and organ
development. Subsequent samples were assessed for vision-specific behavioral assays to anchor
transcriptomic results to higher levels of biological organization. There was a significant decrease in
the number of eye saccades during an optokinetic response assay in larvae that were embryonically
exposed to CBZ. These results suggest that CBZ can induce sublethal effects to the visual system,
influence immune function responses, and impair skeletal development during the early life stage,
reducing visually mediated behavioural function, which may have implications for fish at
concentrations commonly reported in natural systems. The effect of environmentally relevant CBZ
concentrations on lipids metabolism in zebrafish embryo was also evaluated. Embryos were exposed
for 72 h and 96 h. Mortality at the end of each exposure time was assessed. Fluorometric assays
were used to measure lipids concentration. Triglyceride, free fatty acid and total and free cholesterol
were chosen to represent changes in lipid metabolism in embryos exposed to CBZ. There was no
significant difference in embryo mortality at 72 h and 96 h exposure, except for exposure group
with 5 pg/L CBZ. Overall, lipid results showed that the exposure to CBZ affected the lipid
metabolism both after 72 h and 96 h of exposure. At 72 h of exposure, there were significant
differences in free cholesterol and free fatty acid concentrations as well. At 96 h of exposure, there
were significant differences in triglyceride concentration. Lipids perform many important functions
in the organism and changes in lipid metabolism in zebrafish embryos could cause adverse effects on
their growth, behaviour and reproduction These alterations can affect fish health and impact the
aquatic ecosystem.

Amitriptyline (AMI) was further investigated under laboratory condition to clarify the release
and bioaccumulation capacity of this drug on field-collected sediments (Magnuson et al 2022_D|.5).
Influent and effluent samples from the WWTP of Stavanger were taken, and sediment samples were
collected in three sites in the proximity of this WWTP discharge at sea, and in two reference
locations (Boknafjord, and Kvitsgy). Polychaetes (Nereis virens) were exposed to field-collected
sediments, as well as to Kvitsgy sediment spiked with 3 and 30 pg/g amitriptyline for 28 days. The
WWTP influent and effluent samples had concentrations of amitriptyline of 4.93 + 1.40 and 6.24 +
.39 ng/L, respectively thus revealing the low capability of these systems to remove this
antidepressant. Sediment samples collected from WWTP discharge, Boknafjord, and Kvitsgy had
concentrations of 6.5 = 3.9, 15.6 + 12.7, and 12.7 + 8.0 ng/g, respectively. Concentrations of
amitriptyline were below the limit of detection in polychaetes exposed to sediment collected from



Kvitsgy and the WWTP discharge, and 5.2 + 2.8 ng/g in those exposed to Boknafjord sediment.
Sediment spiked with 3 and 30 pg/g of amitriptyline showed values of 423.83 * 33.| and 763.2
180.5 ng/g, respectively. Concentrations in worms exposed to the amended sediments were 9.5
0.2 and 56.6 + 2.2 ngl/g, respectively. This is the first known study showing measurable
concentrations of amitriptyline in WWTP discharge in Norway and accumulation in polychaetes
treated with field-collected sediments, suggesting that amitriptyline has the potential for trophic
transfer in marine systems.

In vitro and in vivo experiments with M. edulis treated with diclofenac, ciprofloxacin, and their
binary mixture (0.005 -0.05-0.5-1-10 pg/L), revealed for in vitro exposure to both single compounds
(0.5, land 10 pg/L) and binary mixture (0.5 pg/L) a significant decrease of mussel sperm viability and
MMP intactness. However, the percentage of ROS remained unchanged. The 10 days in vivo exposure
resulted in a significant increase in sperm ROS production, accompanied by a decrease in viability
and MMP, ultimately decreasing the fertilization success. Results show that ciprofloxacin and
diclofenac individually, and as a mixture, can impact male gamete functionality and fertilization in
marine invertebrates at concentration levels common for their habitat. Ciprofloxacin has been
shown to induce DNA damage and chromatin abnormalities in sperm cells. In vivo exposure resulted
in more significant effects compared to short in vitro exposure, indicating that the presence of these
compounds in oceans is likely to pose a risk to the reproductive capabilities of mussels. Further
investigation into sperm functional parameters is important to determine the targeted pathways and
hidden effects of these chemicals on fertility of marine species.

Regarding biological responses from in situ experiments, transcriptomic responses in Atlantic
cod caged for 4 weeks were assessed (Magnuson et al. 2023 _D2.4/2.6). Chronic, in situ exposure of
juvenile fish in the surrounding area of a WWTP discharge induced alterations to brain
transcriptomic profiles that were predominantly involved in neuroendocrine and neurotoxic
responses. Estrogenic effects were also among the top predicted pathways in juvenile male Atlantic
cod caged closest to the WWTP discharge site and decreased locomotion in female cod.
Octocrylene was detected in all fish tissues, regardless of the proximity to the discharge site. This
suggests that additional inputs, such as those associated with recreational and swimming activities
are important sources of emerging contaminants like UV filters and should be considered in marine
systems, aside from those released as WWTP effluent. In general, fish did not show any hepatic
dysfunction. However, an increase of the concentration of the free cholesterol in the HDL, that
could be due to an increase of the energetic metabolism, was observed.

The effluent toxicity was also assessed through in vitro bioassays (using fish liver cells, PLHC-
). Results revealed that cell viability was not significantly affected when cells were exposed to the
effluent samples compared to the control, except for the highest concentration, which was a 100-
fold concentrated sample, demonstrating the effective discharge treatment. However, a significant
reduction in cell viability was found when cells were exposed to the influent samples at all tested
concentrations, including the undiluted sample. Regarding the production of ROS, there was no
statistical difference between WWTP samples and the control. For the EROD assay, there was a
significantly higher activity in the influent samples compared to the control at all tested
concentrations, while for the effluent, a significantly higher activity was measured at two tested
concentrations. The lack of the effluent toxicity can be connected to the removal of substances due
to the water treatment, supported by the reduced effluent concentrations of |2 PPCPs
(acetaminophen, atenolol, atorvastatin, atrazine, benzotriazole, methyll-|1H-benzotriazole, caffeine,
fluoxetine, nortriptyline, ranitidine, simvastatin, sulfametaxazole). Results also suggested that the
remaining chemicals, which were either not removed (carbamazepine, ciprofloxacin, metoprolol,
and trimethoprim) or had an increased concentration in the effluent (amitriptyline, losartan) can be
responsible for toxicity only at high concentrations. This could be the case of long-term
accumulation in the sediment compartment. Overall, this study highlighted the beneficial effects of
secondary wastewater treatment in reducing the effluent toxicity at this facility and consequently
the impact on the receiving aquatic environment.

*
+



IEO-CSIC (P5) experiments with microalgae Tisochrysis lutea exposed to bezafibrate, citalopram
and carazolol (both as single and combined, at I, 10, 100, 500 and 1000 pg/L) permitted to establish
the effect of APls on microalgae growth and to identify the most adequate concentration range to
be used in the next short-term bioassays. The concentration variations were also characterized in
order to check the stability of the different APIs in seawater, evidencing the degradation processes
specially for carazolol and bezafibrate.

Short-term embryo-larval tests with sea-urchin (Paracentrotus lividus) did not show significant

toxicity of diclofenac or bezafibrate on the growth of the sea urchin larva, at the concentrations
tested (0.01-10 mg/L and 0.005-5 mg/L, respectively). A complete dose response curve was obtained
for citalopram and carazolol, whose range of concentrations tested were 0.02-20 mg/L and 0.01-10
mg/L, respectively. The calculated EC10 and EC50 were: 0.21 and 1.34 mg/L for citalopram, and 0.23
and 0.86 mg/L for carazolol.
IEO-CSIC (P5) in vitro experiments in collaboration with UiS (P3) on PLHC-1 liver cells from
topminnow exposed to different molecules (citalopram, bezafibrate, carazolol; 0.25-0.5-1-2.5-5
pg/L), showed that all individual compounds, except carazolol, stimulated cellular metabolic activity.
However, this stimulation was not observed during co-exposures, suggesting an antagonistic
interaction, meaning that the presence of two compounds together may inhibit the effect seen when
evaluated individually. Importantly, the antagonistic effect did not result in cytotoxicity, as no
metabolic activity levels fell below control values in any case. The results also indicated that all
selected pharmaceuticals (except carazolol) at concentrations similar to those detected in the
marine environment, have the potential to increase reactive oxygen species (ROS) production in
cells. One of the most significant findings was the synergistic effect observed in the majority of
simultaneous exposures to APls. These co-exposures led to increased ROS production and a
consequential significant rise in mitochondrial membrane damage, which serves as an indicator of
early cell apoptosis.

Task 2.2 “Long-term in vivo experiments” and Task 2.3 “Molecular and cellular biomarkers”

Results obtained from the 5 experiments carried out by UNIVPM (P1) are reported as follows:

Experiment I: in this study mussels were exposed to single carbamazepine, valsartan (each 0.5pg/L)
and their binary mixture (0.5pg/L carbamazepine + 0.5pg/L valsartan) for 14 days followed by 14
days of depuration phase. Interactive and competing mechanisms between tested drugs were
revealed by the much higher carbamazepine accumulation in mussels exposed to this compound
alone, while an opposite trend was observed for valsartan. Carbamazepine exerts a greater cellular
reactivity than valsartan and the antagonistic effects between the two drugs were observed at both
molecular and cellular levels, in agreement with results on drug bioaccumulation.
Immunocompetence and redox homeostasis were the most affected pathways with significant
variations on lysosomal membrane stability of haemocytes, acetylcholinesterase activity in
haemolymph, antioxidant enzymes activity (e.g. catalase, glutathione reductase), onset of lipid
peroxidation (lipofuscin content), altered lipid accumulation (neutral lipids content). Cellular effects
of carbamazepine remained evident after depuration (Mezzelani et al., 2023; 2024_D2.2; 2.4; 2.6;
D3.1,3.2,3.3). The elaboration of results through the quantitative Weight of Evidence approach (M.
3.2, 3.3; D3.1,3.2,3.3) summarized a greater biological reactivity of carbamazepine compared to
valsartan and antagonistic interactions between these compounds, resulting in a reduced effect of
the antiepileptic when combined with valsartan (Figure 3). The study of macromolecular
composition through FTIRI Imaging (FTIRI) spectroscopy allowed to characterize for the first time
the chemical building blocks of digestive glands of M. galloprovincialis, providing insights on
composition and topographical distribution of main groups of biological macromolecules, such as
proteins, lipids, and glycosylated compounds. Tested APIs caused an increase in the total amount of
protein and a significant decrease of lipids levels. Changes in macromolecular features reflected the



modulation of specific molecular and biochemical pathways thus supporting our knowledge on
mechanisms of action of such emerging pollutants. Overall, the applied approach could represent an
added value within integrated strategies for the effects-based evaluation of environmental
contaminants (Mezzelani et al., 2024_D2.4, D2.6).

Experiment 2: in the present investigation bivalves were treated with single ibuprofen, paroxetine
(each Ipg/L) and their mixture (| pg/L ibuprofen + | pg/L paroxetine) for 30 days-exposure followed
by |4-days depuration). Interactive and competing mechanisms between tested drugs were
highlighted by the lack of ibuprofen accumulation in mussels exposed to the mixture compared to
the treatment alone, while no differences were measured in paroxetine-treatments. It can be
hypothesized that both compounds compete on the same cellular channels so, when simultaneously
present, the greater affinity of paroxetine could inhibit ibuprofen accumulation. Among biological
responses, limited differences in the onset of sub-lethal alterations were observed between the two
tested compounds: both caused statistically significant effects on the immune system (decreased
lysosomal membrane stability), and in the modulation of the oxidative system, (e.g. induction of the
antioxidant enzymes catalase and glutathione peroxidases, marked increases of lipid peroxidation
products). The comparison of results obtained from exposure to single compounds and the Mixture
treatment, suggested that most of the biological changes were mainly driven by paroxetine, in
agreement with results on bioaccumulation, thus supporting possible antagonistic mechanisms of
interaction. RNASeq analyses confirmed the activation of specific pathways reflecting mechanisms
of action of these compounds and the lack of additive interactions in APIs mixture (D2.1, D2.2). At
the end of depuration period, elimination from APIs did not reflect the recovery from biological
alterations, which persisted even when APIs are no more present. Elaboration of overall results with
the WOE model (M. 3.2, 3.3; D3.1,3.2,3.3) summarized at the end of the exposure phase a level of
risk “MODERATE” for all treatments that decrease to “SLIGHT” at the end of the depuration
period.

Experiment 3: in this study mussels were exposed to venlafaxine, gemfibrozil, ramipril, metformin
(each lpg/L) and their mixture each Ipug/L for 30 days-exposure followed by 14-days depuration.
Chemical analyses revealed venlafaxine bioaccumulation, a low mussel capability to accumulate
metformin, while gemfibrozil and ramipril concentrations were <LOD; in mixture treatment the
major contribution to APIs levels is related to venlafaxine. In terms of molecular and cellular effects,
obtained data revealed the onset of alteration in response to all APIs, including those not
accumulated: immune system and redox homeostasis were the most affected pathways by the tested
drugs with significant variation in single antioxidant enzymes, total oxyradical scavenging capacity
and accumulation of lipofuscin. Also in this case, in mixture treatment, no clear additive interactions
were measured and most of the biological changes were mainly driven by venlafaxine, supporting
results on bioaccumulation. Changes on transcriptional profile highlighted the modulation of lipid
and fatty acid metabolism in gemfibrozil exposed organisms, while metformin significantly impacted
the energy metabolism, ramipril the signalling pathway and venlafaxine modulated the serotonin
metabolism. Likewise, in this experiment effects persisted even after the depuration period
(Mezzelani et al, in prep). Elaboration of overall results with the WOE model (M. 3.2, 3.3;
D3.1,3.2,3.3) summarized at the end of the exposure phase a “MAJOR” level of risk venlafaxine and
mixture treatments that decreased to “SLIGHT” at the end of depuration periods, while for all the
other APIs the level of risk was and “SLIGHT” at all sampling points (Figure 3), Bernardini et al,,
2025;_D2.2; 2.4; 2.6; D3.1,3.2,3.3.

Experiment 4: this study aimed to assess how climate change stressors, namely decreased pH and
two dynamic marine heatwaves, modulate, over 42 days-exposure, the uptake and toxicity of an
APIs mixture composed of six pharmaceuticals (ibuprofen, carbamazepine, venlafaxine, ramipril,
metformin and gemfibrozil) from different therapeutic classes at environmentally realistic
concentrations. Measurements of drug bioaccumulation in Mediterranean mussels, Mytilus
galloprovincialis were integrated with biochemical and cellular responses. Mussels exposed to the
APIs mixture accumulated significant levels of venlafaxine and carbamazepine, with hypercapnia and




dynamic heatwaves (both alone and in combination), influencing their bioaccumulation patterns.
Ibuprofen and ramipril were below the limit of detection, while no variations were observed for
metformin and gemfibrozil compared to Control. Mussels from all treatments were characterized
by pre-existing natural basal levels of metformin and gemfibrozil, those concentrations remained
unaffected throughout the experiment. Along with bioaccumulation, various ecotoxicological
markers were affected by the climate change stressors. Notably, there was a decline in lysosomal
membrane stability and phagocytosis rate, indicating immune system impairment, primarily driven
by the climate change stressors rather than by exposure to the APIs mixture. On the other hand,
the effects measured in terms of increased DNA fragmentation and cell apoptosis, inhibition acyl-
CoA oxidase activity and accumulation of neutral lipids, were mainly observed in response to
combined stressors, namely hypercapnic, marine heatwaves and APls mixture. Enhanced toxicity of
the APIs mixture was particularly evident on oxidative stress parameters, especially under
hypercapnic and combined stressor conditions.

Experiment 5: results from the |14-days mussel exposure to rosiglitazone, gemfibrozil and metformin
(2.5pg/L, each), showed the onset of significant effects for the majority of analyzed endpoints like
immune parameters, oxidative system, a remarkable accumulation of lipofuscin and malondialdehyde.
The unexpected increase of neutral lipids apparently does not reflect mode of action of drugs like
gemfibrozil and rosiglitazone which are used to decrease levels of triglyceride and low-density
lipoproteins; these results confirmed outcomes from PCTS exposed to the same molecules (T2.4),
thus suggesting that additional studies will be needed to clarify these effects in non-target species.

Results from IEO-CSIC (P5) laboratory experiment on M. galloprovincialis exposed to citalopram,
bezafibrate (each 0.5 pg/L) and a binary mixture of these pharmaceuticals with polyethylene
microplastic (Exp_|), revealed a greater sensitivity of gills than digestive glands. Mussels accumulated
APIs over the experiment, with higher concentrations of citalopram than bezafibrate, maintaining
relatively constant levels during the 21days of exposure period (mean: 763 ng/g d.w. for citalopram
and 2 ng/g d.w. for bezafibrate, (Castano-Ortiz et al., 2023b_D2.4,2.6.). In the depuration period, a
partial release of citalopram was observed. After 10 days of exposure to APIs an induction of
enzymes related to oxidative stress was observed due to a possible accumulation of contaminants
in the organisms. In the samples collected after 21 days of exposure, a further increase of the
activities of antioxidant enzymes was observed in all treatments compared to the control, along with
an enhanced cell damage associated to lipid peroxidation. Factorial analysis revealed different
biomarkers responses in mussels, depending on the contaminant and the exposure time. After 7
days of depuration, the antioxidant enzymes activity returned to control values, evidencing a certain
resilience after exposure to pharmaceuticals and microplastics. However, lipid peroxidation damages
remained higher in the treatments with microplastic particles. The results in digestive glands showed
an increase in the GST-pi gene expression after 10 days of exposure to different treatments, while
Se-GPx gene expression showed an increasing trend for bezafibrate-exposed mussels which also
showed a decreasing trend for TOSCA. Both citalopram and bezafibrate caused long-term
impairment of cholinergic pathway with possible long-term neurotoxicity (Garcia-Pimentel et al.,
2025_D2.4,2.6). Elaboration of biomarker results with the WOE model (M. 3.2, 3.3; D3.1,3.2,3.3)
summarized at day 7, 10 and 21| for both citalopram and bezafibrate a “Slight” level of hazard with
the only exception for citalopram at day |10 which displayed an “Absent” level of hazard (Figure 3).
Elaboration of bioaccumulation data and the overall WOE integration with biomarker responses has
been completed and recently published in the journal Environmental Pollution.

Results on mussel exposure to carazolol (0.5 pg/L), diltiazem (0.5pg/L) and their mixture (0.5pg/L),
(Exp. 2) highlighted variations of APIs concentrations in seawater, with and without mussels,
indicating high carazolol stability (levels not significantly decreased after 3 days) and, conversely a
fast degradation of diltiazem. Concentrations of both APIs were significantly reduced when mussels
were present, suggesting uptake and bioaccumulation.



Overall, results from WP2 and WP3 allowed to clarify different behaviours of APIs in
WWTPs, highlighting that the reduction of APIs levels in effluents compared to influents does not
always reflect a lower toxicity, thus confirming the capability of pharmaceuticals to be effective at
very low concentrations and the deleterious outcomes derived from the chronic exposure, which
may lead to the onset, among others, of neuroendocrine, neurotoxic, estrogenic effects. Although
different levels of biological organization (hepatic/gills cell lines, early life stages as zebrafish, sea
urchin, oyster and mussel embryos, adult mussels) showed diverse sensitivity to pharmaceuticals:
paroxetine, sertraline, venlafaxine, carbamazepine, atenolol and naproxen appeared as the most
biologically reactive among all tested single APIs. The application of the quantitative Weight of
Evidence model synthesized the overall impact of pharmaceuticals and mixtures, highlighting the
value of a multidisciplinary approach for effect-based risk assessment of these compounds in marine
ecosystems.

WP4: Dissemination and stakeholder engagement

The full list of dissemination events and stakeholder engagement activities, along with the prepared
material, is provided in the section: “6. Stakeholder/Industry Engagement” of the FR The online
version of the FR contains hyperlinks, and digital references to facilitate the readers to access to all
events, news articles, FB posts, prepared surveys, games and video useful to increase awareness on
this important environmental issue. The final delivery of the cost-benefit analyses, including for the
first time the economic estimation of citizens’ willingness to pay in Norway, Italy and Germany,
provides valuable insights. These analyses support actions aimed at reducing or eliminating
pharmaceutical discharges into the environment and highlight the economic benefits associated with
improving environmental quality. Such findings have the potential to further drive the adoption of
more sustainable actions and policies.

WORK PACKAGE 5: PROJECT AND DATA MANAGEMENT

The plan of the project activities has started and ended following scheduled time-plan (M5.1-2-3;
D5.1-2-3). The full list of meetings is present the section “5. Consortium Meetings” of the Progress
report. Work on administrative management has started and proceed following the prescheduled
time-plan (M5.1-2-3; D5.1-2-3). The Consortium Agreement (D5.1) was drafted, shared and signed
by all Partners by the |** September 2021. Work on scientific project coordination has started and
proceed following scheduled time-plan (M5.1-2-3; D5.1-2-3). Period reporting was delivered every
6 months (D5.2). The first version of the iterative document of the Data Management Plan, DMP
(D5.3) has been drafted at month 16 by UNIVPM (P1), shared and agreed by all members of the
consortium according to the H2020 Programme Guidelines on “FAIR Data Management in Horizon
2020 available at this link and of Open Research Data Pilot (ORD pilot). DMP includes key
information on typologies and formats of produced data, size, open access, public repository,
copyright, publication guidelines. Since the datasets are strictly dependent upon reviewing scientific
literature and field activities the release of first version of DMP was delayed by the first estimation
(D5.3).

Conclusion and recommendations

The PHARMASEA project allowed to analyse the occurrence and distribution of APIs in aquatic
ecosystems from different sources, describing their effects on non-target species and their transfer
along the food chain. The Project contributed to the development of an integrated and cross-
sectoral approach for risk assessment, thus covering the majority of the AquaticPollutants 2020 Joint
Transnational Call objectives. Within PHARMASEA, harmonized analytical procedures were
developed for measuring the presence, and concentrations of 67 APls in marine ecosystems,
consistent with the Theme | of the AquaticPollutants JTC. These protocols were applied for the


https://www.pharmasea-aquatpoll.eu/wp-content/uploads/2025/01/3_THE_PHARMAS_ADVENTURE.pdf
https://www.pharmasea-aquatpoll.eu/wp-content/uploads/2025/01/Pharmasea.mp4
http://ec.europa.eu/research/participants/data/ref/h2020/grants_manual/hi/oa_pilot/h2020-hi-oa-%20data-mgt_en.pdf

analyses of selected APIs in more than 450 environmental samples (water, sediments and biota)
seasonally collected over three years in the Adriatic, Western Mediterranean, North Sea, and North
Atlantic Ocean. The significance of different potential sources, reservoirs and pathways of APIs was
assessed, along with the characterization of the main APIs exposure routes: overall, a widespread
occurrence of the majority of investigated APls was observed; WWTPs influents typically showed
higher APIs levels (0.6 to 48pg/L) compared to effluents; in surface waters, higher concentrations
were found in river basins (~hundreds ng/L), compared to estuarine areas (~tens ng/L). Wild species
have been demonstrated to bioaccumulate several APIs being invertebrates generally characterized
by higher tissues levels compared to vertebrates; moreover, results on number of active principles
present at the same time in organisms collected from the Adriatic Sea, revealed that all the samples
contained at least | pharmaceutical and more than 50% showed between 8 and 9 APIs simultaneously,
thus highlighting a cumulative behavior of these contaminants of emerging concern. The typologies
of APIs measured in water usually reflected those accumulated in marine species, particularly for
psychiatric drugs and NSAIDs. APIs levels in wild species collected from off-shore sites were similar
to those sampled in coastal areas, suggesting the persistence of these compounds also far from the
land-based sources of input. A similar pattern of pharmaceutical occurrence in abiotic and biotic
matrices was observed in the Adriatic Sea, North Atlantic Ocean and Western Mediterranean, while
samples from the North Sea showed lower levels and a more limited number of APIs. Overall,
results allowed to get novel insight on the environmental behavior of analyzed APIs, suggesting
relationships between their occurrence in the water column, biota and the trophic transfer along
food webs. A large set of laboratory investigations was carried out to characterize the effects of 25
APIs and 10 mixtures on |2 aquatic species through the execution of more than 20 experimental
designs (in vivo, in vitro and ex vivo exposures). Obtained results from in vivo studies on mussels and
polychaetes exposed to environmentally realistic levels of antidepressants, non-steroidal anti-
inflammatory drugs, cardiovascular compounds, and lipid lowering agents, tested both as single
molecules and as mixtures confirmed the capacity of these organisms to accumulate pharmaceuticals,
as highlighted by wild species, but also their capability to excrete drugs when maintained in clean
seawater, at the end of a depuration period. The analyses of a large panel of molecular, biochemical
and cellular biomarkers revealed the onset of sub-lethal alterations and impairment of redox
homeostasis, lipid metabolism, activation of immune response and neurotoxicity. Such effects
persisted even after the depuration period, suggesting the long-lasting impairment of biological
processes even when pharmaceuticals are excreted by non-target species. Other in vivo, in vitro and
ex vivo experiments revealed that APIs significantly affected also the growth of marine algae and the
embryonic development of sea urchins, oysters and zebrafish. Interactive and competing mechanisms
regulated the onset of toxicity in pharmaceutical mixtures; synergies with climate-change related
stressors were outlined, allowing to provide useful insights on cumulative effects and behavior of
combined contaminants of emerging concern in aquatic ecosystems. PHARMASEA also allowed the
development of an integrated risk assessment procedure for APls in marine ecosystems in
agreement with the Theme 2 of the Aquatic Pollutants JTC. The elaboration of data from field
investigations is still in progress due to the limited availability of comparison data for proper
definition of baseline concentrations. On the other hand, thresholds of variation and toxicological
relevance for each APl have been defined and the integration within the WOE model of results
obtained from laboratory investigations has been concluded by the end of the project allowing to
synthesize complex heterogeneous data in synthetic indices of hazard from ABSENT to SEVERE.

These results will allow to (i) communicate the risk in a simple way without reducing the scientific
soundness of the overall investigation, (ii) clarify a list of priority APIs and (iii) provide a scalable
science-based and flexible effect-based risk assessment procedure useful to support the
implementation of relevant EU policies, in agreement with the AquaticPollutants 2020 JTC aims. The
delivery of the final social benefit cost analyses with the first estimation of the economic loss derived
from environmental damages and emissions of APIs as well the economic value/gain related to an
improvement of environmental quality, can further boost the adoption of more sustainable actions



and policies. PHARMASEA created a strong connection and active dialogue with stakeholders,
including relevant national authorities (like those responsible of the implementation of the Marine
Strategy Framework Directive), European pharma industries, WWTPs and domestic water
treatment companies, non-governmental organizations actively involved in citizen engagement, thus
further improving the long-term impacts of Project outcomes. A similar trans-disciplinary approach
is certainly recommended to continue on future advancement on such complex environmental issue.
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Figure I: Weighted elaboration of results from in vivo laboratory studies on the algal growth inhibition of
Phaeodactylum tricornutum, the embryotoxicity assay in Paracentrotus lividus and the bioluminescence test in
Aliivibrio fischeri. Colors are used to highlight hazard classes as follow: white-Absent, blue-Slight, yellow-
Moderate, red-Major, black-Severe. VEN Venlafaxine; O-DESVEN O-desmethyl venlafaxine; PAR Paroxetine;
FLU Fluoxetine; CBZ Carbamazepine; CBZ-EP Carbamazepine-10,11 epoxide; IBU Ibuprofen; NAP




Naproxen; DIC Diclofenac; NIM Nimesulide; VAL Valsartan; ATE Atenolol; RAM Ramipril; GEM Gemfibrozil;
MET Metformin. *MIX A: IBU + PAR; MIX B: CBZ + VAL; MIX C: IBU + PAR + CBZ + VAL; MIX D: VEN +
RAM + GEM + MET; MIX E: VEN + NAP; MIX F: VAL + ATE + GEM + RAM; MIX G: IBU + PAR + CBZ +
VAL + LOR + DIC + NIM
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Figure 2: Weighted elaboration of results from in vitro laboratory studies on cell viability, ROS production and
mitochondrial membrane electrochemical potential damage in PLHC-1 and RT gill-W 1 cell lines. Colors are
used to highlight hazard classes as follow: white-Absent, blue-Slight, yellow-Moderate, red-Major, black-



Severe. VEN Venlafaxine; O-DESVEN O-Desmethyl venlafaxine; PAR Paroxetine; FLU Fluoxetine; CBZ
Carbamazepine; CBZ-EP Carbamazepine-10,1| epoxide; IBU Ibuprofen; NAP Naproxen; DIC Diclofenac;
NIM Nimesulide; VAL Valsartan; ATE Atenolol; RAM Ramipril; GEM Gemfibrozil; MET Metformin. *MIX A:
IBU + PAR; MIX B: CBZ + VAL; MIX C: IBU + PAR + CBZ + VAL; MIX D: VEN + RAM + GEM + MET; MIX
E: VEN + NAP; MIX F: VAL + ATE + GEM + RAM.
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Figure 3: Weighted elaboration of results from in vivo laboratory studies on the Mediterranean mussels, Mytilus
galloprovincialis. Colors are used to highlight hazard classes as follow: white-Absent, blue-Slight, yellow-
Moderate, red-Major, black-Severe. CBZ Carbamazepine; VAL Valsartan; IBU Ibuprofen; PAR Paroxetine;
VEN Venlafaxine; GEM Gemfibrozil; RAM Ramipril; MET Metformin; CIT Citalopram; BEZ Bezafibrate; POL
Polyethylene



	PharmaSea+Abschlussbericht+Universität+Heidelberg
	PharmaSea+Anlage+1
	PharmaSea+Anlage+2

