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Résumé

De nombreux médicaments sont consommés quotidiennement et sont ensuite évacués dans les eaux
usées. Cependant, les Stations de Traitement des Eaux Usées (STEU) ne sont pas congues pour éliminer
efficacement ces composés, qui sont alors rejetés dans I'environnement aquatique et représentent un
danger pour les écosystemes. Parmi ces polluants pharmaceutiques, certains sont tres fréquemment
retrouvés dans les eaux de surface: c’est notamment le cas du furosémide. C’est I'un des médicaments les
plus utilisés dans le monde. Considéré comme un médicament essentiel par I'Organisation Mondiale de la
Santé, c’est un puissant diurétique de l'anse largement prescrit pour traiter l'insuffisance cardiaque et
rénale ou I'hypertension. Fortement consommé, persistant et peu éliminé par les STEU, le furosémide
s’inscrit peu a peu comme un composé d'intérét émergent.

De plus, au cours de son transit vers I'environnement, le furosémide peut étre dégradé en plusieurs
sous-produits, qui sont encore trés mal caractérisés. La premiére partie de ce travail a pour but de
quantifier dans I'environnement deux d’entre eux, également connus comme métabolites humains : La
saluamine, connue depuis longtemps, et le pyridinium du furosémide, récemment découvert, possible
inducteur de maladies neurodégénératives sont en effet particulierement préoccupants. Une méthode de
chromatographie liquide couplée a de la spectrométrie de masse a été développée pour les quantifier.
Lanalyse de différents échantillons (EHPAD, STEU, riviére) a montré pour la premiére fois leur présence
dans le milieu aquatique. En parallele, l'efficacité de dégradation du furosémide par des procédés de
traitement avancé (UV/H,0,, Chloration, Ozonation) a été évaluée en plus de la formation de nouveaux
produits de dégradation. La chloration et I'ozonation se sont révélées tres efficaces pour éliminer le
furosémide mais produisent en revanche de la saluamine.

Le furosémide, la saluamine et le pyridinium, peuvent donc présenter un risque important pour les
organismes non cibles. La seconde partie de cette thése a donc pour objectif d’évaluer leur toxicité, a des
concentrations fortes et environnementales, sur des modeéles représentatifs d’un écosysteme aquatique
(poisson, daphnie, algue). Plusieurs bioessais ont été développés afin d’évaluer la toxicité aigué, la
modification des traits fonctionnels, le stress oxydant, ou encore leur impact sur le comportement. Nos
résultats montrent un effet, non seulement des produits de dégradation, mais également du furosémide
des les concentrations environnementales. De plus, une premiere approche sur les effets cocktails a été
menée sur les daphnies et montre un effet synergique de ces molécules.

La saluamine et le pyridinium étant des métabolites humains, la troisi€me partie de cette étude s'intéresse
donc a leur impact sur les cellules humaines de foie, de rein et de neuroblastome. Des tests de toxicité
aigué montrent également un effet plus important des sous-produits et du mélange par rapport au
furosémide. Des analyses protéomiques ont aussi été réalisées afin d’identifier certains mécanismes
d’action au travers de I'expression de protéines dérégulées.

Finalement, ces travaux soulignent I'importance de mieux caractériser les produits de dégradation lors de
|'évaluation du risque lié¢ a un micropolluant, car ils peuvent se révéler plus toxiques que leur molécule
parent. L'approche multi-modele est également pertinente du fait de la sensibilité différente des
organismes aux micropolluants. Ces résultats mettent en lumiére I'intérét d'étudier les effets cocktails, a ce
jour encore peu documentés dans les conditions environnementales. De nombreux composés
pharmaceutiques comme le furosémide peuvent avoir des effets délétéres sur I'écosysteme méme a des
concentrations trace. Il serait alors intéressant d'intégrer ces composés aux listes de polluants suivis qui ne
sont pour 'instant pas du tout pris en compte dans les réglementations.



Abstract

Many drugs are consumed daily and then discharged into wastewater. However, wastewater treatment
plants (WWTPs) are not designed to effectively eliminate these compounds, which are then released into
the aquatic environment, thus representing a hazard for ecosystems. Among these pharmaceutical
pollutants, some are very frequently found in surface water, as in the case of furosemide. It is one of the
most widely used drugs in the world. Considered as an essential drug by the World Health Organization, it
is a powerful loop diuretic widely prescribed to treat heart and kidney failure or hypertension. Highly
consumed, persistent and poorly eliminated by WWTPs, furosemide is increasingly becoming a compound
of emerging concern.

Moreover, during its transfer to the environment, furosemide can be degraded into several by-products,
which remain poorly characterized to date. The first part of this work aims to quantify two of them, also
known as human metabolites, in the environment: Saluamine, known for a long time, and the recently
discovered pyridinium of furosemide, possible inducer of neurodegenerative diseases, are indeed
particularly concerning. A liquid chromatography-mass spectrometry method has been developed to
quantify them. The analysis of different samples (EHPAD, STEU, river) showed for the first time their
presence in the aquatic environment. In parallel, the degradation efficiency of furosemide by advanced
treatment processes (UV/H,0,, chlorination, ozonation) has been evaluated in addition to the formation of
new degradation products. Chlorination and ozonation were found to be very effective in removing
furosemide but produce saluamine.

Furosemide, saluamine and pyridinium, may therefore present a significant risk to non-target organisms.
The second part of this thesis aims at evaluating their toxicity, at high and environmental concentrations,
on representative models of an aquatic ecosystem (fish, daphnia, algae). Several bioassays were developed
to evaluate acute toxicity, modification of functional traits, oxidative stress, or their impact on behavior.
Our results show an effect, not only of degradation products, but also of furosemide at environmental
concentrations. Moreover, a first approach on the cocktail effects was carried out on daphnids and shows a
synergistic effect of these molecules.

Saluamine and pyridinium being human metabolites, the third part of this study focuses on their impact
on human liver, kidney and neuroblastoma cells. Acute toxicity tests also showed a greater effect of the
by-products and the mixture compared to furosemide. Proteomic analyses were also performed to identify
certain mechanisms of action through the expression of deregulated proteins.

Finally, this work underlines the importance of better characterizing the degradation products during the
risk assessment of a micropollutant, because they can be more toxic than their parent molecule. The
multi-model approach is also relevant because of the different sensitivity of organisms to micropollutants.
These results highlight the interest of studying cocktail effects, which are still poorly documented under
environmental conditions. Many pharmaceutical compounds such as furosemide can have adverse effects
on the ecosystem even at trace concentrations. It would then be interesting to include these compounds
in the lists of monitored pollutants that are currently not taken into account at all in the regulations.
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Introduction générale

En Europe, une quantité croissante de nouvelles molécules chimiques est mise sur le marché chaque
année. En 2022, plus de 22 000 substances sont enregistrées par I'Agence Européenne des produits
chimiques (ECHA)®. Ces derniéres peuvent se retrouver dans les eaux usées en étant rejetées directement
par des industries ou transportées par les eaux de ruissellement des sols et des routes, qui peuvent étre
contaminées par des produits biocides ou des hydrocarbures (Paijens et al. 2019, Sandré et al. 2022). lls
peuvent également étre issus de |'utilisation quotidienne de médicaments et de produits cosmétiques qui
sont éliminés dans les eaux usées lorsqu'ils sont utilisés et métabolisés par I'organisme (Godoy et al. 2015,
Cizmas et al. 2015).

Les eaux usées, alors chargées de ces composés, sont conduites dans les Stations de Traitement des Eaux
Usées (STEU). Ces STEU, de superficie et de fonctionnement variable selon le volume d’eau a traiter, sont
équipées de différents systemes de traitement chimiques, physiques ou biologiques congus pour purifier
I'eau avant de la rejeter dans I'environnement (voir Chapitre Il). Ces procédés sont congus pour éliminer les
macrodéchets, retirer les graisses, décanter les boues et éliminer des polluants organiques comme l'azote.
Malheureusement, ces systémes ne permettent pas d’éliminer les micropolluants (polluants présents en
faible concentrations) tels que les produits cosmétiques, les biocides, les hormones et bien-sir, les
médicaments (Figure 1)(Chiffre et al. 2016, Cizmas et al. 2015).

Antibiotiques A

Composés pharmaceutiques
les plus retrouvés dans
I'environnement

i

Erythromycine, Ofloxacin.
Ciprofloxacin,
Sulfamethoxazole,
Amaxicilline, Oxacilling,

\T‘\\ Ampicilline, ... //

& L\~ — —
Régulateur de lipide Antidépresseurs P —— —
Bezafibrate, Acide Fluoxetine, Paroxetine, Anticonvulsants
Clofibrique, Gemfibrozil, Diazepam. Meprobamate. .. |
. Simvastatin, ... b E ,\p o Carbamazepine, Primidone,
‘[ i — - - K_Di[antm, Phénobarbital, =,
Antihypertenseurs P
NSAIDs
IMetoprolol, propranclol, Hormones
Aspirin, diclofénac, Atenolol, Enalapril,
|buprofen, Acetaminophen, Losartan, Furosémide, 17-b-Estradiol, Estriol,
\Undomethacin, Naproxen, .../ \_ Diltiazem, ... /| Estrone, Mestranol, ...

Figure 1. Les composés pharmaceutiques les plus fréquemment retrouvés dans I'environnement, adapté
de Cizmas et al. 2015.

La qualité des eaux rejetées dans le milieu s’en trouve donc fortement détériorée et la présence de ces
composés dans I'environnement déstabilise les écosystemes (Cizmas et al. 2015). Afin de pallier cette
dégradation progressive du milieu aquatique, un cadre réglementaire s’instaure progressivement autour

des masses d’eau.

! https://echa.europa.eu/fr/registration-statistics consulté le 27/12/2022



En France, depuis 1964, la gestion des masses d’eau est organisée en fonction des bassins versants
(surface géographique pour laquelle toutes les eaux sont drainées vers un cours d’eau principal et ses

affluents). Des agences de I'eau sont créées pour gérer ces 12 bassins (Figure 2).
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Figure 2. Les 12 bassins hydrographiques frangais. Schéma adapté de oieau.fr. (Bassin Adour-Garonne, Artois-Picardie,
Loire-Bretagne, Rhin-Meuse, Rhone-Méditerranée, Corse, Seine-Normandie, Guadeloupe (FRI), Guyane (FRK), Martinique (FRJ), La
Réunion (FRL), Mayotte(FRM)).

Depuis 1992, un Schéma Directeur dAménagement et de Gestion des Eaux (SDAGE) est déterminé pour
chacun de ces bassins hydrographiques pour cadrer les activités des différents usagers de I'eau (industriels,
agriculteurs, consommateurs)?. Enfin, en 2000, une Directive Cadre sur I'Eau (DCE)? est mise en place au
niveau Européen dont I'un des objectifs est d’obtenir un bon état des masses d’eau pour les 27 pays
membres de I'Union Européenne. La DCE impose a la fois un bon état écologique, défini par une bonne
santé des écosystemes et mesuré par des indicateurs biologiques, et un bon état chimique, déterminé en
fonction de valeurs seuils pour 41 substances : 8 substances dites dangereuses (annexe IX de la DCE) et 33

substances prioritaires (annexe X de la DCE), présentées dans le tableau 1.

La liste des substances prioritaires recense des métaux, des hydrocarbures et des biocides, choisis en

raison de leur toxicité, persistance, bioaccumulation, potentiel cancérigene, occurrence dans le milieu

2 https://www.ecologie.gouv.fr/gestion-leau-en-france
® Directive 2000/60/CE du Parlement européen et du Conseil du 23 octobre 2000



aquatique, production et usage. Ces polluants dits “historiques”, ont été largement étudiés et des
réglementations ont été mises en place pour limiter leur impact sur I'environnement. A l'inverse, de
nouveaux polluants récemment identifiés, dits “émergents” ou des des composés présents depuis
longtemps qui sont considérés comme préoccupant depuis peu, dits "d'intérét émergent”, ne sont pas
encore pris en compte dans ces réglementations. C’est notamment le cas des composés pharmaceutiques

qui sont de plus en plus reconnus comme un enjeu de santé publique et environnementale.

Tableau 1. Liste des substances prioritaires et dangereuses de la DCE.

Substances prioritaires figurant a I'annexe X de la DCE, Directive 2008/105/CE

Substances de la directive 76/464

1_Alac5‘|lore 14_Endosulfan 2?_Pe:|:acnloropﬂénol 1_DDT total
2lAnthracéne 15 | Fluoranthéne 28 Hydrocarbures Aromatigues Polycycliques (HAP) 2lAIdrine

3| Atrazine 16 | Hexachlorobenzéns Benzo-[al-pyréne 3 Dieldrine

4|Benzéne 17 | Hexachlorobutadiéne Benzo-[b]-fluoranthéne 4| Endrine

5_ Pentabromaodiphényléther (PBDE) 18_Hexacior0c\,.-clohexane Benzo-[k]-fluoranthéne 5 | Isodrine

6_ Cadmium et ses CoOmposés EQ_Isoproturon Benzo-[g,h,i]-peryléne G_Tétrachloru.’e de carbone
7|C10-13-chloroalcanes 20 | Plomb et ses composés |Indeno-[1,2 3-cd]-pyréne 7| Tétrachloroéthyléne

8_ Chlorfenvinphos 21 _I\'Iercure et ses Composas 29 _Ssmazzne & Trichloroéthyléne

]

Chlorpyrifos 22 Naphtaléne 30 | Composeés du tribultylétain

10/ 1,2-Dichloroéthane 23 Nickel et ses CoOmposés 31 _Tr:icnlorobenzénes (tous izoméres)
11IDichI0r0méthane 24 |Nonylphénols 32 Trichlorométhane
12IDitz-éthylhexyljphtalate (DEHP) 25 Octylphénols 33 | Trifluraline

13| Diuron | 26 Pentachlorobenzéne

Ces derniers ont pourtant un usage croissant et de nombreuses molécules actives sont commercialisées
chaque année. En France, pas moins de 3,1 milliards de boites de médicaments ont été consommeées
représentant plus de 2800 substances actives en 2013*. Cependant, la conception et la fabrication des
médicaments visent essentiellement la protection de la santé humaine (Marchand-Pilard 2021). Une
autorisation de mise sur le marché est obligatoire pour tous les médicaments, mentionnant I'identité, les
caractéristiques, la qualité, la sécurité et [lefficacitt du médicament accompagné d'études
pharmacologiques, pharmacocinétiques et toxicologiques respectives (Directive 2001/83/CE). Depuis
2005, une évaluation du Risque Environnementale (ERE) est également demandée (Directive 2004/27/CE),
basé sur les concentrations environnementales prédites (PEC) et les concentrations sans effets observées
(PNEC) pour I'environnement. Cependant, 'ERE n’a pas d’incidence sur l'autorisation du composé. Si un
risque est avéré a la suite de cette évaluation, l'entreprise doit seulement indiquer le risque
environnemental ainsi que les conditions de stockage et d’élimination recommandées (Directive
2001/83/CE). Cette mesure de prévention vise a sensibiliser les professionnels de santé mais n‘empéche

pas la commercialisation et donc, finalement, la présence de ces composés dans le milieu aquatique.

Le furosémide est un exemple édifiant de cette pollution (figure 3.a). Ce diurétique de I'anse de la famille
des sulfonamides, commercialisé depuis 1964 (Stokes and nunn 1964) est trés rapidement devenu un
médicament essentiel selon I'Organisation Mondiale de la Santé en raison de son efficacité, de sa sireté et
de son importance pour la santé publique. Il est donc largement consommé dans le monde et, de ce fait,
omniprésent dans le milieu aquatique. Il est fréquemment retrouvé dans les effluents de STEU, dans les
eaux de surface, mais aussi parfois dans les eaux souterraines. Cependant, malgré sa présence abondante,

peu de données existent concernant son impact sur le milieu. Quelques évidences de génotoxicité et

* Analyse des ventes de médicaments en France en 2013, Rapport de 'ANSM, juin 2014.



cytotoxicité ont été relevées chez le poisson zébre (Rocco et al. 2010), d’hépatotoxicité chez les rongeurs
(Peterson 2013) et une activité estrogénique sur un modele in vitro mais peu d’études se focalisent sur son
écotoxicité. De plus, le furosémide peut étre dégradé au cours de sa consommation par I'Homme
(métabolisation), son transit dans les réseaux d’eaux usées et dans les STEU (hydrolyse, biodégradation,
oxydations chimiques) et sa résidence dans les cours d’eau (photodégradation), formant ainsi plusieurs
produits de dégradation (Bindschedler et al. 1997, Andreasen et al. 1982, Laurencé et al. 2014, Gros et al.
2020, Zoumpouli et al. 2021, Starling et al. 2019).

Certains de ces sous-produits sont connus depuis quelques années. Le furfural (figure 3.d), par exemple,
est bien étudié du fait de son utilisation dans I'industrie chimique (solvant pour les colorants, inhibiteur de
corrosion, réactif pour la synthése de médicaments, ...)(Grosse et al. 2017). Des données sur sa toxicité
existent mais il semble représenter un risque moindre car il est rapidement biodégradé dans
I'environnement (Mandalika et al. 2014). La saluamine (figure 3.c) est en revanche plus stable. Bien que ce
produit de dégradation soit connu depuis les années 80, une seule étude, a notre connaissance, s'intéresse
a sa toxicité et montre un impact sur le foie et les reins chez le rat (Al-Omar et al. 2009). Enfin, découvert
en 2011, un nouveau composé nommé Pyridinium du furosémide (figure 3.b) est identifié (Laurencé et al.
2011). Une étude récente montre alors qu’il engendrerait des marqueurs précoces caractéristiques de

maladies neurodégénératives chez la souris (Laurencé et al. 2019).
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Figure 3. Structure du furosémide (a) et de ses produits de dégradation; le pyridinium du furosémide (b),

la saluamine (c) et le furfural (d).

Finalement, ces molécules sont assez mal caractérisées et bien qu’il existe quelques rares études sur leur
toxicité (a forte concentrations), leur écotoxicité n’a jamais été étudiée. Une premiere question se pose

alors:

Est-ce que le furosémide et ses produits de dégradation présentent un risque pour I’écosystéeme

aquatique, a des concentrations pertinentes dans I'environnement ?

L'objectif de cette thése est donc d’évaluer la potentielle écotoxicité du furosémide et de ses produits de
dégradation sur l'environnement, et dans une autre mesure leurs impacts toxiques possibles sur les

cellules humaines. Pour cela, ce travail de thése est séparé en quatre chapitres.



Chapitre . Pour aborder ce travail, ce premier chapitre dresse un état de l'art sur le furosémide. Au travers
d’'un article de revue, différents aspects du furosémide sont documentés ; sa consommation, son
occurrence dans différentes matrices, sa persistance, ses produits de dégradations connus ainsi que leur
toxicité. Lobjectif de ce chapitre est de bien identifier I'ampleur de la contamination au furosémide et de
mieux appréhender les informations manquantes a son sujet.

Revue - Pharmaceutical pollutants of emerging concern. Origin and fate of furosemide and its degradation

products in the aquatic environment, a review

Chapitre Il. Le seconde chapitre discute du devenir du furosémide et de ses produits de dégradation de
leur origine jusqu’au milieu aquatique. Dans une premiere partie, les concentrations dans différentes
matrices, l'efficacité des STEU et les concentrations trouvées au niveau d’institutions médicalisées
(EHPAD), sont détaillées dans un article de recherche accompagné d’une étude comparative de
traitements oxydatifs sur le furosémide.

Article - Occurrence and fate of an emerging drug pollutant and its by-products in wastewater: case study
of furosemide.

Dans une seconde partie, nous nous intéresserons plus particulierement a la contamination par le
furosémide du territoire francais. La consommation, les flux, ainsi que la présence du furosémide dans le
bassin versant Seine-Normandie seront estimés. La discussion portera également sur la présence du
furosémide dans 'urine, problématique pour la réutilisation des urines comme engrais. Lobjectif de ce
chapitre est de dresser un portrait “chimique” du furosémide et de mieux définir 'origine des produits de

dégradation ainsi que leurs concentrations environnementales.

Chapitre Illl. Ce chapitre porte sur I'évaluation écotoxicologique du furosémide et de ses produits de
dégradation. Cette partie vise a mieux caractériser la toxicité des produits de dégradation pour lesquels
peu d’informations sont disponibles. Un premiére partie porte sur le développement d’'une méthodologie
employée pour évaluer la toxicité du furosémide et ses produits de dégradation. Les approches basées sur
la toxicité aigué présentent de nombreuses limites lors de I'évaluation de risque dans I'environnement.
Une approche plus intégrative pour I'étude de ces composés et de leur mélange a été développée. A l'aide
d'approches multimodeéles, la toxicité et I'écotoxicité de ces composés sont évaluées dans un deuxieme
article de recherche.

Article - First approach for the ecotoxicological assessment of a ubiquitous pharmaceutical compound
(furosemide) and its transformation products.

Lobjectif de ce chapitre est d’estimer le risque que représentent les trois composés pour les organismes

aquatiques en utilisant des approches sensibles.

Chapitre IV. Le dernier chapitre aborde la problématique de I'impact des produits de dégradation sur les
cellules humaines. La saluamine et le pyridinium étant également des métabolites humains, dans cette
partie ont été réalisés des tests de toxicité aigué sur des lignées cellulaires humaines en culture (foie, rein,
neuroblastome) et des analyses protéomiques. Lobjectif de ce chapitre est de mieux comprendre le mode
d’action de ces métabolites, d’identifier les voies impliquées et certaines cibles biologiques au travers de

I'expression de protéines dérégulées.






Chapitre I.

Le furosémide, un polluant d'intérét émergent




Chapitre I.

Le furosémide, un polluant d'intérét émergent

l. Etat de I'art sur le furosémide

La pollution de I'eau par les micropolluants est un sujet d’actualité récurrent et alarmant. Ces molécules
sont camouflées tout autour de nous : des retardateurs de flammes dans nos peintures et textiles, des
parabénes dans nos produits cosmétiques, des biocides dans nos produits ménagers; etc. Elles se
retrouvent alors dans les eaux de ruissellement, les déchets ménagers et les eaux usées qui vont au final

se déverser dans les milieux récepteurs.

Les micropolluants sont issus, au moins en partie, de l'activité humaine et, bien qu’ils soient présents en
faible concentration, ils ont des conséquences déléteres sur la biosphere. Des plans d’action nationaux ont
alors été mis en place pour lutter contre cette pollution et préserver la qualité des eaux et la biodiversité.
Le plan national de lutte contre les micropolluants (2016-2021)° succéde aux plans nationaux de lutte
contre les polychlorobiphényles (PCB), le plan national sur les micropolluants, et le plan national sur les
résidus de médicaments. Ce nouveau plan a pour objectif de réduire les émissions de toutes les molécules

susceptibles de polluer les ressources en eau en accord avec les objectifs fixés par la DCE.

En revanche, les composés pharmaceutiques sont des micropolluants a part, il est tres difficile de réguler
leur émission “a la source” a cause de leur usage thérapeutique, indispensable pour la santé humaine.
Quelgues mesures ont été instaurées dans le cadre de l'ancien plan national sur les résidus de
médicaments, comme la mise en place d’un dispositif de récupération des déchets (industriels, officinaux
et grossistes) ou de campagnes de sensibilisation des professionnels de premiére ligne®. Ces dispositifs dits
de “gestion des risques” sont bien insuffisants compte tenu de I'ampleur de la contamination des résidus
pharmaceutiques. D’autres objectifs en matiere d’évaluation des risques ou de recherche fondamentale
ont été suivis (état des lieux de la contamination des eaux et des sols, développement d’outils, campagnes
de mesures). Cependant, ces molécules sont nombreuses, il est difficile d’appliquer un suivi sur chacune
d’entre elles. Il est alors nécessaire de prioriser les molécules d'intérét en fonction notamment de leur

toxicité, de leur persistance et de leur bioaccumulation.

Ce chapitre détaille le choix du furosémide comme molécule “modele” dans notre étude ainsi que les
raisons pour lesquelles il devrait étre considéré comme un composé d'intérét émergent. Une étude
bibliographique sur le furosémide a été réalisée et présentée dans un article de revue. Divers aspects sont
traités ; ses caractéristiques et son utilisation, sa consommation, son occurrence dans les eaux usées, eaux
de surface, eaux souterraines, boues de STEU, sédiments, et autres matrices, sa dégradation dans les
stations de traitement des eaux usées et au travers de différents processus de dégradation avancée, ses
produits de dégradations connus, sa toxicité ainsi que celle de ces produits de dégradation. Cette analyse

de la bibliographie recoupe plus de 300 références et vise a dresser un portrait global de la molécule.

® Plan micropolluants 2016-2021 pour préserver la qualité des eaux et la biodiversité
® Plan national sur les résidus de médicaments dans les eaux (PNRM) 2010-2015



Résumé de l'article : Pharmaceutical pollutants of emerging concern. Origin and fate of furosemide and

its degradation products in the aquatic environment, a review.

De nombreux composés pharmaceutiques se retrouvent dans l'environnement en raison de leur
élimination incompléte par les stations d'épuration des eaux usées (STEU). Certains composés sont parfois

présents en concentrations importantes et représentent donc un risque pour l'environnement aquatique.

Le furosémide est I'un des médicaments les plus utilisés dans le monde. Considéré comme un médicament
essentiel par |'Organisation Mondiale de la Santé, ce puissant diurétique de |'anse est largement utilisé
pour traiter I'hypertension, l'insuffisance cardiaque et rénale et de nombreuses autres applications.
Cependant, cette forte consommation entraine également une émission importante de furosémide dans
les eaux usées et dans le milieu récepteur ol des concentrations de quelques centaines de ng/L a plusieurs

milliers ont été trouvées dans la littérature, faisant du furosémide un composé trés préoccupant.

De plus, au cours de son parcours dans les systemes d'eaux usées et les STEU, le furosémide peut étre
dégradé par divers processus entrainant la production de plus de 40 sous-produits. Le furosémide peut
donc présenter un risque important pour la santé des écosystémes, non seulement en raison de ses effets
cytotoxiques, génotoxiques et hépatotoxiques directs chez les animaux, mais aussi indirectement par le

biais de ses produits de dégradation, qui sont mal caractérisés.

De nombreux articles classent le furosémide comme un polluant prioritaire en fonction de sa présence

dans I'environnement, de sa persistance, de son élimination par les STEU, de sa toxicité et de son

écotoxicité. Nous présentons ici une revue de I'état de l'art de ce polluant d'intérét émergent, en le
suivant, de sa consommation a son devenir dans I'environnement aquatique. Les points de discussion
incluent la présence du furosémide dans diverses matrices, |'efficacité de nombreux processus de
dégradation du furosémide, la production ultérieure de produits de dégradation suite a ces traitements,

ainsi que leur toxicité.
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Abstract

Many pharmaceutical compounds end up in the environment due to incomplete removal by wastewater
treatment plants (WWTPs). Some compounds are sometimes present in significant concentrations and
therefore represent a risk to the aquatic environment. Furosemide is one of the most widely used drugs in the
world. Considered as an essential drug by the World Health Organization, this powerful loop diuretic is used
extensively to treat hypertension, heart and kidney failure and many other purposes. However, this important
consumption also results in a significant release of furosemide in wastewater and in the receiving environment
where concentrations of a few hundred ng/L to several thousand have been found in the literature, making
furosemide a compound of great concern. Also, during its transport in wastewater systems and WWTPs,
furosemide can be degraded by various processes resulting in the production of more than 40 by-products.
Furosemide may therefore present a significant risk to ecosystem health due not only to its direct cytotoxic,
genotoxic and hepatotoxic effects in animals, but also indirectly through its transformation products, which are
poorly characterized. Many articles classify furosemide as a priority pollutant according to its occurrence in the
environment, its persistence, its elimination by WWTPs, its toxicity and ecotoxicity. Here, we present a
state-of-the-art review of this emerging pollutant of interest, tracking it, from its consumption to its fate in the
aquatic environment. Discussion points include the occurrence of furosemide in various matrices, the
efficiency of many processes for the degradation of furosemide, the subsequent production of degradation

products following these treatments, as well as their toxicity.
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Introduction

The presence of pharmaceutical compounds in water has been investigated since the 1970s (Hignite & Azarnoff
1977; Aherne & Briggs 1989; Ternes 1998; Stumpf et al. 1999). Since the discovery of clofibric acid, a drug
metabolite, in wastewater treatment plants (WWTPs) (Stan et al. 1994), the presence of pharmaceutical
residues in the aquatic environment has become a significant issue in the field of environmental sciences and is
becoming increasingly important due to the growing consumption of drugs worldwide (Corvaisier 2000). These
substances cover a very wide range of human and veterinary uses, therefore, there are hundreds of active
substances that can be found in different environments (Halling-Sgrensen et al. 1997; Heberer 2002;
Kiimmerer 2001; Godoy et al. 2015). Pharmaceutical compounds are created to be biologically active, although
they were created for human or domestic animals, their action also extend to non-targeted populations which
is why their occurrence and their persistence in the environment poses a risk to organisms and ecosystems
(Richardson & Bowron 1985; Aherne et al. 1990; Kimmer 2001; Isidori et al. 2005).

Pharmaceutical residues may be released into the aquatic environment after their use due to inadequate
removal by WWTPs (Boxall et al. 2014) but also during their manufacture by pharmaceutical companies
(Kleywegt et al. 2015; Wolf et al. 2012). Moreover, despite some guidelines such as controls on the marketing
of pharmaceutical products by institutions as the European CHemical Agency (ECHA) or the U.S. Food and Drug
Administration, there are no global regulations limiting their concentrations in effluents (Kuster & Adler 2014).
There is no monitoring of the life cycle of these molecules and the presence of degradation products is not
taken into account either. Some of those molecules, sometimes hardly metabolized by humans and excreted in

unchanged form, are introduced into the environment through wastewater systems (Verlicchi 2016; Daughton



& Ruhoy 2009). Part of these compounds is degraded and is therefore not (or barely) found in the
environment, but their degradation products can be identified there and their effects on ecosystems are very
poorly documented (Grandcoin et al. 2017, Maculewicz et al. 2022). These compounds are sometimes more
toxic than their parent molecules (Swiacka et al. 2020). Related chemical structures and physicochemical
properties of the original molecules, raises many concerns about their adverse environmental and human
health impacts. Given the hundreds of thousands of anthropogenic substances and their degradation products,
including those generated during the elimination processes in WWTPs (Corvaisier, 2000), it is clear that the
research and the analysis of these compounds are extremely complex and require powerful methods of
detection and identification, such as non-targeted screening techniques. These methods allow the detection of
a large number of compounds which are for the most part unknown. Studying all these compounds seems to
be an overly large task, therefore, there is a need to prioritize them. Some well-known medicines are
frequently found in prioritization lists such as Ibuprofen, Diclofenac or Paracetamol (Zuccato 2004; Riva et al.
2015). Of all these frequently occurring pollutants, furosemide, which is considerably less documented in

aquatic media, will be the subject of this review.
Furosemide (4-chloro-N-furfuryl-5-sulphamoylanthranillic acid), has been marketed since 1964 (Stokes and
Nunn 1964) under several brand names, of which the most common are Lasilix, Lasix, Frusemide, Edemid and

Furix (DrugBank DBO0695). Its physico-chemical properties are presented in Table 1.

Table 1. Informations and physico-chemical properties of furosemide

Property Value Reference

n° CAS 54-31-9 PubChem

n® ECHA 100.000.185 PubChem

ATC code CO3CA01 PubChem
Molecular Weight (g/mol) 330,744 PubChem
Formula C;,H4;CIN,OSS PubChem

Water solubility 25°C (mg/L) 0.25 Beyer et al. 2000
Water solubility 30°C (mg/L) 73.1 Yalkowsky et al. 2010
Log Kow 2.03 PubChem
Melting point (°C) 206 O'Neil, 2013

Pka 1 (Carboxyl) 3.8 PubChem

Pka 2 7.5 PubChem
Hydrogen bond acceptors 7 PubChem
Hydrogen bond donors 3 PubChem

This drug is a powerful diuretic derived from sulphonamides, acting on the kidneys by inhibiting the
reabsorption of electrolytes to ultimately increase water loss from the body (DrugBank DB00695, RXLIST,
HumanMetabolomeDataBase, Abbott & Kovacic 2018). Considered as cardiovascular agent or antihypertensive
agent (Li et al, 2019; Bjorklund et al. 2016) furosemide is used in humans in cases of cardiac, hepatic or renal
insufficiency, high blood pressure and oedema (Abbott & Kovacic 2008; ESSEC Report, 2012; Rodriguez-Cillero
et al. 2017; Van Kraaij et al. 1997; Cheng & Nayar 2009) and it is also used in children, for diuretic and
anti-inflammatory properties (Prandota 2001). It has anti-epileptic (Haglund & Hochman 2005) and antioxidant



(Lahet et al. 2003) properties but is not used primarily for this purpose. In addition, it is used in the veterinary
field to limit the consequences of volume overload in renal and cardiac diseases in dogs, horses and ponies
(Hinchcliff & Muir 1991; Chetboul et al. 2017; abbott & Kovacic 2008). Furosemide has also been reported in
diverted uses, for example it has been found undeclared in food supplements for weight loss (Ilvaova & Ivanov
2019) and also used in sport to help athletes lose weight quickly. It is also used to mask doping products
diluting drug concentrations by increasing the volume of water in the urine but also by lowering the pH, thus
modifying the excretion of other doping agents making them less detectable (Espinosa Bosch et al., 2008; Luiz
et al. 2013; Cadwallader et al. 2010; Ventura & Segura 1996, Hinchcliff & Muir 1991). It is classified, as well as
other diuretics, as a masking agent on the WADA Prohibited List (2009). Furosemide is the 2nd most frequently
detected diuretic in drug screenings (23%) (Cadwallader et al. 2010). It could be used to mix recreational drugs
such as MDMA to counteract the secretion of antidiuretic hormones (Schroder et al. 2010). Furosemide has
many applications and is widely distributed across the world. Therefore, it quickly became a pollutant of
interest in many countries such as Spain, France, Italy, India, Switzerland, Denmark, Greece, USA, or China
(Chinnaiyan et al. 2018; Li et al. 2019; Zuccato 2004; US RX list; Besse et al. 2008; Kostich et al. 2014;
Christensen et al. 2009). Therefore, many studies classify it as a priority pollutant based on several parameters

(Figure 1).

Figure 1. Criteria based on which furosemide is considered a priority pollutant
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The most common criteria are production or consumption sales data. These are easily accessible data which
provide direct information on the extent of use of the compound. This information can be used to assess
Predicted Environmental Concentrations (PEC). The persistence or stability of the compound is also frequently
mentioned. Indeed, a stable compound will not be degraded in the wastewater treatment plants or in the

environment and will therefore tend to accumulate in the receiving environment and then determine its



occurrence. Furosemide is effectively found in many countries and a large number of studies around Europe,
Asia or North America in WWTPs effluents, surface water and even in sludge or sediments (see the “occurence
in the environment” section). This ubiquity of furosemide leads many researchers to question its toxicity and
its ecotoxicity, which is the second most cited priority criterion. In order to assess the toxicity of furosemide,
several studies use tools or indicators combining several parameters. Methods such as the Occurrence,
Persistence, Bioaccumulation, Toxicity (OPBT) approach, based on several relevant indicators for the evaluation
of the environmental impact, allows to prioritize the molecules (Daouk et al. 2015). The Measured or Predicted
Environmental Concentration/Predicted no Effect Concentration (MEC/PNEC or PEC/PNEC) ratio is the most
commonly used in ecotoxicology to determine a risk because it is based both on the concentration of a
pollutant in the environment and also the sensitivity of the species studied (Chinnaiyan et al. 2018; Roos et al.
2012, Besse et al. 2008). The EC5/MC95 (EC5 % 5th percentile effect concentration; MC95 % 95th percentile

measured concentration) (Christensen et al. 2009), is a probabilistic approach quite similar to PEC/PNEC ratio.

Finally, there are many reasons to monitor the environmental fate of furosemide. Many pharmacological
studies have been carried out on this compound (Abbot & Kovacic 2008, Huang et al. 2016, Ahmed 2020), but
quite few on its presence, degradation and impact on the environment. Here, we present a state-of-the-art
review of this emerging pollutant of interest, tracking it, from its consumption to its fate in the aquatic

environment.

Consumption of furosemide

Diuretic compounds are commonly used to treat cardiovascular problems which are one of the main causes of
hospitalization in the world (Roger et al. 2011). More than 80% of patients receive a loop diuretic for heart
failure but it is also used for oedema disorders or high blood pressure (Buttard, 2016). The incidence of heart
failure is growing (Savarese & Lund 2017) and makes diuretics a highly represented class of drugs in many

countries (Table 2).

Table 2. Diuretic consumption by country in Defined daily dosage per 1 000 inhabitants per day (DDD) in 2017.

United Nether- Czech Slovak
Denmark Germany Sweden Iceland Portugal Finland Kingdom lands Republic Canada Spain Republic Hungary ltaly
83,2 69,6 61,9 54 51,8 51,7 50,3 48,9 48,1 441 43,3 429 40,6 38,7
Luxem-
Belgium  Chile Slovenia Norway bourg Greece Australia Estonia Lithuania Austria  Latvia Israel Korea  Turkey
38,6 35,7 35,2 32 31,3 28,3 25,1 24,7 22,6 19,1 185 18,4 18,3 8,1

Consumption in Defined daily dosage of the ATC class C03, named "Diuretics" by the WHO. Data from OCDE. Stats 2017.

In some countries, a significant portion of the population consumes diuretics (Arrubla et al. 2016). Diuretics are
extensively used in elderly people and some studies even mention their overuse (Rodriguez-Cillero et al. 2017,
Van Kraaij et al. 1997). In France, Buttard (2016) mentions that more than one third of people over 75 years of

age are administered diuretics and 70% of the prescriptions are considered inappropriate by this author.

The class of diuretics (CO3) is separated into several categories defined by the World Health Organization

(WHO). Categories CO3A and C03B are the low-ceiling diuretics regrouping thiazides, plain or in combination



with potassium-sparing agents such as Hydrochlorothiazide (Petrovic & Verlicchi 2014, Treadgold et al. 2012,
Schuster et al. 2008, Cheng & Nayar 2009). The C03C category includes the high-ceiling diuretics also known as
loop diuretics such as furosemide, torsemide, bumetanide, piretanide, ethacrynic acid and tienilic acid. The
C03D category is for aldosterone antagonists and other potassium-sparing agents and the CO3E category is for
diuretics and potassium-sparing agents in combination. The most commonly prescribed categories for
hypertension are thiazide diuretics and loop diuretics (3A, B and C) (Rimoy et al. 2009, Shalavadi et al. 2018)
whereas loop diuretics (CO3C) prevail over the other categories for the treatment of cardiac congestion
(Boulestreau et al. 2018; Buttard 2016; Cheng & Nayar 2009).

Furosemide is then one of the most widely prescribed diuretics (Murray & Hall 1997; ANSM 2013; Ahmed
2020; Thapa & Singh 2019; Osunmakinde et al. 2013; ClinCalc DrugStats Database 2018; Papageorgiou et al.
2016) and it is also used in the formulation of several products such as co-amilofruse or co-amilozide
(Treadgold et al. 2012) even if it is not necessarily the best choice over bumetanide and torsemide based on
price, bioavailability and hospitalization rates of patients treated (\Wargo & Banta 2009; DiNicolantonio 2012).
Wargo & Banta (2009) hypothesized that furosemide is the most widely used because it was the first loop
diuretic approved by the U.S. Food and Drug Administration in 1966. It was also considered to be the least toxic
for humans (Prandota & Witkowska 1976) which is probably why it was the most prescribed diuretic in the late
1990s (Murray & Hall 1997). Since 1977, it is considered as an essential medicine by the World Health
Organization based on its efficiency, safety and public health importance, which means that it must be
available at all times in health systems. The mass of furosemide prescribed or consumed after the 2000s is

noteworthy in many European countries (table 3).

Table 3. Sale, prescription or consumption of furosemide in kg per year in several European countries.

Country Vear Population Mass sold Mass prescribed Mass consumed Mass per inhabitant
(kg) (ke) (ke) (mg)
Poland 2013 38 040 000 6 604 ° - - 173.6
Poland 2014 38 010 000 6915° - - 181.9
Hungary 2014 - 2018* 9 817 400* 1013° - - 110.3
Denmark 2000 5349217 3812 712.6
Sweden 2002 8925 000 6960 ¢ - - 526.9
Sweden 2011 9449 000 - 4979¢ - 779.8
Germany 1999 82 100 000 - 25334°¢ - 308.6
Germany 2000 82 210 000 - 26 098 © - 317.5
United-Kingdom (Wales) 2006 2 977 000 - 1298f - 436.0
Italy 2001 56 970 000 - 6 400 © - 112.3
Italy 2010 59 280 000 - - 18 606 " 313.9
Italy 2013 60 230 000 - - 20000 332.1
United-Kingdom 2009 62 280 000 - - 208721 335.1
France 2014 66 310 000 - - 21288 321.0

*Average sales and average population between 2014 and 2018 ? Giebuttowicz et al. 2016, ® Krakko et al. 2019, © Carlsson et al. 2006, ¢
Lindim et al. 2016, ¢ Huschek et al. 2004, " Kasprzyk-Hordern et al. 2008b, & Calamari et al. 2003, " Al Aukidy et al. 2012, ' Riva et al. 2015,
I Boxall et al. 2014, * Chiffre et al. 2016, " Kjglholt et al. 2003. Data for population size comes from Eurostats.eu. Mass per inhabitant is
the mass sold, prescribed or consumed divided by the population.



According to table 3, furosemide prescription contributes 1 to 26 tons per year in European countries and
corresponds to a few hundred mg per inhabitant. In Germany and Poland, data from two consecutive years
show an increase in furosemide prescriptions year over year and an increase is also observed for consumption
in Italy between 2010 and 2013. The consumption per inhabitant does not reflect the proportion of the
population that actually consumes furosemide. As furosemide is used for cardiovascular diseases and
especially by elderly people, the growing consumption of furosemide is likely linked to the aging of the
German, Polish and Italian populations (Vancea & Sole-Casals 2016) as it is the case for other drugs such as
antidepressants (Fratiglioni et al. 1999). Indeed, studies focusing on hospitals, households or care homes have
shown that furosemide is among the 20 most consumed drugs in terms of mass in the United-Kingdom and
that care homes contribute 67.5% of total mass (Treadgold 2012). In France, a significant consumption of
furosemide (595 to 1779 mg/day) has been noted in several nursing homes for elderly people (Lacorte et al.
2017). However, the estimated concentrations in the environment given by these authors were relatively low,
which was attributed to the fact that part of the furosemide was absorbed in the disposable diapers of the
incontinent patients in the establishments studied. In addition, Schuster et al. (2007) showed that consumption
of furosemide in Germany is much higher by the general public than in hospitals mostly because patients

purchase their medication at the pharmacy and consume it in their private residence.

Thus, in the general context of a growing consumption of medicines, both in high income and emerging
countries, and population aging, the use of diuretics and in particular furosemide, is set to follow this trend and
to increase over time. The high concentrations observed in the sewers and wastewater networks can be linked
to the important consumption of furosemide in residential care homes, hospitals and mostly by the general

public.

Occurrence in the environment

Furosemide has been detected and quantified on many occasions in the aquatic environment; very widely and
often at high concentrations in wastewater (influents and urban effluents from WWTPs, hospitals, industries...),
in surface waters (rivers, lakes, seas, oceans, estuaries, and deltas) at concentrations ranging from the ng/L
level to a few hundred of ng/L and sometimes in groundwater and drinking water (wells, catchments, tap
water). Most studies focus on water phase concentrations, however, considering its physico-chemical
characteristics (e.g., organic carbon/water partition coefficient (Log Koc = 24.92), octanol/water partition
coefficient (Log Kow= 2,03)), it is also found in suspended matter, WWTP sludge and sediments. These matrices
are often not considered, therefore furosemide concentrations may be underestimated. It is also investigated
in other matrices such as food in order to estimate the sanitary risk in the case of treated wastewater reuse for

crop irrigation.

1. Occurrence in medicalised institutions wastewaters
Medicalized institutions gather a larger number of patients, then, high concentrations of furosemide are
expected in their effluents. For example, according to Ort et al. 2010, hospital discharges account for 5.9% of
furosemide in total wastewater discharges but are more spatially condensed. Depending on the users of the
different institutions (veterinary or human hospital, maternity, oncological institution...), significant
concentrations of furosemide can be found directly at the outlet and even after treatment by the wastewater

treatment plants (Figure 2).
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Figure 2. Furosemide concentration in WWTP effluents and influents (pg/L) of various types of medical

institutions. Boxplot is plotted using R software with the ggplot2 function. Each x represents a value of furosemide in medical
institutions. The yellow boxplot shows the concentration in the raw water, the purple boxplot shows the concentration in the
wastewater after treatment. Afsa et al. 2020; Ajo et al. 2018; Fernandez 2018; Gillard et al. 2014; Gomez-Canela et al. 2019; Huber et al.
2016; Kleywegt et al. 2016; Kovalova et al. 2012; Lee et al. 2014; Mackulak et al. 2019; Mir-Tutusaus et al. 2017; Nagarnaik et al. 2010;
Nelson et al. 2011; Nielsen et al. 2013; Oliveira et al. 2015; Santos et al. 2013; Thomas & Langford 2009; Verlicchi et al. 2012a; Wahlberg
et al. 2011; Yilmaz et al. 2017.

Studies on raw water from medical institutions are less common than on treated wastewater. Overall, the
concentrations found in raw water are slightly higher than their equivalent in treated water except for
veterinary hospitals. Furosemide concentrations are around a few hundred ng/L in both sample types, which is
relatively low but can be explained by a less important use of furosemide in veterinary medicine. The median
concentrations in general hospitals influent (7818 ng/L) are a little higher than in the effluents (6295 ng/L)
which seems coherent because the effluents are treated. The same applies to university hospitals; median
concentration in inlet waters are 4600 ng/L and median concentrations in outlet are 3450 ng/L but mean
concentrations are much higher due to very high values of 196 000 and 392 000 ng/L found in a Norwegian
hospital effluent (Thomas & Langford 2009). There is a visible difference between general hospitals and
university hospitals. In nursing homes, the median concentration is around 3.2 pg/L and the values found by
the different authors are quite close. Two relatively high concentrations were found in a maternity hospital and
a pediatric hospital (Santos et al. 2013) which confirms that the use of furosemide in children is also important.
Indeed, Prandota (2001) reports its use in premature infants with chronic lung disease, children with nephrotic
syndrome, acute or chronic renal failure, congestive heart failure, progressive hydrocephalus. Finally the
median concentration of health facilities for human patients is 3915 ng/L. Gillard et al. (2014) found a close
value (3207 ng/L) for eight institutions in Belgium (hospitals, neuro-psychiatric units or rest homes). The
authors also found important furosemide concentrations up to 57900 ng/L and hypothesized that these
concentrations may be related to its heavy use in psychiatric units to counteract the side effects of several
psychotropic drugs which have a known anti-diuretic activity (Spigset & Hedenmalm 1995). While healthcare
facilities constitute a major source of high furosemide contamination locally, discharges from individual

patients' homes may be less concentrated, but probably more prevalent.



2. Occurrence in global wastewater treatment plants
The largest number of studies found on the presence of furosemide focus on WWTPs and most of them are

conducted in Europe. The highest concentrations of furosemide are found in wastewater influents (Figure 3).
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Figure 3. Furosemide median concentration in municipal, urban, industrial, agricultural or unspecified WWTP

influents (ng/L). The figure has been produced by Excel Map. The red gradient on the map represents the range of median
concentrations, which also appear under the name of each country. The number of studies per country is indicated in parentheses.
Czech Republic: Rozman et al. 2017; Chen et al. 2016; Vymazal et al. 2016; Denmark: Huber et al. 2016; Jacobsen et al. 2004; Mogensen
et al. 2008; Kjglholt et al. 2003; Erance: Sandre et al. 2023; Norway: Mgskeland et al. 2006; Germany: Schréder et al. 2010; Greece:
Papageorgiou et al. 2019; Dasenaki & Thomaidis 2015; Papageorgiou et al. 2019; Papageorgiou et al. 2016; Jceland: Huber et al. 2016;
lreland: Lacey 2008; Lacey et al. 2012; Lacey et al. 2008; [taly: Verlicchi et al. 2013; Verlicchi et al. 2012a; Castiglioni et al. 2018; Feo et
al. 2020; Netherlands: Jie 2012; Poland: Kot-Wasik et al. 2016; Portugal: Sousa et al. 2011; Santos et al. 2013; Salgado et al. 2010; Spain:
lbanez et al. 2013; Gros et al. 2012; Gros et al. 2009; Rosal et al. 2010; Ginebreda et al. 2011; Fernandez 2018; Perez et al. 2010;
Fernandez 2010; Collado et al. 2014; Teijon et al. 2010; Urtiaga et al. 2013; Celi¢ et al. 2019; Klamerth et al. 2013; Sweden: Gros et al.
2016; Kim 2018; Falas et al. 2012; Stockholm Vatten 2010; Baresel et al. 2019; Wahlberg et al. 2011; Switzerland: Lee et al. 2014;

United-Kingdom: Kasprzyk-Hordern et al. 2009.

In Europe, the median concentration of furosemide is around 2600 ng/L in WWTP influent with a range of
variation between 300 ng/L for Denmark to 13000 ng/L for the Czech Republic. The average concentration of
furosemide is around 4 300 ng/L and average concentrations for all these countries are quite close to the
medians, which shows that there are not too many extreme concentrations except in the Czech Republic,
where Rozman et al. (2017) found a maximum concentration reaching 71 500 ng/L in the municipality of
OnSov. This result is puzzling given the very low number of inhabitants (230 in 2022), and average age of the
population (45.6 years). In this village, furosemide was the pollutant with the highest concentration, ahead of

the other commonly-found compounds paracetamol, caffeine and ibuprofen. A much greater number of



studies on furosemide is carried out in Spain than other european countries, but the concentrations are below
the averages and medians. Compared with the furosemide consumption data shown in table 2, interestingly, a
high concentration of furosemide in the raw water is not necessarily linked to a high consumption, as it is the

case for Sweden, for example, but this could be biased by the low number of consumption data.

Outside Europe, a few studies have quantified furosemide in wastewater treatment plant inlets. In North
America, concentrations of 1830 ng/L in Canada (Kleywegt et al. 2016), median concentrations of 3565 ng/L in
the United States (Lara-Martin et al. 2014; Oliveira et al. 2015) and 436 ng/L in Mexico (Lesser et al. 2018;
Estrada-Arriaga et al. 2016) have been quantified, thus in the same orders of magnitude as in Europe. In Asia
and Africa, the concentrations of furosemide are globally lower than in Europe, with 170 ng/L, 330 ng/L in
Vietnam and Korea respectively (Kuroda et al. 2015; Lee 2014) and 200 ng/L in Tunisia (Afsa et al. 2019).
However, due to the small amount of data available, it is difficult to conclude on furosemide contamination in

these locations.

Globally, several hundred to several thousand nanograms per liter of furosemide were found in untreated
wastewater. It has also been found in landfill leaching ponds up to 3840 ng/L (Rodriguez-Navas et al. 2013) and
fitness center discharges up to 102 ng/L (Schroder et al. 2010). Fortunately, wastewater treatment processes
are sometimes effective in removing furosemide, so it is expected to find lower concentrations after treatment.
Although its concentration is reduced, furosemide has been found across Europe in municipal, urban, industrial

and agricultural treated wastewater effluents (Figure 4).

Many more studies have been carried out on wastewater treatment plant outlets than on inlets. These studies
allow the evaluation of the treatment efficiency but also the quantification of pollutants transfer/discharge
from WWTPs to the environment. In WWTP outlets, the median concentration in Europe is around 940 ng/L
and the average concentration is 1 260 ng/L. The range of variation of the medians is from 44 ng/L in Slovakia
(Alygizakis et al. 2019) to 2 900 ng/L in Denmark (Huber et al. 2016; Jacobsen et al. 2004; Matamoros et al.
2009; UNESCO, 2017). Several concentrations far above 1000 ng/L were found in Denmark (4500 ng/L in
Jacobsen et al. (2004); 7200 ng/L in Matamoros et al. (2009); 1300 ng/L in UNESCO (2017)) and the highest
average concentration reported is in the Czech Republic with 4130 ng/L due to two very high concentrations in
Rozman et al. (2017) and Vymazal et al. (2016) (11000 and 26000 ng/L). The Czech Republic is the country in

which the highest concentrations of furosemide are found both before and after WWTPs.

In North America, a value of 80 ng/L was found by Estrada-Arriaga et al. (2016) in Mexico and a median value
of 640 ng/L has been obtained (Batt et al. 2008; Lara-Martin et al. 2014; Oliveira et al. 2015; Meador et al.
2016) in U.S.A. In Asia, median concentrations of furosemide of 562, 497 and 3601 ng/L have been found in
Japan (Hanamoto et al. 2018; Nakada et al. 2007), Malaysia (Al-Odaini et al. 2010; Al-Odaini et al. 2013) and
Korea (Lee 2014; Kim 2018), respectively. This last value is surprisingly high compared to those usually found in
treated water. Finally, in Africa, concentrations of 67 ng/L and 1300 ng/L have been found in Tunisia (Afsa et al.
2019) and Uganda (Dalahmeh et al. 2019). In these cases, there are less data available than in European
countries, even concerning WWTP outputs to our knowledge, no data at all have been published from South
America or Oceania to date. In five of the countries mentioned above, the medium concentrations of

furosemide were higher at the outlet of the WWTP than at the inlet (Canada, Denmark, Ireland, Korea, and



Sweden). Keeping in mind that the small number of samples available may not allow to draw firm conclusions,
this difference might be due to the fact that inlet/outlet samples were not necessarily paired and outlet data
outnumbered those from inlet. Inlet data of samples with higher concentrations may have been missed, as

temporal variations are frequently observed (cf below §6).
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Figure 4. Furosemide median concentration in municipal, urban, industrial, agricultural or unspecified WWTP

effluents (ng/L). The figure has been produced by Excel Map. The blue gradient on the map represents the median concentrations. The
number of studies per country is indicated in parentheses. Greece: Papageorgiou et al. 2019; Dasenaki & Thomaidis 2015; Papageorgiou et
al. 2016; Finckh et al. 2022; Hungary: Alygizakis et al. 2019; Finckh et al. 2022; Jceland: Huber et al. 2016; |reland: Lacey 2008; Lacey et al.
2012; Italy: Al Aukidy et al. 2012;Verlicchi et al. 2013; Riva et al. 2014; Castiglioni et al. 2018; Verlicchi et al. 2012; Zuccato et al. 2005;
Netherland: Finckh et al. 2022; Jie 2012; Norway: Mgskeland et al. 2006; Poland: Kot-Wasik et al. 2016; Giebuttowicz et al. 2016; Portugal:
Sousa et al. 2012; Salgado et al. 2011; Santos et al. 2013; Sousa et al. 2011; Romania: Petre et al. 2016; Burcea et al. 2021; Alygizakis et al.
2019; Finckh et al. 2022; Serbia: Petrovic et al. 2014; Alygizakis et al. 2019; Finckh et al. 2022; Slovakia: Alygizakis et al. 2019; Slovenia:
Alygizakis et al. 2019; Finckh et al. 2022; Spain: Ibanez et al. 2013; Prieto-Rodriguez et al. 2012; Fernandez 2018; Campos-Manas et al. 2017;
Valcarcel et al. 2011; Rodriguez-Navas et al. 2013; Collado et al. 2014; Prieto-Rodriguez et al. 2013; Diaz-Garduno et al. 2017; Gomez et al.
2008; Gros et al. 2009; Rosal et al. 2010; Ginebreda et al. 2011; Jelic et al. 2011; Gracia-Lor et al. 2012; Bueno et al. 2012; Perez et al. 2010;
Lopez-Serna et al. 2010; Teijon et al. 2010; Acuia et al. 2015; Celi¢ et al. 2019; Bueno et al. 2012; Collado et al. 2014; Biel-Maeso et al.
2018; Campos-Manas et al. 2017; Gros et al. 2012; Urtiaga et al. 2013; Martinez-Bueno et al. 2007; Lopez-Serna et al. 2012; Finckh et al.
2022; Sweden: Gros et al. 2016; Kim 2018; Falas et al. 2012; Wahlberg et al. 2011; Gros et al. 2016; Finckh et al. 2022; Switzerland: Finckh et
al. 2022; Denmark: Huber et al. 2016; Jacobsen et al. 2004; Matamoros et al. 2009; Mogensen et al. 2008; Kjglholt et al. 2003;
United-Kingdom: Kasprzyk-Hordern et al. 2009.

The highest concentrations of furosemide in the aquatic environment were found by Kleywegt et al. (2019) in
effluents from a pharmaceutical facility in Canada (1 200 000 ng/L), quite close to the concentrations found in
Denmark by UNESCO (2017) in WWTP effluents (1300000 ng/L), thus suggesting the proximity of a

pharmaceutical facility to the sampling point. Indeed, the river downstream of the pharmaceutical facility in



Canada shows very significant furosemide concentrations (3650 ng/L), underlining that this type of factories

contributes significantly to the contamination of the rivers, raising serious environmental concerns.

Finally, the median concentrations at the outlets of WWTPs are almost three times less concentrated than the
concentrations at the inlet of WWTPs, which highlights that there is a substantial overall reduction of furosemide
in the aqueous phase by the treatment plants. However, another possibility would be that part of it could be
transferred to solid phases such as sewage treatment plant sludge (figure 5). For instance, Petrovic & Verlicchi
(2014) have shown that 2% of the furosemide present in the wastewater is transferred to the sludge, thus making

it likely to find significant contents in the sludge of furosemide-loaded waters, as observed in WWTPs.
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Figure 5. Furosemide contents in river sediments and WWTP sludge (ng/g dw). Boxplot is plotted using R software with
the ggplot2 function. Each x represents a value of furosemide inThe cyan boxplots represent furosemide concentrations in untreated sludge
(no digestion or biological treatments). The magenta boxplot represents the concentrations in the sludge after treatment and the yellow
boxplot represents the concentrations in the sediment. Bjorklund et al. 2016; Ferrari et al. 2011; Ferreira Da Silva et al. 2011; Huber et al.
2016; Sadutto et al. 2021; Ginebreda et al. 2011; Gros et al. 2019; Jelic et al. 2009; Narumiya et al. 2013; Riva et al.2021;
Rodriguez-Rodriguez 2012; Salgado et al. 2010; Wahlberg et al. 2011. Concentrations are given in ng/g of dry content except for Ferrari et
al. 2011 which is expressed as ng/g of wet content.

According to figure 5, the median furosemide content in raw sludge is 80 ng/g.dw and the median content of
furosemide in the treated sludge is 28.0 ng/g.dw. In treated sludge, furosemide is 3 times less concentrated than
in raw sludge, meaning that the different sludge treatments might be relatively efficient for the removal of
furosemide. In comparison, Riva et al. (2021) found concentrations around 11.9 ng/g.dw for atenolol and 21.7
ng/g.dw for carbamazepine in treated sludge, which are a little lower. Hydrochlorothiazide on the other hand,
another diuretic, was found in slightly higher content (36.7 ng/g.dw). Different parameters can influence the
affinity of furosemide to sludge but the partition coefficient of furosemide (table 4) between the dissolved and

particulate phase (Kd) suggests that it has a rather good affinity with these matrices.

Table 4. Kd value for Furosemide in different matrices.

Matrix Kd (L/kg) references
Suspended Matter from WWTP influent 43 Jelic et al. 2012
Suspended Matter from residential care home sewage 6.5 Sandre et al. 2022
Sludge after MBR 2.1 Park et al. 2017
Sludge after A20 2.1 Park et al. 2017
Digested sludge 110 Jelic et al. 2012

Thickness sludge 127 Jelic et al. 2012




Stuer-Laurisden et al. (2000) further showed that the affinity of furosemide with sludge is several orders of
magnitude more important than suggested by the partition coefficients; indeed Svahn & Bjorklund 2015
underlined that the sorption mechanisms are effectively too complicated to be estimated from the Log p (also log
Kow, octanol/water partition coefficient) or log d (pH-dependent partitioning coefficient) of the molecules. The Kd
value depends on several parameters, including nature and concentration of organic carbon and pH which varies
during wastewater treatment (between 5 and 9) which could explain why the Kd of digested sludge is lower than
that of thickened sludge (Jelic et al. 2012).

It is important to analyze the solid phases as well as the aqueous phase when evaluating the extent of furosemide
contamination, as significant concentrations of this substance are present in both. By doing so, a more

comprehensive understanding of the contamination can be obtained.

Moreover, with increasing water stress in some countries, water reuse is becoming an important issue but could
be a source of micropollutant contamination. Sludge spreading and the use of urine as fertilizer could also
generate significant contamination. A few studies were then interested in the transfer of furosemide in food
products and shows that it can accumulate (weakly) in food crops irrigated by wastewater: Compagni et al. (2019)
showed, through a complex model, a possible accumulation of furosemide especially in the roots of maize, rice
and ryegrass, but it can be transferred to the rest of the plant by the phloem resulting in a possible accumulation
in leaves and seeds. However, not all plants seem to accumulate. Indeed, Martinez-piernas et al. (2019) did not
detect furosemide in tomatoes while tomato plants were irrigated with reused water containing 1700 ng/L of
furosemide. Reuse of wastewater could then present a risk but more studies on the transfer of pharmaceutical

compounds in food products would be necessary to give a clear answer to that question.

3. Occurrence in surface waters
A lot of studies quantified furosemide in surface water but only a few focus on lakes, seas, oceans, estuaries and
deltas. River waters are the most studied for the presence of pharmaceutical compounds and furosemide has

been quantified in many locations (Figure 6).

Considering the data in figure 6, the median concentration of furosemide in European rivers is 93.0 ng/L, which is
quite close to the median concentration found for other pharmaceuticals in river (sulfamethoxazole (83 ng/L),
primidone (70.9 ng/L) or naproxen (98.0 ng/L)) (Hughes et al. 2013). The average concentration is 265.1 ng/L and
the maximum concentration found is 6894 ng/L in Portugal (Palma et al. 2020) which is almost 30 times above
average. Maximum concentrations in rivers in several countries exceed the predicted environmental concentration
(PEC) of furosemide of 100 ng/L. In non-European countries, the maximum quantified concentration (1234.8 ng/L)
is found in the Hudson River in the United States (Cantwell et al. 2018). This relatively high concentration has been
explained by the proximity of a sewage treatment plant discharge which contributes strongly to the volume of

water present especially during low tides.
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Figure 6. concentrations of furosemide (ng/L) in surface water in several countries. Boxplot is plotted using R software
with the ggplot2 function. Each x represents a value of furosemide in surface water. U.S.A.: Srinivasan 2012; Cantwell et al. 2018; Portugal:
Almeida et al. 2017; Palma et al. 2020; Germany: Bakken et al. 2018; Sweden: Wahlberg et al. 2011; Spain: Osorio et al. 2012; Osorio et al.
2014; Huerta-Fontela et al. 2011; Lopez-Serna et al. 2010; Banjac et al. 2015; Kéck-Schulmeyer et al. 2011; Ferreira Da Silva et al. 2011;
Lopez-Serna et al. 2012; Lopez-Serna et al. 2011; Acufia et al. 2014; Gros et al. 2009; Gracia-Lor et al. 2012; Matamoros et al. 2010;
Valcarcel et al. 2013; Huerta et al. 2016; United-kingdom: Kasprzyk-Hordern et al. 2009; Kasprzyk-Hordern et al. 2008; Kasprzyk-Hordern et
al. 2008 (bis); White et al. 2019; Boxall et al. 2014; Munro et al. 2019; Japan: Nakada et al. 2007; Komori et al. 2013; Tamura et al. 2017;
Malaisia: Al-Odaini et al. 2010; Al-Odaini et al. 2012; Al-Odaini et al. 2013; [taly: Zuccato et al. 2000; Zuccato et al. 2004; Zuccato et al. 2005;
Castiglioni et al. 2018; Ferrari et al. 2011; Riva et al. 2014; Calamari et al. 2003; France: Celle-jeanton et al. 2014; Idder et al. 2013; Norway :
Mgskeland et al. 2006; Denmark: Matamoros et al. 2012; Bjorklund et al. 2016; Khalaf et al. 2009; Mogensen et al. 2008; Serbia: Petrovic et
al. 2014.

In other compartments, concentrations are lower in most cases. Furosemide was detected in Lake Maélaren in
Sweden (Wahlberg et al. 2011) and quantified at 12 ng/L in Lake Brabrand in Denmark (Matamoros et al. 2012)
which receives relatively little water from urban effluents. It has been quantified in Estuaire du Grouet in France
up to 30 ng/L (Togola et al. 2008), then in coastal waters in Spain at 47 ng/L (Rodriguez-Navas et al. 2013) and in
Portugal at 2300 ng/L (Almeida et al. 2017). No explanation was provided by Almeida et al. (2017) to explain this
latter concentration, which is extremely high for coastal waters. Indeed, although the waters of the Tejo estuary
discharge in the vicinity of the sampling point in the Almeida et al. (2017) study before passing through Lisbon, a
more recent study did not detect furosemide in the estuary. Generally, furosemide is rarely detected in coastal or
oceanic waters (Biel-Maeso et al. 2018; Afsa et al. 2019; Feo et al. 2020), probably because of the importance of
the water volumes involved (dilution effect). Finally, furosemide is actively searched and widely found in surface
waters. Concentrations are around a few hundred ng/L in rivers but extreme concentrations can be encountered
occasionally, due to the probable presence of sources nearby (WWTPs, pharmaceutical industries, combined
sewer overflows...). Furosemide is also found in lakes, but much less frequently because of rare contamination
sources.It is also rather weakly detected in estuaries and coastal waters because of the important dilution.
Studying the surface water content constitutes the first step toward risk assessment, providing an idea of

exposure concentrations of non-target organisms in these environments. In addition, as in the case of sludge,



some of the furosemide may be found in the sediment (figure 5). The median furosemide content in sediment is
2.7 ng/g.dw, which is higher than that for carbamazepine (0.203 ng/g) but lower than that for atenolol (17.5
ng/g.dw) found in Ferrari et al. (2011). As furosemide has a low polar to apolar surface ratio, it is expected to form
more hydrogen interactions with sediments, while carbamazepine and atenolol which are less polar, will sorb with
apolar (van der Waals and 11-T1T) interactions (Bauerlein et al. 2012). In sediments, furosemide is 10 times less
concentrated when in treated sludge. This disparity may be due to a significant dilution effect in river water. On
the other hand, Bjorklund et al. (2016) calculated a very high Kd in sediment for furosemide (2517 L/kg). However,
the furosemide content in sediment found by these authors is very high (350 ng/g.dw) compared to other values
found in the literature (figure 7) and could explain this high Kd, which would therefore not be representative of

the affinity of furosemide with sediments.

4. Occurrence in ground and drinking waters
Pharmaceutical residues in groundwater are quite well studied in the literature to investigate the magnitude of
the contamination, while analysis of drinking water aims at assessing the risk that residues represent for the
population or ecosystems. These environments are rather protected but not totally devoid of contamination, as

shown in table 5 for furosemide.

Table 5. Concentration of furosemide in groundwater in ng/L

Country Location Concentration (ng/L)
Spain Delta Besos 2841
Poble Sec District 2281
Llobregat delta 1382
Barcelona 2183
Llobregat delta 8"
Llobregat delta 174
France Normandie 14°
Aubepierre 189°
Basse-normandie 29°
Tarzy 125
Aubergenville 8%
Sweden Are municipality 267
Stockholm detected ®

! Lopez-Serna et al. 2013, ? Teijon et al. 2010, ® Candela et al. 2016, * Cabeza et al. 2012, ® Tracol & Duchemin 2007, ° Blum et al. 2011, ’
Rostvall 2017, 8 Wahlberg et al. 2011

Pharmaceutical compounds are generally less concentrated in groundwater than pesticides. There are still several
sources that contribute to the pharmaceutical compounds contamination to groundwater such as loss from
sewage systems, urban runoff by Sustainable Urban Drainage systems which promote the infiltration of runoff
water locally (Erikson et al. 2007), wastewater discharges, industrial discharges or infiltration of river water to the
aquifer (Jurado et al. 2012; Sui et al. 2015). Furosemide is quantified occasionally in groundwater. Whereas
concentrations of a dozen to a few hundred nanograms per liter have been found in some cases in France and
Spain, most of the time furosemide is not even detected (Gros et al. 2012; Meffe & Bustamante 2014; Vulliet &
Cren-Olivé 2011; Benotti et al. 2006; Valcarcel et al. 2011; Stackelberg et al. 2014; Mogensen, et al. 2008). It has

not been found either in natural river biofilm (Huerta et al. 2016). Furosemide is also rarely detected in drinking



water (Gracia-Lor et al. 2012; Anderson et al. 2010; Marube et al. 2017; Zuccato et al. 2000; Lopez-Serna et al.
2010). To our best knowledge, it has been detected once in drinking water in Sweden (Wahlberg et al. 2011) and
measured once in tap water in Poland at a concentration of 29 ng/L (Giebuttowicz et al. 2016). It is rarely detected
because drinking water treatment processes are relatively effective for furosemide (Baken et al. 2018). Indeed,
chlorination, ozonation and UV radiation are usual treatments for the potabilization of water and the secondary
amine or the furan ring in furosemide reacts quickly with chlorine or ozone during advanced treatments and it is
therefore quickly photodegraded by UV lights (Sandre et al. 2023). However, the degradation of furosemide can
lead to the synthesis of degradation by-products (see section “Degradation products of furosemide”), for example,
De Jongh et al. (2012) found 1-acetyl-1-methyl-2-phenylhydrazide, a phenazone degradation product in drinking
water. Globally, groundwater and drinking water are rather spared from pharmaceuticals; most studies do not
even detect furosemide. Sources contributing to furosemide in groundwater are limited and drinking water

undergoes sufficient treatments to degrade it completely.

5. Temporal variation

The presence of furosemide in the receiving environment depends both on its use by humans and on the
efficiency of its elimination by the WWTPs, which depends on several parameters. Several authors have then
observed temporal variations of furosemide concentrations. Compagni et al. (2019) observed lower
concentrations of furosemide in summer (=70 ng/L) than in winter (=180 ng/L). As furosemide is well
photodegraded, especially in rivers (Hanamoto et al. 2014), the authors hypothesized that the decrease in
concentration in summer is due to increased radiation favoring its photolysis. In addition, a more important
degradation of furosemide in wastewater treatment plants is also observed in summer (54%) over winter (8%) by
Castiglioni et al. (2006). Riva et al. (2021) observes similar variations in WWTP sludges with 8 ng/g.dw in summer
and 31 ng/g.dw in winter. This degradation could be then due to a more important biological activity with a
warmer temperature. However, Kot-wasik et al. (2016) did not find significant variations in furosemide
concentrations between seasons. On the other hand, Moreno-gonzales et al. (2014) and Feo et al. (2020)
observed a higher contribution of furosemide by river to coastal waters (in the Mar menor lagoon and the Bay
Augusta) in spring. Similarly, effluent of a WWTP in Canada, Singh et al. (2015) also found more important
concentrations of furosemide in spring than in fall and they did not detect it in summer.

In Mexico, variations of furosemide concentrations are observed between the dry and wet seasons.
Estrada-arriaga et al. (2016) reported two to three times higher concentrations of furosemide in municipal WWTP
influent in the dry season (514 ng/L) compared to the wet season (173 ng/L), which could be due to dilution of
furosemide during the rainy season. They also noted a better performance of elimination of WWTPs during the
dry season because the residence time of wastewater is longer in the WWTP and there is less water to be treated.
Weekly variations could also potentially exist. However, Salgado et al. (2011) who measured micropollutants the
same two days on two consecutive weeks and Comez-Canela et al. (2019) who analyzed two residential care
homes over 5 consecutive days, did not observe any particular pattern between the different days of monitoring.
Fries et al. (2016) further observed within-day concentration variations with repeated tendencies at 12 am, 2 pm
and 4 pm between two consecutive days which indicates that the primary source of contamination is human

excretion.

6. Prediction of the furosemide load into the environment
Another way to determine the furosemide load in the environment is to predict it using models based on several

inputs. Sales, consumption or production data allow the estimation of the concentrations emitted, while



calculations of the treatment plants performance allow to evaluate the charges released into the environment
(Gomez-Canela et al. 2019; Moreno-Gonzalez et al. 2014; Zuccato et al. 2004; Zuccato et al. 2005; Wahlberg et al.
2011; Dong et al. 2013; Castiglioni et al. 2006; Kleywegt et al. 2019; Riva et al. 2015; Boxall et al. 2014; Samoilenko
& Yermakovych 2014). However, discrepancies are often observed between predictions and actual environmental
concentrations (Verlicchi 2016; Stuer-Lauridsen et al. 2000). Some authors consider the percentage of excretion of
furosemide or/and removal rate in WWTPs (Lindim et al. 2016; Riva et al. 2014; Sedlak et al. 2005; Zuccato et al.
2005), while others calculate the potential loadings according to physico-chemical parameters such as partition
coefficients (Kd, Log Kow) or pKa (Stuer-Lauridsen et al. 2000). In fact, several complex variables such as the
biotransformation and degradation of furosemide in water or in water treatment processes, as well as its seasonal

variations, must be taken into account.

Finally, furosemide is widely found in the receiving water. The sources of contamination are multiple and
furosemide can be found in very high concentrations in the effluents of medical institutions and urban effluents.
The median concentration in the raw wastewaters is about 3 times higher than in the treated ones, suggesting
that furosemide is partly eliminated by WWTPs. Groundwater and drinking water catchments are relatively
uncontaminated, but furosemide is widely found in rivers throughout the world at a median concentration of 45
ng/L, with many more studies focused on Europe. The environmental concentrations are generally lower because
of the important dilution in the environment. Furosemide also has a good affinity with the solid phase and has
been detected in numerous studies in river sediments, but also in sludge from wastewater treatment plants.
Variations in concentrations, especially seasonal, are observed. Overall, this section reveals a significant
furosemide contamination that could potentially be problematic for human health and ecosystems, as there is
limited knowledge about the fate of this compound. Moreover, the degradation of furosemide leads to the

production of numerous by-products which can be equally problematic both in terms of identification and toxicity.

Fate of furosemide from its consumption to receiving water
After consumption, furosemide will pass through the human body before being excreted in urine. It will be then
transferred to the sewer network and the wastewater treatment plants, where it will be eliminated with various

efficiency.

1. Metabolization
In adults, most of furosemide (between 69 and 99%) is excreted within the first 4 hours after intake regardless of
the mode of administration, mainly through urine and marginally through feces (Calesnick et al. 1966; Aranda et
al. 1982, Stankiewicz et al. 2015). Furosemide can be metabolized in the liver and the guts by uridine diphosphate
glucuronyltransferase but mostly (85%) in the kidneys (Phakdeekitcharoen & Boonyawat 2012). It is highly bonded
to plasma albumin (>90%) which leads to a low-efficiency filtration by the glomerulus (Prandota & Witkowska
1976; Phakdeekitcharoen & Boonyawat 2012; Andreasen et al. 1974). Finally, between 11% and 23% of
furosemide is excreted in its glucuronide form (Zuccato et al. 2005; Bindschedler et al. 1997; Riva et al. 2015;
Andreasen et al. 1981; Aranda et al. 1982; Boles Ponto & Schoenwald 1990). In newborns, glucuronide form is
almost non-existent because of their immature glucuronidation capacity (Hammarlund-udenaes & Benet 1989).
However, furosemide remains mostly untransformed and an average of 66% is excreted in unchanged form in
adults (42.3% in Bindschedler et al. 1997; 90% in Zuccato 2005; 65.8% in Andreasen et al. 1981) and 84.5% in
children (Aranda et al. 1982). It is therefore mostly unchanged furosemide that is received in the wastewater

system.



2. Degradation in WWTPs and advanced process
The degradation of furosemide in water treatment plants is quite variable. Effective degradation rates around 70%
have been found in Matamoros et al. (2009), Sandré et al. (2023) and Kasprzyk-Hordern et al. (2009). These rates
have been explained by more efficient wastewater treatment plants processes and/or time of sampling: due to the
higher temperature in summer, the biodegradation activity is indeed stronger and furosemide is better degraded.
Medium elimination rates 25-40-50-54% were found in Park et al. (2016), kot-wasik et al. (2016), Gros et al. (2010)
and Castiglioni et al. (2006) respectively, in conventional mechanical-biological treatment. These percentages of
removal can be much increased by adding tertiary or quaternary treatments in the treatment plants, as shown in

figure 7.

The degradation of furosemide by innovative processes has been widely studied in more than 35 papers. The
effectiveness of these processes appears very variable, ranging from complete elimination of furosemide to no
elimination, or even higher furosemide concentrations following Membrane Bio Reactor (MBR) processes (Nielsen
et al. 2013). This phenomenon has been explained by the deconjugation of glucuroconjugated forms of
furosemide, increasing the concentration of quantifiable “native” furosemide (Kovalova et al. 2012, Kosma et al.
2014). Due to their highly variable efficiency, it is difficult to conclude on the performance of MBR (from -14 to
95% elimination of furosemide) and absorption on xylite (from 15 to 100% elimination). The effectiveness of xylite
depends on the residence time of the water within the process, a longer time resulting in a more effective
absorption (Rosvall 2017). The efficiency of the MBR relies on the upstream processes and the type of membrane
used. The lowest removal rates reported for furosemide are obtained with ceramic membranes (Nielsen et al.
2013, Joannis-Cassan et al. 2021). On average, biological treatments (Activated sludge, Anaerobic-Anoxic-Aerobic
system (A20), Peroxidase, Plant, Fugus, Constructed wetland, Chitosan film, MBR) are not much more efficient
than physical-chemical treatments (i.e., all the rest): Average efficiency of 74% versus 70%, respectively. Filtration
techniques such as sand filtration and ultrafiltration are not the most efficient (<50%) although ultrafiltration
coupled with Gas-phase Pulsed corona discharge (PCD) shows better performances. On the other hand, Urtiaga et
al. (2013) shows that the reverse osmosis can completely eliminate furosemide due to the membranes that retain
even small organic molecules. The majority of the processes found in the literature are oxidation processes. Their
efficiency is very variable, and depends on the reactivity of the oxidants involved with furosemide (Sandre et al.
2022). Ozonation processes are among the most efficient due to the quick reaction of ozone with the furan ring
and the aniline group of furosemide (Zoumpouli et al. 2021). Photo-Fenton, chlorination, electro-oxidation and
peroxydation are close to complete elimination of furosemide. Peroxidases have also been shown to be very
effective (Almaqdi et al. 2019), but the process has not been tested at the scale of a WWTP and may be difficult to
implement because it requires the addition of enzymes in high concentrations (in proportion to the
micropollutants) and the buffering of the PH. On the other hand, Ultra-Violet (UV) radiation appears rather
ineffective. Despite its high sensitivity to photodegradation (Bundgaard et al. 1988), the wastewater matrix must
be too complex to allow optimal removal of furosemide. UV-H,0, process on the other hand shows good
efficiency because the addition of H,0, results in the formation of reactive oxygen species which will react strongly
with furosemide (Miklos et al. 2018). The elimination of furosemide by absorption is also interesting. Absorption
on Xylite, lignite or activated charcoal (in powder or granulated form) shows an efficiency of more than 60%.
These techniques have the advantage of trapping the molecules and therefore potentially release less by-products

than oxidation methods (Cuthbertson et al. 2019).
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Figure 7. Removal efficacy of furosemide in percentage by different advanced processes. Boxplot is plotted using R
software with the ggplot2 function. Each x represents a value of furosemide removal. The purple boxes represent the techniques for which
the removal of furosemide is done by a biological process and the blue boxes represent those for which the process is physicochemical.
Ahmed et al. 2016; Ajo et al. 2018; Almaqdi et al. 2019; Arola et al. 2017; Badia-Fabregat et al. 2015; Badia-Fabregat et al. 2016;
Cruz-Morato et al. 2014; Cuervo-Lumbaque 2020; Gomez et al. 2008; Heidari et al. 2020; Huerta fontela 2011; Ibanez et al. 2013; lkonen et
al. 2021; Jie 2012; Joannis-Cassan et al. 2020; kim et al. 2014; Klamerth et al. 2013; Kovalova et al. 2012; Kovalova et al. 2013;
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al. 2012; Rizzi et al. 2020; Rosal et al. 2010; Rostvall 2017; Sandre et al. 2022; Singh et al. 2015; Urtiaga et al. 2013; Verlicchi et al. 2015;
Vymazal et al. 2017; Kjglholt et al. 2003

3. Natural degradation
Under environmental conditions, furosemide has several degradation pathways. First, furosemide has been known
to be photodegradable for a long time: it is sensitive to visible light with fluorescent lamp (Katsura et al. 2015),
sunlight (Starling et al. 2019) and UV radiation (Bundgaard et al. 1988; Moore & Burt 1981) which will react with
the chlorine, furfuryl or sulfamoyl groups (Sandre et al. 2022). Although its photodegradation is unlikely in the

wastewater system, it is expected once discharged into the aquatic environment. It has been reported to be



biodegraded by environmental bacteria such as Agrobacterium tumefaciens and Arthrobacter ureafaciens
(Laurencé et al. 2014), fungus like Aspergillus candidus, Cunninghamella echinulata and Trametes versicolor
(Laurencé et al. 2014, Olvera-Vargas et al. 2016, Badia-Fabregat et al. 2015, 2016) and anaerobic microorganisms
(Narumya et al. 2013, Gros et al. 2020), forming several by-products. Furosemide can also be hydrolyzed to a
lesser extent in the human stomach (Andreasen et al. 1982) and in aqueous solutions (Bundgaard et al. 1988). At
constant temperature and pH, Bundgaard et al. (1998) describes a first order kinetic, and an improvement of the
hydrolysis rate when the pH decreases. The thermal decomposition of furosemide was studied in the early 2000s
by Beyers et al. (2000). However, furosemide only degrades at 218.1°C which is far from the environmental

conditions.

In summary, furosemide is rather well degraded in water treatment plants and many additional advanced
processes allow further reduction of its concentration. Among the most efficient processes (> 90%) are absorption
processes on chitosan and on activated carbon, followed by oxidation processes such as ozonation, chlorination,
electro-oxidation, photo-Fenton and reverse osmosis. The elimination of furosemide by fungi (Trametes versicolor)
also seems promising. However, furosemide, like many other anthropogenic compounds including
pharmaceuticals, still remains in WWTP treated effluent and significant concentrations can be discharged in the

receiving water.

Degradation products of furosemide

During its passage in the human body, in wastewater systems, in treatment plants or in the environment,
furosemide undergoes several degradation pathways, leading sometimes to its real elimination, but more
frequently to the concomitant production of by-products, more or less stable, thus resulting in an apparent loss
when assessing removal in the WWTPs. These by-products can be formed by various processes, and may remain
unidentified if global and sensitive analytical methods such as LC-MS/MS or HRMS are not applied. Furthermore,
they may have a significant toxicity, which is currently understudied (poorly taken in account). The structure of
several degradation products has been identified in the literature (Table 6). Some of these have been known for a

long time and others have been identified only recently with the improvement of screening techniques.

Table 6. Degradation products of furosemide.
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As mentioned earlier, the glucuronide form (product 33) is the second most common form of furosemide. It is
quite well referenced in the early literature (Bindschedler et al. 1997, Andreasen et al. 1981, Aranda et al. 1982,
Mizuma et al. 1998). pH has a strong influence on its stability, it is more stable at pH<6, while more basic pH leads
to a rearrangement into a B-glucuronide. However, both forms ultimately hydrolyze into furosemide
(Hammarlund-udenaes & Benet 1989). The half-life of furosemide glucuronide in aqueous medium at
physiological pH is 5.3 hours (Yang et al. 2006). Like furosemide, its glucuronide form is photodegraded but 20
times faster (sekikawa et al. 1995). The chlorine atom can be substituted by an hydroxyl group by
photodegradation leading to the product 36. Peterson (2013) lists the three major pathways for the formation of
saluamine (10), the glucuronide form (33) and the Glutathione S-conjugate form (35). Two other degradation
products of furosemide have been long known: furfural (product 29) and saluamine (product 10). Furfural is a
small, highly soluble molecule that is also produced naturally by plants such as corn (Yue et al. 2022) and is rapidly
biodegraded (Mandalika et al. 2014). Saluamine is the most referenced degradation product of furosemide and
has been identified as a metabolite in humans (Hammarlund-udenaes & Benet 1989, Andreasen et al. 1981). It
can be obtained by several processes : Electro-Fenton (Laurencé et al. 2011), acid catalyzed hydrolysis (Beyers et
al. 2000), photodegradation (Della Greca et al. 2004; Katsura et al. 2015, Jakimska et al. 2014) and biodegradation
(Laurencé et al. 2014, Olvera-Vargas et al. 2016). It was also found after incubation in sediments spiked with
furosemide (Li et al. 2014).

The pyridinium of furosemide (24) has been identified as a degradation product of furosemide much more
recently. Initially produced by electrochemistry (Laurencé et al. 2011), it was then obtained by furosemide
bioconversion by two fungi, Aspergillus candidus and Cunninghamella echinulata (Laurencé et al. 2014,
Olvera-Vargas et al. 2016) and finally found in the urine of patients treated with furosemide (Laurencé et al. 2019),
therefore qualifying it as a human metabolite. Moreover, Chen & Burka (2007) detect a pyridinium ion in

microsomal incubations of furosemide which corresponds to pyridinium of furosemide.

The gamma-ketocarboxylic acid (product 23) has been identified on several occasions as well (Bukkitgar & Shetti

2016; Williams et al. 2007; Peterson 2013). According to the reaction pathway proposed by Olvera-Vargas et al.



2016, this product would be an intermediate preceding the formation of the pyridinium of furosemide (24) or the
formation of a hydroxy ketone product (22), which can be hydrolyzed to saluamine (10). The hydroxyketone (24)
has also been repeatedly identified as an anodic oxidation, metabolization or biotransformation product

(Olvera-Vargas et al. 2016; Williams et al. 2007; Peterson 2013, respectively).

Most of the degradation products structures are proposed following NMR or mass spectrometry analysis but the
absence of analytical standards makes it challenging to ascertain their authenticity. Some products have been
obtained by the same processes in several other studies, which reinforces their probability to be genuine. Thus,
ozonation products 4 and 18 were found in two different studies (Zoumpouli et al. (2021);Tsilikidis et al. (2016))
and product 30, a dimer from photodegradation of furosemide was observed both by Isidori et al. (2006) and
Dellagrace et al. (2004). Product 2 seems to be the most frequently found both as a photodegradation product
(Jakimska et al. 2014, Sandre et al. 2023, Katsura et al. 2015, Yagi et al. 1991) and as a degradation product of
furosemide glucuronide (Mizuma et al. 1998). On the other hand, several products were described only once in
the literature. It may be due to their very low concentration, or because they are intermediates of transformation
and disappear quickly (Tsilikidis et al. 2016, Sandre et al. 2023, Aalizadeh et al. 2018). The lack of analytical
standards makes the analysis of these compounds more complicated (Chen and Burka 2007). These structures are
mostly similar to furosemide, saluamine or pyridinium, with variations in hydroxyl groups, chlorine substitutions or
rearrangements. The prevalence of a degradation product depends on the media conditions. For example,
Jakimska et al. (2014) detected saluamine and product 2 in several matrices, whereas product 12 was only found
in treated wastewater and could therefore be a result of water treatment processes. Saluamine is one of the least
well documented degradation products. Saluamine has rarely been searched for, and, to our knowledge, we were
the first to quantify it in effluents of wastewater treatment plants, with concentrations up to 470 ng/L (Sandre et
al. 2023). We also recently quantified pyridinium of furosemide in WWTP effluent over 200 ng/L. The presence of
these two compounds has been verified unambiguously using analytical standards, which is not the case for the

remaining by-products.

In conclusion, even if furosemide is apparently well eliminated by wastewater treatment plants, a lot of
degradation by-products are produced and progressively identified thanks to the progress in analytical chemistry,
in particular non targeted/suspect screening. However, they remain understudied, in the absence of analytical
standards. The glucuronide form, the most well-known, degrades rapidly but some historical degradation products
(saluamine, pyridinium of furosemide) have been identified on many occasions and could eventually be

problematic if found in the environment.

Toxicity and ecotoxicity of furosemide and its degradation products

1. Health hazard of furosemide

As a pharmaceutical substance, the toxicity of furosemide on humans has been widely reviewed in various medical
journals. Numerous adverse effects have been reported such as dehydration in the most common case (23%),
hydrolytic disturbance (21%), orthostatic hypotension (10%), osteoporosis (7%), urinary disorders (4%),
gastroenterological disorders (3%), rhythm disorders (3%) and gout attacks (2%) (Buttard 2016) and sometimes
associated with jaundice (Peterson 2013). In rodents, it has shown evidence of toxicity (hepatotoxicity with
depletion of GSH (reduced form of glutathion) and protein thiols, liver necrosis) at high concentrations (Peterson
2013).



2. Environmental toxicity of furosemide
The impact of furosemide in the environment and aquatic fauna has been less investigated than in humans, but a
few studies aim to assess the risk of pharmaceutical compounds. Risk calculations are based on ratios between
Measured Environmental Concentrations (MEC) or Predicted Environmental Concentrations (PEC) and Predicted
No-Effect Concentrations (PNEC). PNEC are determined from the Effect Concentrations (ECs) obtained

experimentally on different classes of organisms or estimated using different models such as ECOSAR (Table 7).

Table 7. ECs (Lethality, Immobilization or growth inhibition) value for several organisms exposed to furosemide.

Species Duration EC (mg/L) Type of data Reference
Bacteria Aliivibrio fischeri EC10 15 min 7.5 Experimental Di Nica et al. 2016
EC20 15 min 72.3 Experimental Olvera-Vargas et al. 2016
EC50 15 min 33.2 Experimental Di Nica et al. 2016
EC50 30 min >200 Experimental Isidori et al. 2006
Green algae Desmodesmus subspicatus EC50 72H 322.2 Experimental Guo 2015
Pseudokirchneriella subcapitata ~ EC50 72H 142 Experimental Christensen et al. 2009
EC50 - 19.8 ECOSAR Kuzmanovic et al. 2015
Zooplankton Brachionus calyciflorus EC50 24H >100 Experimental Isidori et al. 2006
Crustacean Artemia salina EC50 24H 273.0 Experimental Diaz-sosa et al. 2020
EC50 48H 225.1 Experimental Diaz-sosa et al. 2020
Daphnia magna EC50 - 560 ECOSAR Kuzmanovic et al. 2015
EC50 24H 60.6 Experimental Isidori et al. 2006
EC50 48H 239.0 Experimental Christensen et al. 2009
Thamnocephalus Platyurus EC50 24H 70.6 Experimental Isidori et al. 2006
Ceriodaphnia dubia EC50 48H 84.1 Experimental Isidori et al. 2006
Cnidarian Hydra vulgaris Acute tox. >1 Experimental Pascoe et al., 2003
Teleosts Pimephales promelas EC50 - 521 ECOSAR Kuzmanovic et al. 2015
Cyprinodon variegatus EC50 96H 497 Experimental Christensen et al. 2009
Cyprinus orfus EC50 >500 Experimental Hanisch et al. 2002
Cell line Oncorhynchus mykiss EC50 24H 1131 Experimental Christensen et al. 2009
Poeciliopsis lucida hepatoma EC50 24H 2576 Experimental Christensen et al. 2009

EC = Effect Concentration

The bacterium Aliivibrio fischeri seems to be the most sensitive to furosemide followed by the green algae
Selenastrum capricornutum. Among invertebrates, the crustacean Daphnia magna appears as the most sensitive
organism. In comparison, the EC50s obtained in the fish cell lines appear to be quite high. However, these results

cannot be extrapolated to toxicological relevance in whole organisms and ecosystems because these in vitro tests



do not take into account systemic effects of the molecule, neither organ/tissue specific effects nor possible

detoxification processes.

It should be noted that the data summarized in Table 7 for lethality, immobilization or growth inhibition are
obtained in acute exposure (i.e., short duration exposure). Chronic exposures (i.e., long term exposure) would be
more representative of environmental conditions. For chronic exposures, Isidori et al. (2006) indeed obtained
much lower EC50s for Brachionus calyciflorus (2.5 mg/L) and Ceriodaphnia dubia (2.3 mg/L) versus 100 mg/L and
84.1 mg/L in acute exposure, respectively. Riva et al. (2019) and Mendoza et al. (2015) set a PNEC of 45.15 pg/L
and 1,56 pg/L based on the ECs of algal, crustacean and fish toxicity tests. These PNEC are then used to determine
the Risk Quotient (RQ) or Hazard Quotient (HQ) by calculating the ratio MEC/PNEC. When this ratio is greater
than 1, it is considered that there is a risk for the environment. According to its risk quotient, furosemide presents
a high toxicological risk for invertebrates and moderate risk for fish (Papageorgiou et al. 2016). Furosemide is often
detected in rivers at concentrations higher than the Predicted Environmental Concentrations (Besse & Garric,
2008). As a result, risk assessments may underestimate its impact. Moreover, most of the time, ECs are based on
the lethality of compounds to organisms, which is not a very sensitive parameter. For example, based on those
lethality values, Lacey (2008) and Carlsson et al. (2006) considered furosemide as not problematic for aquatic
environments. However, an increasing number of studies reported that analysis of organism behavior, which
integrates many physiological processes, is environmentally more relevant to anticipate impacts on survival, as
behavioral toxicity can be observed at concentrations 10 to 100 times lower than lethal concentrations (Legradi et
al. 2018, Sandre et al. 2022). Thus, furosemide, at the concentrations mentioned above, may well have a negative

impact on aquatic organism survival.

Other markers may be also relevant to study. For example, genotoxic and cytotoxic effects of furosemide were
shown by Rocco et al. (2010) on Danio rerio and by Mondal et al. (2012) in mice hepatocytes and cytotoxicity in
mouse and rat along with an irreversible binding to hepatocyte were found by Williams et al. (2007). Peterson
(2013) reported several evidences of hepatotoxicity in rodents and Fent et al. (2006) noted an estrogenic activity
in in vitro experiments. This endocrine disruption potential could have negative impacts not only at the individual

level but also at the population level, endangering its survival.

3. Toxicity of furosemide degradation products
The toxicity of furfural (product 29) has been well studied because it is used to produce furfuryl alcohol which is
extensively used for metal casting industry, as a solvent for dyes, as a corrosion inhibitor, in flavors and fragrances
and also as a reagent for drug synthesis (Grosse et al. 2017). Furfural exposure in humans occurs through the lungs
or skin and provokes irritations (Flek and Sedivec 1978). In rats, it can induce lung hemorrhage and edema after
oral or dermal exposure and the Lethal Dose (LD50) is 102 mg/kg which is quite high (Reed and Kwok 2014).
Furfural is rapidly metabolized by enteric bacteria under both aerobic and anaerobic conditions and 83 to 88% is
excreted in urine in 72 h (Boopathy et al. 1993). In the environment, furfural presents a higher toxicity than
furosemide with an LC50 of 29 mg/L for 24 h exposure and 13 mg/L for 72 h exposure in Daphnia magna. For fish,
LC50 after 96 h exposure is 10.5 mg/L for Poecilia reticulata and 32 mg/L for Pimephales promelas which is also
lower than furosemide for different fish species. Chronic exposure of fishes to furfural leads to growth retardation,
morphological abnormalities, and lethargy (Reed and Kwok 2014). There is little data concerning the other
degradation products of furosemide. Saluamine (product 10) is only referenced as a degradation product of

furosemide and is therefore much less studied. Only one study investigated its toxicity (Al-Omar et al. (2009),



which showed that it induces changes in some body parameters in mouse models such as increased alanine and
aspartate aminotransferase, increased creatinine, reduced blood glucose, liver and kidney congestion. We recently
showed that pyridinium of furosemide (product 24) leads to the development of characteristic biomarkers of
Parkinson's disease in mice and generates oxidative stress and inhibition of the mitochondrial respiratory chain
(Laurencé et al. 2019). Furthermore, Olvera-Vargas et al. (2016) noted an EC50 of 34.4 mg/L and an EC20 of 18.9
mg/L in Aliivibrio fischeri for 15 min exposure, which is lower than the EC20 of 72.3 mg/L they obtained for
furosemide in the same conditions. Taken together, these results suggest that pyridinium of furosemide is also
more toxic than furosemide. Isidori et al. (2006) conducted a study on photodegradation product of furosemide
(Product 30) and showed that EC50 values were lower for the degradation product than for furosemide for
Brachionus calyciflorus (1.04 mg/L) and Ceriodaphnia dubia (0.57 mg/L) reflecting a higher toxicity. Moreover, an
Ames test showed mutagenic activity of this by-product at concentrations between 6.25 and 100 mg/L.
Olvera-Vargas et al. (2016) also noted a more important toxicity for the hydroxyketone product (product 22) with
an EC20 of 37.42 mg/L in Aliivibrio fischeri for 15 min exposure. Mitchell et al. (1976) mentioned a metabolite
corresponding to product 8 which would be more toxic than furosemide and causes hepatic necrosis. For a more
complete evaluation of the environmental impact, mixtures should also be taken into account. Indeed,
interactions between molecules can lead to synergistic or antagonistic effects (cocktail effects) and are quite
complex. Because furosemide is a medication, it is frequently in interaction with other compounds such as
benzalkonium chloride or Spironolactone (commercialized in mixture by Sanofi Aventis since 1981). However,
there is very few data about the ecotoxicity of the mixture or about the interactions between furosemide and its
degradation products. To the best of our knowledge, only the study of Pomati et al. (2006), which showed a 30%
decrease in liver cell (HEK293) proliferation in the presence of a mixture of 30 compounds including furosemide,

presents toxicity data in mixtures.

Whereas the acute toxicity of furosemide is overall quite low, its chronic toxicity has been shown to be more
important. Furosemide has hepatotoxic effects in rodents, cytotoxic and genotoxic effects in fish and an estrogenic
activity has also been demonstrated in vitro. In addition, three of its degradation products are rather
preoccupying, as the limited information available (Olvera-Vargas et al. 2016; Laurencé et al. 2019) suggests that
they have a more important acute toxicity than their parent molecule, affecting physiological parameters, growth
and mitochondrial respiration. Furthermore, this could be also the case for some of the other identified

degradation products, on which standards do not even exist and for those remaining to be discovered to date.

Conclusion

Given the wide consumption of medicines, increasing demographical urban pressure and population aging, the
chemical and ecotoxicological assessment of pharmaceuticals and their metabolites constitutes major challenges.
This situation is expected to worsen in the frame of climate change and modification of water availability and uses,
requiring the implementation of suitable management measures based on scientific/technological progress.
Improving our understanding of drugs follow-up to and in the environment in the framework of water resources
protection against these new pollutants is crucial. Furosemide is a good example of contaminants of emerging
concern. It is a widely prescribed loop diuretic for the elderly, but also for younger adults and children, and in
veterinary medicine, for almost 60 years. It is one of the most sold drugs in the world and considered essential by
the WHO. Many studies classify it as a priority pollutant based on its production, sale or consumption, its
occurrence in the environment, its persistence in freshwater, its removal in WWTP or input in wastewater, its

excretion rate and its toxicity or ecotoxicity. Indeed, a significant consumption of furosemide, in particular in



European countries, has been noted. Important concentrations are prescribed and consumed in medical
institutions or by individuals. After its consumption, furosemide can be metabolized or degraded in WWTPs with
an average removal of over 50%. However, new processes or processes used for other purposes are being studied
to obtain a better degradation of furosemide. The oxidation processes are the most frequent and also seem to be
the most efficient. However, furosemide will be degraded into several by-products. The best known is the
glucuronide conjugate, but it is not of great concern because it is rapidly degraded. On the other hand, saluamine,
pyridinium of furosemide, furfural, and certain products resulting from metabolization or photodegradation
present a higher toxicity than the parent molecule. There are also new or simply little studied degradation

products for which information on their toxicity is needed.

Furosemide is highly concentrated at sources such as hospitals and WWTP influents but also after treatment of
these effluents for which most studies are conducted in Europe. Furosemide is also found in WWTP sludges. As a
consequence, furosemide and its degradation products end up in the receiving environment. In river water,
furosemide is found at a few hundred nanograms per liter and has been observed in groundwater. It has also been
reported in sediment. Therefore, furosemide is widely present in the environment and could be a problem due to
its occurrence and persistence in water. Although its acute toxicity is moderate, other endpoints are impacted and
its degradation products are more toxic for those of which we have information. Unfortunately, little is known
about their fate in the environment. It is then absolutely necessary to continue the chemical, toxicological and
ecotoxicological characterization of these pollutants, and in a wider scope, those of pharmaceuticals and their
degradation products. Non-targeted analytical chemistry approaches are a powerful tool to find new degradation
products. Adverse outcome pathway (AOP) studies could be interesting approaches to understand the
mechanisms of action of these new pollutants and multi-model approaches in ecotoxicology could lead to a better

understanding of their off-target effects and the environmental risk for ecosystems.
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Il est crucial d'améliorer notre compréhension du suivi des médicaments vers et dans I'environnement

dans le cadre de la protection des ressources en eau contre ces nouveaux polluants.

Cette revue dresse un portrait global du furosémide et souligne son omniprésence. C'est I'un des
médicaments les plus vendus dans le monde, largement prescrit aux personnes agées, mais aussi aux
jeunes adultes et aux enfants, ainsi qu'en médecine vétérinaire, depuis prés de 60 ans. Au niveau de
sources telles que les hopitaux et les influents de STEU, des fortes concentrations de furosémides sont
retrouvées. Le traitement de ces eaux étant insuffisant, on en retrouve en concentrations importantes en
sortie de STEU et, de ce fait, on en quantifie également dans les rivieres autour de quelques centaines de

nanogrammes par litre, et aussi parfois dans les eaux souterraines.

De nouveaux procédés sont étudiés pour une meilleure élimination des micropolluants dans les STEU. Les
procédés d'oxydation se sont montrés particulierement efficaces pour obtenir une meilleure dégradation
du furosémide. Cependant, ce dernier est dégradé en plusieurs sous-produits dont la saluamine, le
pyridinium du furosémide, le furfural, et certains produits issus de la métabolisation ou de la
photodégradation. Ces composés présentent parfois une toxicité plus importante que celle du furosémide
et nécessitent d’étre mieux caractérisés. Il existe également des produits de dégradation pour lesquels il

n'existe aucune information de toxicité et qui pourraient étre préoccupants.

Largement consommé, persistant, trés présent dans l'environnement, potentiellement toxique, pour
toutes ces raisons, de nombreuses études classent le furosémide comme polluant prioritaire.
Malheureusement, on sait peu de choses sur son devenir dans I'environnement. Il est nécessaire de
développer des outils pour étudier I'impact de cette molécule et de mieux caractériser ses produits de

dégradation.
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Origine et devenir du furosémide et de ses produits de dégradation

dans le milieu aquatique

l. Devenir du furosémide dans les eaux usées : état des lieux en France

Pour protéger le milieu aquatique, les eaux usées domestiques (toilettes, douche, vaisselle, lave-linge,
ménage, cuisine,...), les eaux usées industrielles (usines, installations agricoles, laboratoires,
imprimeries,..) et parfois les eaux pluviales (ruissellement de route, toiture, revétements imperméables)
nécessitent d’étre traitées avant d’étre rejetées’. C’est le rdle des Stations de Traitement des Eaux Usées
(STEU). Ces eaux sont chargées de microorganismes potentiellement pathogénes et d’un cocktail complexe
de molécules en phase dissoute ou particulaire, qu’elles soient organiques ou inorganiques (détergents,
huiles, hydrocarbures, médicaments,...). Elles sont acheminées vers les STEU ou elles subissent différents

traitements d’assainissement (Figure 4).
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Figure 4. Différents processus pouvant étre appliqués pour le traitement des eaux usées. Les informations
utilisées pour produire ce schéma proviennent de I'Office International de I'Eau et des sites eaufrance.fr et ademe.fr. Certaines

illustrations sont issues du site flaticon.com.

Un prétraitement (dégrillage, dessablage, déshuilage) et traitement primaire (décantation) enlévent les
grosses particules, les matiéres flottantes et les graisses. Ensuite, un traitement biologique (aération,
traitement en lit biologique, boues activées) dégrade les matiéres organiques comme les nitrates,

I'ammoniac ou certains polluants biodégradables présents dans les eaux usées, grace a des filtres

” Service publique de I'assainissement francilien - Définitions - consulté le 13/01/2023



biologiques contenant des bactéries qui les digerent. Un traitement chimique (neutralisation, adsorption,
oxydation) ou physique (charbon actif, ultrafiltration, microfiltration) est parfois ajouté pour neutraliser
certains contaminants ou pour favoriser leur élimination. Un traitement tertiaire pour éliminer les
composés azotés ou phosphorées restants, ou une étape de désinfection pour limiter les risques de
contamination bactériologique peuvent également étre ajoutés®. En Europe, le traitement des eaux usées
est obligatoire®. Cependant, les STEU ne comportent pas nécessairement toutes les étapes de traitement
évoquées ci-dessus et présentés dans la figure 2 (seul le dégrillage est généralisé). Elles sont adaptées
selon les contraintes en amont (taille de I'agglomération, charges de polluants a I'entrée, dispositions
touristique, artisanale et/ou agricole de la commune, variation de débit), les contraintes en aval
(performance épuratoire a atteindre, capacité de dilution du milieu) et les contraintes financiéres'®. Dans
certains cas, les STEU les plus optimisées disposent méme d’un traitement quaternaire. Ce traitement a
spécifiquement pour but de réduire la charge de micropolluants. Ces traitements sont rares en France
puisque la politique appliquée par le plan national micropolluant est plutot celle de la réduction a la
source. En revanche, en Suisse, ces traitements sont déja imposés pour les STEU d’une capacité de plus de
100 000 EH (Equivalent Habitant)'’. Ces traitements peuvent comprendre par exemple des procédés

d’oxydation comme l'ozonation, I'ajout de charbon actif ou encore des filtrations par osmose inverse.

Dans le chapitre précédent, nous avons comparé la capacité d’élimination du furosémide de plusieurs
procédés cités dans la littérature scientifique. Dans ce chapitre, nous nous sommes intéressés a ces
traitements quaternaires. Les procédés avancés les plus fréquents, soit 'ozonation, la chloration et
Iirradiation UV avec ajout d’H,0, utilisés initialement pour la désinfection, montrent une bonne
élimination du furosémide. Nous nous sommes alors posé deux questions: En quoi le furosémide est-t-il
transformé ? Est-ce que ces procédés favorisent la production de saluamine et de pyridinium du
furosémide, considérés comme potentiellement problématiques ? La présence de ces deux sous-produits
dans différentes matrices a également été examinée. En premier lieu, des échantillons potentiellement
chargés en furosémide ont été analysés pour établir une premiére évidence de la saluamine et du
pyridinium dans les eaux usées. Le furosémide étant majoritairement consommeé par des personnes agées,
des rejets d’EHPAD se sont révélés étre tres intéressants. Les composés ont ensuite été recherchés en
amont et en aval d’'une STEU de l'agglomération parisienne pour sonder leur élimination ou, a l'inverse,
leur production a l'issue des différents traitements. Les résultats de cette étude comparative de
traitements oxydatifs sur le furosémide et des analyses de produits de dégradations sont présentés dans

un article de recherche publié dans le journal Chemosphere.

& Le service public d'information sur I'eau - Lassainissement des eaux usées domestiques - consulté le 13/01/2023
° Directive européenne 91/271/CEE relative au traitement des eaux résiduaires urbaines (DERU)
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Résumé de l'article : Occurrence and fate of an emerging drug pollutant and its by-products during

conventional and advanced wastewater treatment: Case study of furosemide

Les systemes conventionnels de traitement des eaux usées ne sont pas congus pour éliminer les composés
pharmaceutiques des eaux usées. Ces composés peuvent étre partiellement ou totalement dégradés et
conduire éventuellement a des sous-produits plus préoccupants qui sont peu, voire pas du tout, étudiés.
Dans ce contexte, nous avons étudié la dégradation du furosémide, un diurétique trés fréquemment
détecté dans les eaux usées, afin d'observer la formation de ses produits de dégradation. Les effluents de
la station d'épuration Seine-Centre (Paris, France) ainsi que ceux de maisons de retraite (Dordogne,
France) ont été analysés par UPLC-MS/MS afin de quantifier le furosémide et ses produits de dégradation
connus, la saluamine et le pyridinium du furosémide. Des expériences d'oxydation (chloration, ozonation
et photolyse UV avec du peroxyde d'hydrogéne) ont également été réalisées sur des solutions de
furosémide et sur de I'eau provenant d'établissements de soins résidentiels afin d'étudier la dégradation
du furosémide et d'identifier ses produits d'oxydation par UPLC-IMS-QTOF.

Le furosémide a été bien dégradé dans les STEU de Seine-Centre (>75%) mais n'a pas produit un surcroit
pour ses principaux produits de dégradation. La saluamine et le pyridinium du furosémide étaient déja
présents a des concentrations similaires a celles du furosémide dans les eaux usées brutes (~2,5-3,5
pg.L-1), et leur élimination dans les STEU était trés élevée (>80%). Malgré les traitements, les trois
composés sont restés présents a des concentrations de centaines de nanogrammes par litre. La chloration
a dégradé le furosémide sans production de pyridinium, contrairement aux deux autres procédés. La
chloration et I'ozonation ont également été efficaces pour I'élimination du furosémide et du pyridinium
dans I'eau des maisons de soins résidentielles, mais elles ont entrainé la production de saluamine. A notre
connaissance, il s'agit de la premiere preuve de la présence de saluamine et de pyridinium de furosémide

dans des échantillons d'eau réels, que ce soit dans la phase particulaire ou dissoute.
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ARTICLE INFO ABSTRACT
Handling Editor: Y Liu Conventional wastewater treatment systems are not designed to remove pharmaceutical compounds from

wastewater. These compounds can be degraded into many other transformation products which are hardly, if at

Keywords: all, studied. In this context, we studied the occurrence and degradation of furosemide, a very frequently detected
Pharmaceutical diuretic, along with its known degradation products in several types of wastewater. Influent and effluent from the
Wastewater

Seine-Centre Wastewater Treatment Plant (WWTP) (Paris, France) as well as outlet of residential care homes
(Dordogne, France) were analyzed by Ultra-Performance Liquid Chromatography-tandem Mass Spectrometry
(UPLC-MS/MS) to quantify furosemide and its known degradation products, saluamine and pyridinium of
furosemide. Oxidation experiments (chlorination, ozonation and UV photolysis with hydrogen peroxide) were
then performed on furosemide solutions and on water from residential care facilities to study the degradation of
furosemide by potential advanced processes, and also to identify unknown oxidation products by high-resolution
mass spectrometry. Furosemide was well degraded in Seine-Centre WWTP (>75%) but did not increase the
concentrations of its main degradation products. Saluamine and pyridinium of furosemide were already present
at similar concentrations to furosemide in the raw wastewater (~2.5-3.5 pg.L 1), and their removal in the
WWTPs were very high (>80%). Despite their removal, the three compounds remained present in treated
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wastewater effluents at concentrations of hundreds of nanograms per liter. Chlorination degraded furosemide
without pyridinium production unlike the other two processes. Chlorination and ozonation were also effective
for the removal of furosemide and pyridinium in residential care home water, but they resulted in the production
of saluamine. To our knowledge this is the first evidence of saluamine and pyridinium of furosemide in real water
samples in either the particulate or dissolved phase.

1. Introduction

In the context of a wide consumption of medicines in high income
and emerging countries, increasing demographical urban pressure and
population aging, hundreds of active substances used for therapeutic
purposes and marketed worldwide end up in the wastewater system.
Conventional wastewater treatment plant (WWTP) processes based on
filtration, sand and grease removal, decantation and biological or
physico-chemical treatments are not designed for the elimination of
pharmaceutical compounds, so their removal can vary drastically
depending on the molecule (e.g., its hydrophobicity) (Chiffre et al.,
2016). The active substances of these drugs are discharged with WWTP
effluents at concentrations ranging from ng.L™! to pg.L. ! and end up in
the aquatic environment, representing a risk for organisms (Cizmas
et al,, 2015, Okoye et al., 2022). To overcome this problem, the
implementation of tertiary or quaternary treatments after conventional
treatments is increasingly studied, and several countries (e.g.,
Switzerland, Germany) already regulate the removal of organic micro-
pollutants from wastewater. The optimization of biological treatments,
for example with the addition of fungus (Trametes versicolor) in bio-
reactors (Cruz-Morato et al., 2014; Badia-Fabregat et al., 2015), can be
effective on potentially biodegradable compounds. However, the most
frequent processes used to achieve a satisfactory removal of micro-
pollutants include adsorption on activated carbon (Guillossou et al.,
2019), membrane processes and oxidation processes such as ozonation
(Guillossou et al., 2020).

Ozone has been used for a long time as both an oxidant and a
disinfectant for drinking water production, and is increasingly applied
for the treatment of wastewater effluents (Lim et al., 2022). It is a very
powerful oxidant that can react directly with organic molecules, mainly
by electrophilic reaction, and also indirectly by the production of radi-
cals initiated by hydroxyl or hydroperoxide ions in the aqueous medium
(Guo et al., 2012). Ozonation has been shown to be effective in the
degradation of hormones, antibiotics, antivirals and pesticides (Lim
et al., 2022). Advanced oxidation processes (AOPs) are also very effi-
cient for the degradation of organic molecules (Miklos et al., 2018).
These processes are based on the production of highly reactive hydroxyl
radicals from one or more primary oxidants (e.g., chlorine, ozone,
hydrogen peroxide, etc.) (Sarathy and Mohseni, 2006) or by photo-
catalysis (Prieto-Rodriguez et al., 2012). Advanced oxidation processes
in which Ultraviolet (UV) radiation is combined with ozone, chlorine,
peroxodisulfate or hydrogen peroxide are efficient to reach extensive
degradation. The most common combination is with HoO» because it is
much less energy-consuming and expensive than with Og, and it is also
less sensitive to matrix changes and dissolved organic matter than sul-
fates. While advanced treatment processes for organic micropollutants
are not widely used, many WWTP use a disinfection step before dis-
charging effluents into the environment (e.g., in bathing areas). Another
process commonly used for disinfection and inactivation of pathogenic
microorganisms is based on UV irradiation (Hijnen et al., 2006). Direct
UV photolysis with UV-C (100-280 nm) shows good efficiency on pes-
ticides (Sanches et al., 2010) but some pharmaceutical compounds like
carbamazepine are more resistant to it (Pereira et al., 2007).

Although oxidation treatments can be quite efficient for the degra-
dation of micropollutants, they often form oxidation by-products.
Transformation products (e.g., metabolites) of pharmaceuticals can
also be already present in the incoming water or be formed during
conventional biological processes. The formation of oxidation by-

products depends on the mode of oxidation, the medium (especially
the presence of nitrogen, halogens, organic matter) and the type of
radical produced in the case of advanced oxidation (Miklos et al., 2018).
These degradation by-products present a hazard for health (Stalter et al.,
2016) and for the environment (Wang et al., 2018). Apart from the
regulated disinfection by-products (e.g., trihalomethanes and haloacetic
acids), hundreds of chlorination by-products have been identified
(Zhang et al., 2012) from the reaction of chlorine with organic matter
and their potential toxicity can be a threat to human health (Stefan et al.,
2019; Mazhar et al., 2020). Many products are also generated during
UV-H0, oxidations depending on the dose of oxidant, the UV fluence
and the pH of the medium. Oxidation by-products are often more toxic
than the parent compounds on algae, daphnia, and medaka fish (Wang
et al., 2018), it is thus of critical importance to assess the toxicity of
degradation products to fully establish the potential impacts of organic
micropollutants on the environment.

To address the questions related to the presence of pharmaceuticals
in the environment, we selected furosemide from a list of high-risk
emerging pollutants (Besse and Garric, 2008) and subjected this drug
to a predictive study aiming to anticipate the fate of organic contami-
nants (Laurencé et al., 2011; 2014; Olvera Vargas et al., 2016). Classified
by the World Health Organization as an essential medicine, furosemide
is a loop diuretic prescribed all over the world for hypertension and
heart, liver, and kidney failure (Abbot and Kovacic 2008). Mostly
eliminated unmodified by humans and moderately degraded in con-
ventional treatment plants (between 8 and 54% in Castiglioni et al.,
2006, >65% in Matamoros et al., 2009, 74% in Kasprzyk-Hordern et al.,
2009, or between 30 and 80% according to the WWTP considered in
Jelic et al., 2011), furosemide is also widely found in the environment
from several tens to few thousand of ng.L’1 inrivers (Banjac et al., 2015;
Baken et al., 2018; Munro et al., 2019; White et al., 2019; Cantwell et al.,
2018). Applied to furosemide, our predictive study confirmed that
saluamine and furfural are two transformation products (TPs) of furo-
semide (Laurence et al., 2014). More importantly, it also identified the
pyridinium of furosemide as a TP and a human metabolite of this drug
(Laurencé et al., 2019). Whereas furfural presents moderate acute
toxicity in freshwater invertebrates (LC50 = 13 mg.L ™! for 72 h expo-
sure in Reed and Kwok, 2014), saluamine shows acute toxicity in rats
(Al-Omar et al., 2009). We also previously demonstrated that pyr-
idinium of furosemide exhibits neurodegenerative properties in mice
(Laurencé et al., 2019). Therefore, the fate of furosemide and its TPs in
wastewater and in the environment needs to be assessed to fully char-
acterize the potential impacts of this pharmaceutical on the aquatic
ecosystems. Furosemide is also an interesting and highly relevant model
to study the fate of pharmaceuticals along with their TPs. Especially, the
production of saluamine and pyridinium of furosemide as well as their
potential degradation during conventional and advanced wastewater
treatment remains unknown to date. The purpose of this work was thus
i) to assess the occurrence and removal of furosemide and its known TPs
in a large WWTP and in wastewater from an elderly care facility, ii) to
study their removal by several advanced oxidation processes (o0zonation,
UV/H205,) and iii) to identify the subsequent formation of potential new
TPs following these treatments.
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2. Material & methods
2.1. Reagents

The furosemide-d5 standard was purchased from Cluzeau Info Labo.
Internal standards (atenolol-d7 and sulfamethoxazole-d4) and salu-
amine (SAL) were purchased from Sigma-Aldrich. For the extraction and
analysis, MS grade methanol was purchased from Fisher. Ultrapure
water was produced by a Milli-Q® IQ 7000 ultrapure water system.
Furosemide (FUR) was purchased from Sigma. Pyridinium of furosemide
(PYR) was synthesized at ICMPE as previously described (Laurencé
et al., 2011), and its structure has been confirmed by NMR with over
96% purity. Hydrogen peroxide 50% was purchased from CarlRoth.

2.2. Sampling sites

To assess the WWP efficiency on furosemide degradation, raw water
(RW) and treated effluent water (TW) were collected on 2021-12-07 and
2021-12-08 from the Seine-Centre WWTP (Colombes, France), operated
by the Paris public sanitation service (SIAAP) and treating wastewater of
about 1 000 000 people equivalent with a flow of 240 000 m3/day. The
Seine-Centre WWTP is mostly based on biofiltration stages ensuring the
treatment of organic carbon as well as nitrification and denitrification
processes. For the oxidation tests on raw sewerage water samples,
wastewater from residential care homes (RCH) was chosen because of its
presumably high concentration of furosemide, thus allowing a better
identification of the possible degradation products. Three wastewater
outlets of health care institutions were collected in Dordogne, France.
The first sample (RCH1) was collected on 2021-05-26 in a RCH of 10
000 m? located in Bergerac, in an urban area. It has a capacity of 90 beds
plus 15 beds for Alzheimer’s patients, 10 places in daycare centers and 5
emergency beds. The sample was taken from a lift station which only
collects water from the facility. The second sample (RCH2) was collected
on 2021-06-09 from a reeducation center located in a national forest at
Antonne-et-Trigonant with 120 places and 40 beds for senior residents.
The third sample (RCH3) was collected on 2021-06-08 from a RCH at
Lolme with 90 beds and 5 daycare places. Several physico-chemical
parameters were recorded: pH, Dissolved Organic Carbon (DOC),
Chemical Oxygen Demand (COD) and Biological Oxygen Demand at 5
days (DBO5), Suspended Matter (SM), Total Kjeldahl Nitrogen (TKN),
ammoniacal nitrogen and organic nitrogen (Table 1). The RCH outlet
water samples were filtered on GF/D filters (2.7 pm pore size) and then
on GF/F filters (0.7 pm pore size). pH and DOC were measured after
filtration (Table 1). Particulate phase samples (i.e., particles collected on
filters) were stored at —20 °C and freeze-dried until treatment for
analysis. For RCH samples, it is interesting to note the large gap between
the Kjeldahl nitrogen and ammonia nitrogen values, which implies a
high proportion of organic nitrogen, reflecting the short residence time
of the effluent and confirming the relatively fresh effluent sampling.

Table 1

Physico-chemical parameters of samples from WWTP raw wastewater (RW1 =
2021-12-07, RW2 = 2021-12-08), WWTP treated wastewater (TW1 = 2021-12-
07, TW2 = 2021-12-08) and wastewater outlets of residential care homes (RCH).
NA = Not available (not measured).

RW1 RW2 Twl TW2  RCH1 RCH2 RCH3

DOC (mgC.L’l) NA NA <8 <8 113.0 429.0 135.8
COD (mgo2.L ™) 485 500 26 26 749 1844 640
BOD5 (mgoz.L’l) 189 189 5 5 416 894 329
SM (mg.L’l) 231 246 4 5 320 400 150
TKN (mgy.L™1) 54.6 57.8 1.9 1.9 37 50 24
ammoniacal N 43.8 45.5 0.3 0.3 6 16 7
(mgn.L Y
organic N (mgy. 10.8 12.3 1.6 1.6 31 38 2
L™
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2.3. Oxidation assays

Furosemide degradation kinetics experiments were performed in
ultrapure water spiked with 1 mg.L™! of furosemide. UV/H,0, and
ozonation were applied at high doses or exposure as described below,
and chlorination was also conducted at high dose (35 mgClZ.L’l) to
maximize the formation of degradation products (see Text S1). Oxida-
tion processes were also applied on 200 mL filtered wastewater samples
from RCH facilities.

Photodegradation under UV light with Hy05. The sample was
placed in a beaker, under a UV lamp at 254 nm (UV-C; 0.34 mW/cm?)
with stirring. To establish degradation kinetics of furosemide in ultra-
pure water, 1 mg.L ™! of H,O, was added and aliquots of 1 mL were taken
at 2, 5, 10, 15, 20, 30, 45, 60, 90, 120, 210 and 600 min. For the
oxidation of wastewater from RCH, the H,O, dose was determined ac-
cording to the DOC value by using 0.375 mg of H,O5 per mg of DOC, and
the total reaction time under UV irradiation was 5 h.

Ozonation. Ozone was produced by a generator with an external
source (O gas cylinder). The bottle containing the sample to be oxidized
was immersed in an ice bath throughout the experiment. For the ozon-
ation of furosemide solutions in ultrapure water, a concentrated ozone
solution was first produced (33 mg/L Og3) and diluted in the furosemide
samples at the required ozone concentrations, determined according to
the DOC concentration of the sample (Equation (1)).

[05](mg0s.L™") =2 x DOC (mgC.L™") o

Aliquots of 1 mL were collected at 1, 2, 4, 5, 7, 10, 15, 20, 30, 45 and
60 min. For the oxidation of RCH wastewater, ozone was bubbled
directly into the samples for 1.5 h with an O flow to the ozonator of 2 L
h~L. The residual O3 was measured by colorimetry with indigo carmine
using a double beam spectrometer (UV6300 PC, VWR) at 600 nm.

2.4. Analytical procedures for quantification

After filtration, the residential care home samples are split into
several aliquots of which 5 are spiked. Furosemide and its TPs present in
dissolved phases of wastewater samples were extracted through an
automated extraction system (Thermo AutoTrace 280 SPE Instrument)
on OASIS HLB cartridges (200 mg, 6 cc). After conditioning with
methanol and ultrapure water, samples (200 mL) were loaded onto
cartridges and eluted by 10 mL of methanol. The particulate phases of
RCH1 and RCH2 samples were also analyzed. The filters (GF/D and GF/
F) were frozen and freeze-dried to remove water and determine their dry
mass. Furosemide and its TPs were extracted by assisted microwave
extraction (Antoon Paar, Multiwave 3000). Two cycles of extractions of
30 min in a mixture of 60% methanol-40% dichloromethane (v/v) were
performed (100 °C, 800 W). The extracts were filtered on folded filters
washed with dichloromethane, evaporated to 1 mL under rotary evap-
orator and diluted in 100 mL ultrapure water to carry out a purification
step on OASIS HLB cartridges. Cartridges were eluted with 10 mL of
methanol, internal standards (Atenolol-d7 and Sulfamethoxazole-d4)
were added to the purified extracts and the final volume was adjusted
to 1 mL by evaporation. Extract concentrations were evaluated using
internal calibration. Internal standards were chosen based on their
similar retention time to the one of the targeted molecule (Table S2). An
evaluation of matrix effects revealed their low variability for all mole-
cules across 16 urine samples. Spiked samples were also extracted,
leading to the evaluation of extraction yields of furosemide, saluamine
and pyridinium. These extraction yields were used for the correction of
concentrations in the samples. The detection and quantification limit of
the instrument for each compound is presented in Table S3. Analyses
were performed using Ultra Performance Liquid Chromatography
coupled with a triple quadrupole detector (Acquity-TQD, Waters). Sep-
aration was carried out on an ACQUITY UPLC BEH C18 column (1.7 pm,
2.1 x 100 mm) with a 15 min gradient elution from 90:10 ultra-pure



F. Sandre et al.

water (A) and methanol (B) both acidified with 0.1% formic acid, to
0:100 (A:B) maintained for 5 min, before reequilibration of the column
(0.4 mL min1). For the detection, furosemide was ionized in negative
electrospray mode, and saluamine and pyridinium of furosemide were
ionized in positive mode. MS/MS acquisition was used (Table S2).

The phase distribution (K4 value) was calculated according to
equation (2) (Park et al., 2017), where Ky is the solid-water distribution
coefficient in L.kg’l, Cs is the concentration of furosemide, saluamine or
pyridinium of furosemide adsorbed onto MES ng.L ™! and Cw is the
concentration on furosemide, saluamine or pyridinium of furosemide in
the liquid phase in ng.L ™}, and SS is that of suspended matter in the
mixture in mg.L >,

Cs
« 10°

TSSxCw 2

K4

2.5. Analytical procedures for the identification of TPs

Degradation kinetics experiments were analyzed by ultra-
performance liquid-chromatography coupled to ion-mobility time-of-
flight mass spectrometry (UPLC-IMS-QTOF, Vion, Waters) to enable the
tentative identification of degradation products. The separation was
carried out on an ACQUITY UPLC BEH C18 column (1.7 pm, 2.1 x 100
mm) with a 25 min gradient from 98:2 ultra-pure water (A) and aceto-
nitrile (B) both acidified with 0.1% formic acid, to 2:98 (A:B) main-
tained for 5 min, before reequilibration of the column. Ionization was
performed by an electrospray source in both positive and negative mode,
in low energy (6 V) and high energy ramp (20-56 V). Data was acquired
and analyzed with the UNIFI software (Waters). Briefly, after 4D peak
detection, the chromatograms at successive kinetics points were
compared to spot potential TPs. Molecular formula attribution was
performed with a restricted list of atoms (C, H, N, O, P, S and Cl) and
several online libraries, as a part of Chemspider in UNIFIL, were inter-
rogated (Sigma-Aldrich, Drugbank, NIST, MassBank and LGC Standard)
to tentatively identify the detected products. In order to ensure mass
precision lockspray infusion was used during all the injections.

3. Results & discussion
3.1. Occurrence and removal in wastewater treatment plants

First, the concentrations of furosemide were evaluated in the Seine-
Centre WWTP, along with the possible presence of its known degrada-
tion products saluamine and pyridinium of furosemide. This WWTP was
chosen because it is located directly downstream of the city of Paris, thus
receiving most of Parisian wastewaters.

The two collected raw water samples (2021-12-07 and 2021-12-08
samples) exhibited substantial concentrations of furosemide of 3351
and 2819 ng.L ™! respectively (Table 2). These concentrations were
consistent with those found in recent literature for WWTPs raw water in
other European countries. Concentrations between 1 and 5 pg.L ™! were
found: 1491 ng.L’1 in Sweden (Baresel et al., 2019), 2625 ng.L’1 in
Poland (Kot-Wasik et al., 2016), 2601 ng.L’l in Greece (Papageorgiou
etal., 2019), 1901 ng.L ™! and 3410 ng.L ! in Spain (Collado et al., 2014;
Celicetal. 2019), 4577 ng.L’1 in Portugal (Santos et al., 2013), 1652 ng.

Table 2

Concentrations (ng.L’l) of Furosemide, Pyridinium of Furosemide and Salu-
amine in WWTP water samples (RW = raw wastewater, TW = treated
wastewater).

2021-12-07 2021-12-08

RW1 TW1 RW2 TW2
Furosemide 3351 890 2819 727
Pyridinium of Furosemide 2612 255 2506 219
Saluamine 3018 272 3617 674
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L lin Italy (Feo et al., 2020), 2916 ng.L’1 and in Switzerland (Lee et al.,
2014).

Our samples concentrations at 24 h interval were of the same order of
magnitude, indicating little variation over this period. This result is in
contrast to Gomez-Canela et al. (2019), who observed significant vari-
ations in furosemide concentrations over 5 consecutive days, but on
nursing home effluents. However, for furosemide, other studies usually
reported seasonal rather than weekly variations with lower concentra-
tions in summer (Kot-Wasik et al., 2016; Delli Compagni et al., 2020).

The known degradation products of furosemide, saluamine, furfural
and pyridinium of furosemide, have been searched for in wastewater.
Furfural could not be analyzed with our method, the compound being
possibly too small and/or too polar to be extracted and analyzed with
the same method as the other three. Although described as a furosemide
transformation product since long ago (Andreasen et al., 1982), reports
on saluamine toxicity and occurrence in the environment are scarce.
Nonetheless, we found saluamine and pyridinium of furosemide in
WWTP raw water both at concentrations of a few thousands of ng.L ™!
(Table 2).

Interestingly, the distribution between the three compounds in raw
water was about one third for each, which means that the degradation
products are formed upstream of the WWTP, probably during the
journey through the water system as commonly observed. Indeed, other
drug TPs have already been found in WWTP influents such as N4-
Acetylsulfamethoxazole, 2-hydroxycarbamazepine, O-desmethylvenla-
faxine, 4-hydroxydiclofenac which are TPs of sulfamethoxazole, carba-
mazepine, venlafaxine and diclofenac, respectively (Aymerich et al.,
2016). Furosemide could have been hydrolyzed or biodegraded in the
wastewater transport system. The hydrolysis of furosemide has been
known since the 70’s and leads to the formation of saluamine in an
acidic environment (Bundgaard et al., 1988; Andreasen et al., 1982) and
some studies showed that saluamine and pyridinium of furosemide can
be produced by biotransformation of furosemide by several microor-
ganisms (Hezari and Davis, 1992; Laurencé et al., 2014; Olvera-vargas
et al., 2016). These three compounds are still present in the two WWTP
effluents samples at several hundred nanograms per liter (Table 2).
Saluamine can be formed in water sediments (Li et al., 2014) and by
photolysis (Bundgaard et al., 1988) but to our knowledge, this is the first
evidence of saluamine and pyridinium of furosemide presence in
wastewater.

All three compounds exhibited some removal in the WWTP. Yields of
removal for each compound were very similar between the two sam-
pling dates (Fig. 1). For furosemide, a reduction of over 70% was
observed for both samples, which ranked in the higher range of furo-
semide removal by comparison with data from the literature. Mata-
moros et al. (2009) and Kasprzyk-Hordern et al. (2009) found similar
furosemide removal rates (65% and 74%, respectively), but other
studies found variable removals, with the lowest around 25% (Park,
2016), or 40-50% removal for WWTP with conventional
mechanical-biological treatment (Kot-Wasik et al., 2016; Gros et al.,
2010). In some cases, the sampling period could explain the differences
in removal; Matamoros et al. (2009) and Kasprzyk-Hordern et al. (2009)
samples were collected in spring and summer while Kot-Wasik et al.
(2016) collected theirs in winter. Castiglioni et al. (2006) showed that
the elimination rate of furosemide was much lower in winter than in
summer (8% versus 54%). These differences could be related to the
lower temperatures in winter, which possibly attenuated the biological
activity. However, in our case, the samples were collected in winter.
Thus, the differences in efficiency of the treatment plants for furosemide
removal could be explained by the different processes used in the plants.
For example, the plant studied in Matamoros et al. (2009) included
several types of wetland constructs that were shown to be relatively
efficient for the elimination of furosemide in recent literature (Ahmed
et al., 2017; Machado et al., 2017). In the case of Seine-Centre, the
purification process, which includes biofiltration, nitrification and
denitrification processes, also promoted an efficient elimination of
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Fig. 1. Removal percentage of furosemide, saluamine and pyridinium of furosemide in Seine-Centre WWTP. Solid bars represent concentrations in raw samples and
hatched bars represent concentrations in samples after treatment in WWTP. The percentages shown on the hatched bars indicate the percent removal for each

compound. Error bars represent standard error.

furosemide.

In spite of a good elimination rate of furosemide and its TPs salu-
amine and pyridinium of furosemide (70-90% removal), several hun-
dreds of nanograms per liter still remained in the wastewater effluent.
Many authors reported significant concentrations of furosemide at the
outlet of wastewater treatment plants (Table 3). Concentrations
exceeding 10 pg.L ! were even found in a few studies (22 300 ng.L ™! in
UNESCO (2017), 26 000 ng.L’1 in Vymazal et al. (2017), and 11 000 ng.
L 1in Rozman et al. (2017)).

WWTP effluents concentrations not only depend on the influent
concentrations, but also on the treatment processes used within each
WWTP. In some cases, furosemide concentrations can be higher at the
WWTP outlet than at the inlet (Kleywegt et al., 2016). Due to the fact
that an important fraction of furosemide is excreted as a
glucuro-conjugated form (Yang et al., 2006), and thus not taken into
account during the analysis, this difference could be assigned to the
deconjugation occurring during the WWTP treatment, leading to an
increased concentration of the native, unchanged form of furosemide at
the outlet. It cannot be excluded that in our raw samples, furosemide
concentrations could be underestimated for similar reasons, and
consequently, the removal percentage as well. Overall, the WWTP
appeared to be relatively effective in removing furosemide as well as its
TPs, thus showing that there was no additional production of the tar-
geted TPs during the biological process.

3.2. Occurrence in residential care home wastewater

The concentration of furosemide and its TPs was then evaluated in

RCH wastewater samples (Table 4). We anticipated this type of sample
to be highly-charged in furosemide, as this medication is frequently
prescribed at high doses to elderly people affected by chronic and age-
related diseases such as hypertension and heart failure. Effluents from
three different RCH were analyzed. In all three samples, significant
amounts of furosemide were found, and to a lesser extent, of pyridinium
of furosemide and saluamine, but their concentrations and proportions
relative to each other were variable.

Furosemide concentration variation across the three sites could be
directly related to their hosting capacity. The highest furosemide con-
centration was found in RCH2 which also had the highest hosting ca-
pacity and on the contrary, the lowest concentration was observed in
RCHS3 which also has the lowest number of beds. On the other hand,
Gomez-Canela et al. (2019) showed that there were quite large furose-
mide concentration variations (of a few thousand nanograms per liter)
within the same institution over several samples, thus making it more
relevant in this case to discuss the orders of magnitude. The concen-
trations of furosemide in the RCH1 and RCH2 samples were quite close,
but the concentration of saluamine was 2-fold higher in RCH2. The
higher proportion of saluamine in RCH2 could be explained by a greater
biological activity which could lead to a more important biodegradation
of furosemide (Laurencé et al., 2014; Olvera-Vargas et al., 2016). The
proportion of pyridinium of furosemide was also much lower in RCH2,
implying a preferential transformation of furosemide to saluamine in
this case. This difference could be explained by the neutral pH (7.10 at
20 °C) indeed the formation of saluamine is promoted in acidic condi-
tions (Bundgaard et al., 1988; Andreasen et al., 1982).

Few studies have investigated the presence of furosemide in non-

Table 3

Concentrations (in ng.L’l) of furosemide in WWTP effluents.
France® Spain”  Portugal® Ttaly® Poland® Denmark’  Sweden®  Czech Republic” Greece' Canada’ Mexico" Tunisia’ Japan™ Malaysia"
2622 1604 2214 903 2670 612 410 1250 9965 1940 80 67 184 819

2 Tracol and Duchemin, 2016.
b Celic et al. 2019

¢ Santos et al., (2013).

4 Castiglioni et al., (2018).

¢ Giebuttowicz et al., (2016).
f Huber et al., (2016).

& Frieberg, 2018.

h Diaz-Sosa et al., (2020).

i Papageorgiou et al., (2016).
I Kleywegt et al., 2016.

k Estrada-Arriaga et al., (2016).
! Afsa et al., 2020.

™ Hanamoto et al., (2018).

™ Al-Odaini et al., (2013).
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Table 4
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Concentration of furosemide, saluamine and pyridinium of furosemide in residential care homes wastewater in dissolved and particulate phases.

RCH1

RCH2 RCH3

Dissolved phase Particulate phase particulate phase

Dissolved phase Particulate phase particulate phase Dissolved phase

(ng.L-l) (ng.g-l) related to SM (ng.L-l) (ng.L-l) (ng.g-l) related to SM (ng.L-l) (ng.L-l)
Furosemide 65 108 160 17.8 69 762 150 26.6 37 038
Saluamine 4947 2160 244.8 8841 510 91.1 5498
Pyridinium of 4070 260 29.5 274 10 2.1 1280
Furosemide

treated effluents of RCH. Gomez-Canela et al. (2019) reported concen-
trations up to 3200 ng.L ™! and 3400 ng.L™! in two different senior
residence effluents in Spain with a capacity of 103 and 96 beds,
respectively, and Nagarnaik et al. (2010) found 1031 ng.L ™! in nursing
care facility effluents which were considerably lower than the concen-
trations in this study for an equivalent hosting capacity. Slightly higher
concentrations (median 6120 ng.L’1 and maximum 25 100 ng.L’l) were
found by Kleywegt et al. (2016) in a long care center for senior residents
and other clients in Canada but with a much larger capacity (289 beds).

Furosemide and its major degradation products were also analyzed
in the solid fraction of RCH1 and RCH2 samples (Table 4). Although the
three compounds were difficult to analyze because of an important
matrix effect, significant concentrations (several hundreds of nanograms
per gram) were found.

Saluamine has only been detected once in natural sediments doped
with furosemide (Li et al., 2014) but our present work uncovers for the
first time the presence of pyridinium of furosemide in the solid fraction.
In sediments, furosemide concentrations of 7, 98, and 350 ng g~ were
reported (Ferreira da Silva et al. (2011), Ferrari et al. (2011), and
Bjorklund et al. (2016) respectively). The concentrations obtained in our
study are closer to those obtained in WWTP sludge, where the concen-
trations reached up to 686 ng g~ (Huber et al., 2016) and 3602 ng g~*
(Salgado et al., 2011). These values indicate that a significant fraction of
furosemide is adsorbed onto the particulate phase. The partition co-
efficients between the liquid and solid phase (Kd) are good indicators of
the compounds affinity with the solid phase. The Kd values of the sus-
pended matter of the samples RCH1 and RCH2 were 7.7 and 5.4 L kg™
respectively. Jelic et al. (2012) found a Kd of 43L kg_1 for furosemide in
the solid phase of WWTP effluent which is 5-8 fold higher than the
values found in this study. The Kd value is very dependent on the matrix
considered. For example, in sediments, Bjorklund et al. (2016) found a
Kd of 2517 L kg~! which shows a very good affinity of furosemide for
sediments whereas Jelic et al. (2012) found a lower Kd in thickened
sludge (127 L kg™!) and digested sludge (110 L kg™1). In a Membrane
BioReactor (MBR) or Anaerobic-Anoxic-Aerobic system (A20) -treated
sludge, Park et al. (2017) obtained a Kd of 2.1, which is quite low in
comparison. Narumiya et al. (2013) showed a decrease of the Kd for
furosemide before and after sludge digestion. In sample RCH1, the Kd
value of pyridinium of furosemide (12.5 L kg~ ') was quite close to the
one of furosemide, but was much lower in RCH2 (0.36 L kg_l), which
shows a much better affinity of furosemide for the solid phase in sample
1. Kd values for saluamine were more important (103.7 and 18.3 L
kg™1), meaning that a significant fraction of saluamine was adsorbed on
the solid phase. Thus, total saluamine load in wastewater could be
largely underestimated when only performing the conventional analysis
of the dissolved phase.

3.3. Advanced oxidation in pure water and in residential care houses
wastewater

3.3.1. Oxidation of furosemide in ultrapure water

The partial resistance of hundreds of compounds to conventional
wastewater treatments highlights the need to go further in the degra-
dation processes. We chose two AOPs which have the potential to up-
grade WWTPs worldwide and are already used in some countries like

Japan or Switzerland (Prasse et al., 2015). Chlorination oxidation ex-
periments were also performed (Figs. S3 and S4 and Table S1). Both
oxidation processes have been used for a long time for disinfection and
the oxidants produced are likely to react with furosemide. The photo-
degradation of furosemide has been known for several decades. UV
irradiation leads to the substitution of chlorine by a hydroxyl group, to
the hydrolysis of the furfuryl group, that results in the production of
furfural and saluamine, or the oxidation of the sulfamoyl group
(Bundgaard et al., 1988; Moore and Burt, 1981). Furosemide is also
degraded in sunlight or artificial laboratory light which makes it a good
candidate for UV degradation (Starling et al., 2019). The use of ozona-
tion has increased in recent years for the treatment of wastewaters due
to its effectiveness in removing organic compounds. As an electrophilic
agent, the presence of electron-rich moieties such as aromatic com-
pounds determines the reactivity with ozone (Lim et al., 2022). Ac-
cording to Zoumpouli et al. (2021), furosemide is expected to present an
important reactivity with ozone due to the presence of the furan ring and
the aniline group. However, the potential formation of furosemide TPs,
especially pyridinium of furosemide, remains unknown for AOPs. AOPs
are known to generate a variety of TPs that are potentially hazardous to
ecosystems, and whose identification is a challenge due to the lack of
analytical standards. Furosemide degradation was thus first investigated
in ultrapure water spiked with furosemide. Pyridinium of furosemide
was quantified after the oxidation, and aliquots were also taken to
monitor the formation of unknown TPs by high-resolution mass
spectrometry.

As anticipated, the two AOPs were effective in degrading furosemide
under our experimental conditions. Ozonation was the most efficient
(see Supplementary Information Figs. S1 and S2).

The pyridinium of furosemide was produced during both oxidation
experiments (Table 5). During the UV/H,03 oxidation, the aliquot taken
at 210 min already presented a few micrograms per liter of pyridinium
with 1.5% conversion rate of furosemide. This rate reached 5.8% after
300 min. However, during this 5 h-time lapse, less than 10% of furo-
semide was degraded, which means that pyridinium formation is slow,
probably because it involves reaction intermediates (Olvera-vargas
et al., 2016; Zoumpouli et al., 2021). Pyridinium of furosemide was also
produced by ozonation within a few minutes. Its production started
immediately after ozone addition, and its concentration increased
gradually until 4 min, with a furosemide conversion rate of 3.2% which
remained unchanged after 10 min, in conjunction with a total con-
sumption of ozone and furosemide concentration reaching a plateau. As
in the UV/H305 experiment, pyridinium of furosemide did not seem to
be degraded by the ozone treatment. Pyridinium of furosemide was also

Table 5
Pyridinium of furosemide concentration and furosemide percentage of conver-
sion during oxidation experiments.

Time (min) Concentration (pg.L’l) Conversion (%)
UV/H30, 210 15.05 1.5
300 58.43 5.8
Ozonation (3 mg.L™}) 1 35.84 1.2
2 58.17 1.9
95.61 3.2
10 93.29 3.1
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detected after chlorination (35 mgClz.L’l) of furosemide (3 mg.L’l),
with a maximum conversion rate of 1.4% after only 2 min of reaction
time, but contrary to the other oxidation processes, its concentration
quickly decreased after 5 min, probably because of the formation of
chlorinated derivatives (Table S1). This result might be of importance
for the quality of drinking water produced from resources impacted by
furosemide, even though the fast degradation of pyridinium of furose-
mide seems to indicate a low risk of exposure.

3.3.2. Oxidation of residential care houses wastewater

In order to get insights on the AOPs efficiencies with furosemide
heavily-loaded real samples and on the formation of TPs in the presence
of wastewater matrix components, we next subjected the effluents from
the three RCH samples to the two AOPs (Fig. 2). The overall abatement
was quite variable from one sample to another and for the different
compounds, depending on the water parameters and the oxidation
process used. Ozonation was very effective at removing the three pol-
lutants, with an important reduction (below quantification limit) of
furosemide and pyridinium of furosemide for the three tested samples
(Fig. 2). As for chlorination (supplementary data, Figs. S4 and SI),
abatement rates of almost 100% were observed for furosemide and
pyridinium. These results were thus consistent with the experiments
conducted with ultrapure water. Although the lifetime of ozone in
WWTP effluent is shorter because of background absorptions (Lim et al.,
2022), ozone was injected continuously in the samples and therefore
furosemide reached higher removals than in the ultra-pure water
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experiment (Figs. S2 and SI). This could also explain why pyridinium of
furosemide was not observed in the ozonated samples, a higher ozone
dose probably leading to its decomposition.

Our results are in accordance with those reported in the litterature.
Munoz et al. (2009) showed a 100% removal of furosemide and Gomez
et al. (2008) a removal of 99% for both O3 and O3 with H,O5 treatments.
Ikonen et al. (2021) obtained a reduction of 99.7% of furosemide in
wastewater effluents and Lee et al. (2012) observed a reduction to below
their detection limits with a dose of 2 mg Os.L™l. Experiments
combining ozonation with other treatments such as biological activated
carbon (Reungoat et al., 2012) or ultrasonication (Ibanez et al., 2013)
did not significantly improve the removal efficiency and showed that the
ozone treatment is responsible for most of the elimination of furosemide.

Contrary to furosemide and pyridinium, saluamine was less removed
and its removal rate was variable depending on the sample. Saluamine
was well degraded in the RCH3 sample, but higher concentrations of
saluamine were observed from RCH1 and RCH2 samples after ozona-
tion. This production of saluamine could be explained by the conversion
of both furosemide and pyridinium to saluamine in the conditions of
these samples (e.g., different initial concentrations, competition re-
actions of ozone with wastewater constituents such as nitrites or organic
matter leading to a decrease in saluamine decomposition). Contrary to
experiments in ultrapure water, no additional formation of pyridinium
was observed, and all pyridinium already present in the RCH samples
was degraded by ozone.

Furosemide removal by UV/H30, was between 70 and 80% for all

‘ Fig. 2. Effectiveness of a) UV/H;02 and b)
8) | RCH 1 | | RCH2 | | RCH 3 | ozonation on residential care home (RCH)
100 discharge water. The bars represent removal
_ efficiency in percentage calculated from
initial concentration for each compound
T (dark grey = furosemide, medium grey =
50 J_ saluamine, light grey = Pyridinium of furo-
= semide). Error bars represent standard error.
Ef,_ For Ozonation, the samples were exposed for
e 0 1.5 h with 2 Lh™" Os. For UV/H,0,, the
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the samples, which is very close to the 82% removal found by Jie (2012)
in hospital wastewater. However, the effectiveness of UV/H305 on
furosemide elimination is still uncertain. Park et al. (2017) described the
use of UV irradiation alone as not very effective on pharmaceuticals and
personal care products, and only achieved 23% of removal of furosemide
in WWTP post-treatment. However, as the treatment was performed
during a purification process in a WWTP, the suspended particles can
interfere and reduce the effectiveness of UV as compared to laboratory
experiments performed with filtered samples. With UV/H30,, Ikonen
et al. (2021) found no removal of furosemide while Singh et al. (2015)
observed a complete degradation, but with a lamp 8 times more
powerful (Joule/cm?). The efficiency of furosemide degradation by
UV/H305 thus seems to be strongly dependent on the UV irradiation
intensity. Similarly to ozonation and chlorination, large differences of
removal were observed between the three samples for the two degra-
dation products.

3.4. Generation of furosemide new transformation by-products

As these advanced oxidation processes have been reported to
generate numerous by-products by reaction with organic contaminants,
many of them being often potentially more toxic than their parent
molecules (reviewed in Prasse et al., 2015), the formation of other
transformation products of furosemide was investigated after the
oxidation experiments by high-resolution mass spectrometry (HRMS).
Noteworthy, two other by-products of furosemide were identified: one
during chlorination (Fig. 2 e.) and one during UV/H30, treatment
(Fig. 3f).

To our knowledge, the product 3.e. was not clearly mentioned in the
literature. However, Aalizadeh et al. (2019) found a by-product of
furosemide of similar mass (m/z 276.99) after ozonation but they did not
identify the structure. On the other hand, the compound 3.f. from
UV/H20; oxidation has already been observed as a photodegradation
product of furosemide after exposure to fluorescent lamps, and its
structure was identified with 'H NMR (Katsura et al., 2015). Its structure
resembles the one of furosemide with m/z 311.03, except that the
chlorine has been replaced by a hydroxyl group. In Jakimska et al.
(2014), this product has been found after photodegradation experiments
carried out on river water samples and was considered as one of the most
persistent transformation products. These authors then found it in
WWTP influents and effluents. In our study, the 3.f product formation
kinetics was studied (see supplementary data, Fig. S4), showing that its
degradation occurred after 1 h.

Jakimska et al. (2014) and Katsura et al. (2015) also identified
saluamine and other degradation products (m/z 352, m/z 555, m/z 231,
m/z 295, m/z 215) which not only corresponded to losses or substitution
of Cl groups on furosemide or saluamine but also sometimes to recom-
bination of fragments as in the study of Della-Greca et al. (2004), which
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|e. Chiorination by-product | [f. UV/H,0, by-product |

Fig. 3. Molecular Structure of a. furosemide (m/z 329.74) and its trans-
formation products. b. Pyridinium of furosemide (m/z 328.73), c. Furfural (m/z
96.08), d. Saluamine (m/z 250.66). Transformation products identified by high-
resolution mass spectrometry analysis: e. Chlorination by product m/z 276.99;
f. UV/H304 by product m/z 311.03.
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identified a dimer (m/z 623) after photodegradation of furosemide.
These by-products were not found in our oxidation experiments. The
Della-Greca et al. (2004) dimer is larger than the other molecules and
very polar: it is possible that our extraction method did not retain it.
Moreover, these degradation products were observed after UV irradia-
tion alone, thus it is conceivable that by combining UV with H20,
treatment, they were further degraded as well, as described by (Starling
et al., 2019). Indeed, these authors found similar degradation products
of furosemide after UV and UV/H20; treatment, but they did not remain
stable after HyO, addition. If these compounds were present in our ex-
periments, they may be below the limit of detection.

The m/z 276 and m/z 288 transformation products obtained after
ozonation have also been mentioned in the literature but their structure
could not be elucidated (Aalizadeh et al., 2019). In Zoumpouli et al.
(2021), a molecule with a pyridinium structure (m/z 328) and a
saluamine-like molecule (m/z 265) were also obtained by ozonation of
the furan ring.

Taken together, our data show that ozonation, UV/H,05 and chlo-
rination degrade furosemide, generating several different by-products.
High oxidant doses were chosen to maximize the formation of trans-
formation products in order to enhance their analytical detection and
identification, so their presence should still be investigated at realistic
doses (e.g., at a specific ozone dose <1 mg0O3/mgDOC) and at the in-
dustrial scale (Guillossou et al., 2020). Besides saluamine production,
the pyridinium of furosemide was formed under all three conditions but
was only degraded by chlorination. Furthermore, chlorination also
generated a product (m/z 276) never described before, but which was
degraded after a few hours. Another product (m/z 311), resulting from
photodegradation and previously reported (Katsura et al., 2015), was
also identified.

4. Conclusion

This study provides new findings on the occurrence and fate of
furosemide from its origin to wastewater treatment plants. The known
degradation products of furosemide, saluamine and pyridinium of
furosemide were searched and quantified for the first time in real sam-
ples (WWTP inlets and outlets and RCH wastewaters). The Seine-Centre
WWTP showed a good removal of furosemide (>70%), saluamine
(>80%) and pyridinium (>90%). However, concentrations of several
hundred ng.L ! were found after treatment and are released into the
aquatic environment. These concentrations sometimes exceed 10 pg.L’1
in the literature for furosemide and may pose a risk to ecosystems.

To limit the release of these pharmaceutical compounds in the
environment, we investigated AOPs and the possible production of TPs.
UV/H,0,, chlorination and ozonation were first shown to be effective in
degrading furosemide in ultrapure water. In RCH wastewater, ozonation
and chlorination showed complete degradation of furosemide and pyr-
idinium, but saluamine was still present in the samples after treatment
due to a possible production. UV/H304 showed variable removal rates
depending on the compounds. Although these treatments appeared
quite effective, new TPs were identified following the chlorination (m/z
276) and ozonation (m/z 311) processes. The elimination of pollutants is
used as a criterion for the evaluation of AOPs, but the presence of TPs
should also be considered. Before concluding on the effectiveness of
these advanced treatments, the toxicity and persistence of the end-
products should be investigated. Thus, our study underlines the neces-
sity and the relevance to use approaches such as non-targeted analysis
for the detection of emerging pollutants, to unveil new TPs, combined
with toxicity assessments in order to improve the characterization and
design of wastewater treatment processes. Keeping in mind that these
data alone do not provide information on their toxic risk and cocktail
effects, our study highlights the need to develop an integrative strategy
coupling state-of-the art chemical analysis techniques with ecotoxico-
logical tests with defined end-points.
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Supplementary informations:

Text S1. Methodology for chlorination experiment. The Cl, concentration of a commercial solution
was measured with a spectrophotometer at a wavelength of A = 292 nm. The sample is agitated for 30
minutes and then the required amount of chlorine is added directly to the sample. For the furosemide
degradation kinetics experiments, ultrapure water was spiked with 3 mg.L: furosemide and chlorine
was added at a concentration of 35 mgCl..L:. Aliquots were taken in 1 mL vials at 0, 2, 5, 60 minutes and
24 h. For the experiments on outlet water from residential care homes, chlorine was added directly to
the beaker with the sample at a concentration equal to three times the DOC concentration. The
samples were placed under stirring for 4 h. A measurement of the residual chlorine was performed
after 4 h by taking 3 mL of the sample with 75 pL of 1.7 M acetic acid and 750 pL of 1 M potassium

[Cl‘]( mM) — Ax| 5-"3.735?'3"‘3:5 ) x 1000
iodide.
A is the absorbance measured at A = 351 nm, € is the molar extinction coefficient (g = 26 900 M+.cm-)

and d is the dilution factor of the reaction medium to make the measurement. Residual chlorine was
guenched by adding sodium thiosulfate in excess.

Figure S1. Furosemide degradation under UV-Light with hydrogen peroxide
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Figure S2. Furosemide degradation by ozonation and ozone consumption. (COLOR FIGURE)
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Figure S3. Furosemide degradation by chlorination
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Chlorination is primarily used as a disinfectant, but is also an oxidizing agent capable of reacting with
sulfur, primary and secondary amines or phenols groups of organic contaminants, thus eliminating
them with variable efficiencies. Due to the presence of secondary amine, chlorine should react strongly
with furosemide (Huerta-Fontela et al. 2011).

Huerta-Fontela, M., Galceran, M.T., Ventura, F., 2011. Occurrence and removal of pharmaceuticals and
hormones through drinking water treatment. Water Research 45, 1432-1442.
https://doi.org/10.1016/j.watres.2010.10.036

Table S1. Pyridinium of furosemide concentration and percentage of conversion during chlorination

Time (min) Concentration (ug.L:) conversion (%)

2 41.20 1.4

Chlorination
5 8.73 0.3

During chlorination, the pyridinium production seemed faster than with UV/H.,0,, with a 1.4%
furosemide conversion rate and a concentration of 41.2 pg.L: after only 2 minutes, which is consistent
with the rapid degradation of furosemide in this condition (Fig. S1, SI). On the other hand, 3 minutes
later, the pyridinium concentration was much lower. Thus, although it was formed rapidly, it also
appeared to be removed rapidly by chlorination.


https://doi.org/10.1016/j.watres.2010.10.036

Figure S4. Effectiveness of chlorination on residential care home discharge water
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The bars represent removal efficiency in percentage calculated from initial concentration for each compound
(dark grey = furosemide, grey = saluamine, light grey = Pyridinium of furosemide). Error bars represent standard
error. The samples were exposed for 4H to 1.3g.L+ (3xCOD value).

Furosemide removal efficiency by chlorination was quite close to that found in the scientific literature.
Huerta-Fontela et al. (2011) obtained an almost complete degradation of furosemide (>99%). As
mentioned in part 2, the presence of primary and/or secondary amines on the three molecules which
are very reactive with chlorine could explain their good degradation. The lower efficiency of
chlorination observed for saluamine removal could be linked to the ability of both pyridinium and
furosemide to degrade into saluamine, as shown in our earlier study (Laurencé et al. 2011). Thus, these
transformations would result in an increase of this compound, that would attenuate the net effect of
its removal by chlorination. Nevertheless, the efficiency of chlorination was similar to that observed in
the reconstituted water experiments (53). The complexity of the sample did not seem to impact the
degradation process of furosemide.

Figure S5. Detection and monitoring of a transformation product after UV/H,0, (product f.)
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Monitoring of 2-(2-furylmethylamino)-4-hydroxy-5-sulfamoyl-benzoic acid (product f.) in negative mode. Mass=

311.0345 detected in NTS.

Table S2. Retention time of each molecule and the corresponding internal standard, and the estimation
of matrix effects for each internal standards: ME = 100 x (area in matrix / area in standard)

Electrospray RT ME (%) ME SD
Pyridinium of Furosemide + 1.0
Atenolol-d7 + 2.1 85.6 36.8
Saluamine + 2.5
Sulfamethoxazole-d4 - 3.9 85.5 18.0
Furosemide - 5.8
Furosemide-d5 - 5.8 82.5 9.5
Table S3. Acquisition parameters
Molecular Mass of the Electrospray Cone Collision RT LOD LOQ
mass (g.mol analyzed tension  energy (min)  instr instr
1) ionic (V) (eV) (ng.l)  (ng.L)
fragment
(m/z)
Furosemide 330,74 204,84 - 32 20 5.70 0.890 2.966
Saluamine 250,66 233,10 + 20 16 2.4 7.941  26.470
Pyridinium of 328,72 249,02 + 50 40 0.9 0.270 0.899

Furosemide




Cette étude fournit de nouveaux résultats sur I'occurrence et le devenir du furosémide depuis son origine
jusqu'aux stations d'épuration des eaux usées. Dans les rejets d’EHPAD, le furosémide a été trouvé en forte
concentration, allant de 37 000 ng/L a 70000 ng/L, confirmant que I'échantillonnage de résidences
médicalisées était un choix pertinent pour I'étude du furosémide. Les analyses en LC-MS/MS ont
également montré, pour la premiére fois dans des échantillons d’eaux usées, la présence de pyridinium du
furosémide, entre 300 et 4 000 ng/L, et de saluamine, entre 5 000 et 9 000 ng/L. Ces sous-produits ont
également été quantifiés dans les eaux usées urbaines autour de 3 000 ng/L chacun, montrant une
proportion plus importante des produits de transformations que dans les rejets d’EHPAD. Cette différence
pourrait étre expliquée par un temps de résidence plus long dans les réseaux d’eau usées par rapport aux
échantillons issus des résidences médicalisées directement prélevés a la source, donnant ainsi plus de
temps au furosémide de se dégrader en pyridinium ou saluamine (biodégradation, hydrolyse,..). Enfin, les
trois composés ont également été quantifiés dans les rejets de STEU. Malgré une bonne élimination du
furosémide (>70%), de la saluamine (>80%) et du pyridinium (>90%) dans la STEU de Seine-Centre
(Colombes), des concentrations de plusieurs centaines de nanogrammes par litre sont rejetées dans le
milieu naturel. Afin de limiter le rejet de ces composés dans I'environnement, il est nécessaire d’optimiser

les procédés de traitement.

Par ailleurs, les procédés de traitement quaternaires étudiés dans cet article ont montré une efficacité
variable. Les traitements par ozonation et chloration ont un taux d’élimination proche de 100% ce qui est
pertinent avec les résultats obtenus dans la littérature scientifique (Cf chapitre I). Le traitement par
UV/H,0, en revanche s’est montré moins efficace (entre 70% et 80% d'abattement du furosémide) et tres
dépendant de la composition des échantillons. Dans la littérature, le taux d’élimination du furosémide par
UV/H,0, varie de 0 a 100% selon le type d’échantillon également, mais aussi en fonction des procédés en
amont. La dégradation du furosémide est relativement bien documentée. En revanche, aucune donnée
n’existait sur le pyridinium du furosémide et la saluamine. Globalement, les mémes tendances ont été
observées pour la dégradation du pyridinium que pour le furosémide, avec une dégradation proche de
100% par chloration et ozonation. Cette similitude pourrait étre expliquée par le fait que les deux
composés ont une structure proche et beaucoup de groupements fonctionnels en commun. La saluamine,
en revanche, est systématiquement moins bien dégradée, voire méme, produite, en particulier par
I'ozonation. De plus, de nouveaux sous-produits ont été identifiés suite aux processus de chloration (276
m/z) et d'ozonation (311 m/z).

L'élimination des polluants est utilisée comme critére d'évaluation des ces procédés avancés, mais cette
étude souligne que la présence des produits de dégradation doit également étre considérée. Ceci souligne
également la nécessité et la pertinence d'utiliser des approches telles que I'analyse non ciblée pour la
détection de polluants émergents, combinées a des évaluations de toxicité afin d'améliorer la
caractérisation et la conception des processus de traitement des eaux usées. Des procédés d’adsorption,
comme le charbon actif, pourraient étre des solutions prometteuses pour empécher le relargage de
nouveaux sous-produits, non caractérisés, et potentiellement déléteres pour I'écosystéme aquatique.
Labsence de standards analytiques rend tres difficile leur quantification, mais aussi leurs études

toxicologiques. Empécher leur formation semble donc étre la meilleure alternative.



Il. Mesure du furosémide dans le bassin Seine-Normandie

En France, la gestion des masses d'eau s’organise en fonction des bassins versants. Une agence de I'eau est
associée a chacun de ces bassins, et fixe des objectifs environnementaux a atteindre via des Schémas
Directeurs d’Aménagement et de Gestion des Eaux (SDAGE). Afin d’orienter les actions de ces SDAGE, des
programmes de surveillance sont nécessaires. Un réseau de surveillance est alors mis en place pour
chaque bassin hydrographique équipé de diverses stations de prélevements pour effectuer un suivi de la

qualité des eaux et évaluer la présence de polluants d'intérét.

Les 41 substances listées par l'article 16 de la DCE sont systématiquement suivies. En fonction des bassins
versants, et donc des SDAGES, d’autres polluants d'intérét peuvent étre ajoutés. Au niveau du bassin
versant Seine-Normandie, par exemple, 286 parameétres sont suivis systématiquement issus des listes
obligatoires et d'une liste spécifique comprenant notamment 32 résidus médicamenteux (comprenants
quelques sous-produits) (Ethynyl estradiol, Carbamazépine, Diclofénac, l|buprofene, Kétoproféne,
Paracétamol, Sulfaméthoxazole, Acide fénofibrique, Oxazépam, Estrone, Norethindrone, Sotalol,
Erythromycine, Ofloxacine, Clarithromycine, Ciprofloxacine, Acide diatrizoique, Amiodarone, Tramadol,
Carbamazépine époxide, Métronidazole, Trimétazidine, Cyclophosphamide, Metformine,
O-Demethyltramadol, Carboxy lbuprofen, Acide niflumique, Triclocarban, 1-Hydroxy Ibuprofen, 2-Hydroxy

Ibuprofen, Azithromycine).
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Figure 5. Concentrations de furosémide dans le bassin Seine-Normandie en 2019. La quantification du
furosémide (code SANDRE 5364) est réalisée par HPLC-MS/MS par le laboratoire EUROFINS IPL EST EST avec une limite de
détection de 0,007 pg/L et une limite de quantification de 0,02 pg/L. Les échantillons proviennent des préleveurs d’EUROFINS IPL
EST EST et du département de Seine et Marne, prélevés en 2019. Les données brutes ont été fournies par I'agence de l'eau
Seine-Normandie. La figure a été réalisée sous Rstudio et les fonds de cartes ont été téléchargés depuis geo.data.gouv.fr.



Ces polluants sont parfois également suivis dans le cadre de programmes de recherches pérennes associés
a ce bassin et financés en partie par I'agence de I'eau Seine-Normandie comme le programme OPUR
(auquel est rattachée cette these), le programme Piren-Seine, ou encore le GIP Seine aval. Ainsi, en 2019,
le furosémide a également été suivi sur I'est du bassin de maniere ponctuelle, et échantillonné sur 205

stations. Les résultats des mesures réalisées sur les prélevements de 2019 sont présentés dans la figure 5.

Sur le bassin versant Seine-Normandie, pres de 82% des sites échantillonnés en lle-de-France et en amont
présentent des concentrations inférieures a la limite de quantification de 20 ng/L, révélant des cours d’eau
relativement épargnés par la contamination au furosémide et des concentrations environnementales assez
faibles. Prés de 17% des cours d’eau présentent des concentrations de furosémide comprises entre 20 et
100 ng/L, soit du méme ordre de grandeur que celles relevées dans les rivieres européennes (Cf. Revue,

Chapitre I, concentrations médianes 78,5 ng/L).

Une dizaine de sites (1%) présentent cependant des valeurs supérieures a 100 ng/L. Une concentration
maximale de 623 ng/L est observée au nord-est de Paris. Ce site est positionné sur la Vesle, juste en aval
de Reims. Cette petite riviére est un affluent de I'Aisne, elle-méme un affluent de I'Oise, qui se jette dans la
Seine. En 2019, la ville comprenait 181 194 habitants, avec une proportion de de plus de 65 ans dans la
moyenne nationale (21%) et fait partie des quelques villes du bassin versant avec une population
supérieure a 2 000 habitants (<90%)*. La présence de plusieurs STEU rejetant dans la Vesle, en amont de

la station de prélévement, présentées en figure 6, pourrait expliquer la concentration importante de

furosémide.
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Figure 6. Potentielles sources de contamination en furosémide de la Vesle en région rémoise. Le fond de carte
est issu du portail geo.eau-seine-normandie.fr et la position et capacité des STEU sont issues du portail
assainissement.developpement-durable.gouv.fr. EH = Equivalent habitant.

2 https://www.eau-seine-normandie.fr/



Des concentrations importantes sont retrouvées en lle-de-France, notamment sur la Seine. La forte densité
de population de [l'agglomération parisienne pourrait expliquer des rejets plus importants en
micropolluants par les stations de traitement des eaux usées, bien qu’elles aient des capacités de

traitement importantes (Equivalent Habitant, EH) (voir figure 7).
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Figure 7. Potentielles sources de la contamination en furosémide de la Seine au niveau de |'agglomération

parisienne. Le fond de carte est issu du portail geo.eau-seine-normandie.fr et la position et capacité des STEU sont issues du
portail assainissement.developpement-durable.gouv.fr. EH = Equivalent habitant.

Les concentrations observées dans la Seine sont cependant moins importantes que sur la Vesle en aval de
Reims, pour une densité de population bien supérieure. Le débit moyen de la Seine étant bien plus
important que celui de la Vesle (393 m®/s a Poissy contre 7,52 m®/s sur la Vesle), la dilution des rejets de
STEU est également plus importante. Il se peut également que les STEU de I'agglomération parisienne,

traitant des volumes bien plus importants, soient plus performantes.

Des concentrations fortes sont également retrouvées autour du bassin Mauldre et Vaucouleur. Ce bassin
recoit des eaux issues de la ville de Versailles (84 808 habitants en 2019), et la présence de plusieurs
hopitaux pourrait contribuer a 'augmentation des concentrations de furosémide dans les cours d’eau. Les
stations de traitement des eaux usées sur ce bassin ont des capacités (EH) inférieures a celles des stations
traitant les eaux de l'agglomération parisienne, mais sont en revanche bien plus nombreuses (voir
figure 8). De plus, Nebot et al. (2015) ont montré que les stations de traitement des eaux usées rurales
pouvaient contribuer de fagon importante au rejet de micropolluants dans I'eau. De plus, I'assainissement
non collectif est tres étendu sur le réseau et peut contribuer largement a la contamination et la présence
abondante de micropolluants sur ce bassin a par ailleurs déja été relevée par l'agence de l'eau
Seine-Normandie (SDAGE AESN 2022).
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Figure 8. sources de la contamination en furosémide du bassin Mauldre et Vaucouleurs de I'agglomération

de Versailles. Le fond de carte est issu du portail geo.eau-seine-normandie.fr et la position et capacité des STEU sont issues du
portail assainissement.developpement-durable.gouv.fr. EH = Equivalent habitant.

Un autre site au sud de Paris, vers Corbeilles, présente une concentration de 274 ng/L (figure 9).
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Figure 9. Carte d’occupation du territoire autour de la commune de Lorcy. EH = Equivalent habitant. Le fond de

carte est issu du portail geo.eau-seine-normandie.fr et la position et capacité des STEU sont issues du portail
assainissement.developpement-durable.gouv.fr.



C’est une petite ville (1 551 habitants en 2019) mais la présence d’une résidence médicalisée® juste en
amont, dans la commune de Lorcy (579 habitants en 2019) pourrait expliquer cette contamination
importante. De plus, la STEU traitant les eaux de cette commune est répertoriée comme “conforme” en
termes d’équipement, bien que “non conforme” en termes de performance’, ce qui pourrait également

contribuer a la contamination mesurée.

En conclusion, méme si des concentrations importantes sont retrouvées ponctuellement a proximité de
sites particuliers (EHPAD, ville a forte densité de population,..), la contamination des riviéres par le
furosémide est globalement plutot diffuse. Finalement, plus de 2 500 stations de traitement des eaux
usées traitent les eaux usées de 18 millions d’habitants sur le bassin versant Seine-Normandie, mais ces

eaux doivent étre suffisamment traitées, et/ou les polluants dilués.

IIl.  Calculs des flux sur la station de Poissy

Le rejet de micropolluants dans le milieu n’étant généralement pas un apport ponctuel mais permanent, le
calcul du flux permet de suivre la progression de la pollution dans le temps et dans l'espace, ce qui est
crucial pour la planification et la mise en ceuvre de mesures de réduction de la pollution. En France,
plusieurs projets de recherche ont bien pris en compte ce parametre pour étudier le devenir des polluants
de leur origine vers les milieux. Par exemple, le projet Cosmeteau®™ (2015 - 2018, porté par le LEESU) qui
s'intéresse aux micropolluants issus des produits cosmétiques comme les parabénes et leurs produits de
substitution, décrit les changements de composition de I'eau depuis la source jusqu'a la Seine, en passant
par toutes les étapes du systéme d'épuration. Le projet REMPAR®, lui, étudie la contamination en
micropolluants organiques (médicaments, hormones, pesticides, parabénes et biocides, filtres UV) et
métalliques du bassin d'Arcachon en étudiant les apports du bassin versant jusqu'aux exutoires en mer. Le
projet MEDSEINEY également, a pour but d’étudier la contamination par les composés pharmaceutiques
(SP) de l'estuaire de la Seine. Il est alors intéressant de calculer un flux de polluants (la quantité de
polluants qui passe a travers une zone donnée a un moment donné) plutét qu'une concentration
ponctuelle car cela permet de mieux comprendre la fagon dont la pollution se déplace et se propage. Dans
notre cas, la station de Poissy est particulierement intéressante puisqu’elle se situe juste en aval de Paris et
récupere les eaux de la Seine apres la confluence de ses trois principaux affluents, I'Yonne, la Marne et
I'Oise. Ce site permet notamment d’étudier le transit du furosémide vers l'ouest du bassin versant.
Lagence de l'eau Seine-Normandie s’est ainsi appliquée a calculer les flux des résidus médicamenteux
surveillés par I'agence de I'eau Seine-Normandie en 2019, en se basant sur le site de Poissy. Le calcul des

flux est basé sur I'équation 1:

Flux = k (3 CiQi/ > Qi)* Quoyen (Equation 1)

3 https://www.hostellerieduchateaudelorcy.com/

14 assainissement.developpement-durable.gouv.fr

3 https://www.leesu.fr/Presentation-de-Cosmet-eau

18 https://www.siba-bassin-arcachon.fr/qualite-de-l-eau/rempar
7 https://www.seine-aval.fr/projet/medseine/



Avec Ci, la concentration en polluant en pg/L (Lorsque le résultat est inférieur a la limite de quantification),
Qi, le débit journalier en L/s issus de la banque HYDRO™ et Q,,q,e, calculé a partir des Qi d’'une année. Les
débits de la station de Poissy (03125000) ont été reconstitués a partir de 7 stations hydrométriques
(H7611010; H7853010; H7833540; H7843010; H7742020; H4340020; H5841070) du fait de I'absence

d’une station hydrologique proche de la station de surveillance qualité.

Au niveau de la station de Poissy, les composés pharmaceutiques suivis ont formé un flux annuel de 24,05

T/an. Parmi ceux-ci, le flux de furosémide a été d’environ 650 kg/an, soit 2,7% du flux total.

V. Vente de furosémide en France

Pour expliquer une partie des apports de furosémide dans les cours d’eaux, les données de vente de
médicaments pour les années 2019, 2020 et 2021 ont été extraites de la base de données nationale Open

Medic™ qui se base sur le Systéme National des Données de Santé (SNDS) et présentées dans le tableau 2.

Tableau 2. Masse de furosémide vendue en France et en Seine-Normandie en 2019, 2020 et 2021.

Vente 2019 Vente 2020 Vente 2021 Coefficient

(Tonne) (Tonne) (Tonne) population Zone géographique
3,113 3,131 3,114 1 lle-de-France
0,236 0,240 0,244 0,2 Centre Val de loire
0,228 0,230 0,226 0,15 Bourgogne Franche-comté
1,495 1,545 1,542 0,95 Normandie
0,524 0,542 0,546 0,2 Haut de France
0,702 0,698 0,685 0,21 Grand Est
6,297 6,386 6,357 - Bassin Seine-Normandie

29,472 30,016 29,862 - France

Les coefficients population sont calculés en fonction de la portion de la population de la région incluse dans la zone géographique
du bassin versant, a partir du recensement communal. Pour la région Tle-de-France, entierement incluse dans le bassin versant, le
coefficient vaut 1.

La masse moyenne de furosémide vendue sur le bassin Seine-Normandie pour les trois années est de 6,3
tonnes, soit 21% de la consommation frangaise. La population du bassin Seine-Normandie comprend
environ 25% de la population frangaise, ce qui est cohérent avec les valeurs de consommation. En France,
29,8 tonnes de furosémide ont été vendues en moyenne, ce qui représente une masse importante mais

pertinente du fait qu’il soit I'une des molécules les plus vendues en France (tableau 3).

'8 https://www.hydro.eaufrance.fr/
9 https://www.data.gouv.fr/fr/datasets/open-medic-base-complete-sur-les-depenses-de-medicaments-interregimes/



Tableau 3. Top 20 des molécules les plus vendues en 2021 en nombre de boites.

Rang Molécule Nombre de boites vendues
1 Paracetamol 138649526
2 Acetylsalicylique Acide 41119529
3 Metformine 34316600
4 Codéine 32689052
5 Colecalciferol 32063844
6 Amoxicilline 30939677
7 Esomeprazole 29326718
8 Bisoprolol 23308020
9 Atorvastatine 21097457
10 Alprazolam 20434659
11 Omeprazole 18806500
12 Furosemide 18391996
13 Pantoprazole 18138760
14 Oxazepam 17372350
15 Phloroglucinol 17085177

Les données utilisées sont issues de la base de données Open Medic pour I'année 2021. Les lignes en vert correspondent aux
molécules suivies par I'agence de I'eau Seine-Normandie.

D’autre part, la masse vendue entre 2019 et 2020 a augmenté de plus de 500 kg. Cette augmentation
coincide avec le début de I'épidémie de Sars-CoV 2. En effet, pendant les périodes de confinement, les
prescriptions de médicaments liés au diabéete et aux maladies cardiovasculaires ont largement augmenté
(figure 10), dont celles de furosémide (+ 19% aprés la 11°™ semaine de 2019), ce qui correspond aux dates

du premier confinement en France (Weill et al. 2020).

2018 2019 2020 2020 attendu

250 000

Patients

2 3 4 5 6 7 8 g 10 11 12 13 14 15 16 17 18 19 20

Figure 10. Evolution de la délivrance de furosémide au cours des 20 premiéres semaines de 2018, 2019 et
2020. Graphique extrait du rapport EPIPHARE, 2020.

En revanche, 'augmentation des prescriptions ne dure que quelques jours et est probablement dle a un
stockage lors du début du confinement. En outre, durant la pandémie, le furosémide a aussi été proposé
comme médicament pour traiter certains symptémes de la COVID-19 (Kevorkian et al. 2021). Il a
récemment été montré que le coronavirus du syndrome respiratoire aigu sévere (SarS-CoV 2) dérégule la
production des angiotensines | et Il (protéines du systéme hormonal localisé dans le rein) dont le role est
de réguler la pression artérielle dans I'organisme, provoquant des oedémes pulmonaires (Francisco Santos
et al. 2021). L'infection virale initiale est suivie d'une réponse inflammatoire de I'h6te qui engendre une
sécrétion importante de cytokines inflammatoires (par exemple, IL-6 et TNFQ) provoquant des Iésions des

tissus pulmonaires. Le furosémide est capable d'inhiber la production de ces cytokines et grace a cette



propriété anti-inflammatoire, présente de bons résultats pour traiter ces symptomes (Brennecke et al.
2020). Ces auteurs ont également rapporté que le furosémide posséde en plus des activités antivirales, qui
bloquent les perturbations des concentrations des cations intracellulaires provoquées par le virus en

inhibant le transporteur Na+/K+/2Cl-.
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Figure 11. Concentrations de furosémide sur le bassin Rhéne-Méditerranée. Les données brutes ont été extraites
de la base de données Naiade. La figure a été réalisée sous Rstudio et les fonds de cartes ont été téléchargés depuis
geo.data.gouv.fr. A=Annecy; Av=Avignon; BB=Bourg en Bresse; Be=Belfort; B¢=Besangon; C=Chambord,; D=Dijon; G=Grenoble;
L=Lyon; M=Marseille; Mt=Montpellier; N=Nime; Nc=Nice; P=Perpignan; T=Toulon



Cependant, les données issues de la base de données d'Open Medic indiquent seulement les médicaments
prescrits et vendus en officine. Le furosémide utilisé dans les établissements de soins ne sont alors pas pris
en compte et les augmentations liées a I'épidémie pourraient ne pas se voir ici. En revanche, les
concentrations analysées dans les rejets traduisent les variations de la consommation globale. Le
furosémide étant un polluant suivi dans le bassin Rhone-Méditerranée depuis plusieurs années, I'évolution
des concentrations sont alors comparées pour les années 2019, 2020, 2021 et 2022 dans la figure 11.
Globalement, les concentrations de furosémide ne varient pas significativement d’'une année a l'autre. La
pandémie de COVID-19 ne semble pas avoir eu d’impact sur les rejets de furosémide sur le bassin
Rhone-Méditerranée. Cependant, la figure 11 permet d’identifier des sites ol le furosémide est une
problématique récurrente. Les stations les plus impactées au sud du bassin correspondent a des zones
géographiques marquées par des agglomérations importantes. La zone au sud correspond aux villes de
Marseille, Avignon, Nimes et Montpellier, la zone au sud-ouest correspond a la ville de Perpignan et la
zone au sud, a Cannes et Nice. Aussi, comme sur le bassin Seine-Normandie en 2019, la contamination de

furosémide est globalement plut6t diffuse.

V. Réutilisation des déchets humains et contamination au furosémide

Jusqu’alors nous avons discuté des procédés de traitement des eaux usées, cependant, ces eaux
contiennent également des matiéres organiques qui, aprés séparation dans les STEU, vont former les
boues. On distingue alors les boues primaires (apres décantation), physico-chimiques (agglomération par
un réactif) et biologiques (bactéries nourries de matiéres organiques)?®®. Comme pour le traitement de
I'eau, plusieurs procédés sont appliqués pour assainir, et potentiellement valoriser ces boues:
centrifugation, épaississement par gravité ou séchage pour réduire leur teneur en eau, stabilisation de la
matiere organique, désinfection, etc. Comme pour le traitement des eaux, les procédés pour le traitement
des boues sont coliteux et énergivores. Des projets s'intéressent donc a la séparation des matieres a la
source, avant méme leur entrée dans le réseau d'assainissement. Le programme de recherche OCAPI
(porté par le LEESU)* s'intéresse justement a cette problématique. Lancé en 2014, le programme étudie
les cycles biogéochimiques et en particulier la gestion des excrétions humaines. Ces matieres, trés riches,
pourraient étre une source importante de nutriments et l'urine en particulier est une source importante
d’azote, de phosphore et potassium qui pourraient étre un atout pour l'agriculture. Le projet Agrocapi
(rapport Agrocapi, 2022), lié au programme OCAPI, s’est intéressé en particulier a la valorisation de I'urine
humaine en agriculture, sous forme de matiéres fertilisantes (urinofertilisants). Cependant, la présence de
micropolluants dans ces urines peut représenter un risque de contamination pour les systemes

biologiques dans lesquels elles sont épandues.

Dans ce contexte, nous avons souhaité déterminer les concentrations de certains composés
pharmaceutiques, dont le furosémide, la saluamine et le pyridinium du furosémide. Pour cela, une
méthode d’analyse par chromatographie liquide a haute performance-spectrométrie de masse en tandem

(UPLC-MS/MS) a été développée au cours du stage de Thomas Flahou (Rapport de stage T. Flahou, 2022).

2 https://www.siaap.fr/former-transmettre/mieux-comprendre-lassainissement/ consulté le 18/01/23
% https://www.leesu.fr/ocapi/



Létude est basée sur 21 composés pharmaceutiques consommés en France, comprenant 4
antipsychotiques, 3 antibiotiques, 2 antiarythmiques, 2 anti-inflammatoires non stéroidiens,
méthylxanthines (caféine), un diurétique, un antiépileptique, un antihypertenseur, 2 antalgiques, un anti
histaminique, une hormone de synthese et un agent de contraste. Des échantillons d’urine issus d’un
festival de musique électronique a Poitiers et du festival électro Nantes, ont été récupérés en 2020-2021.

Les résultats de quantification de ces composés sont présentés dans le tableau 4.

Tableau 4. Quantification de 21 composés pharmaceutiques dans les urines de deux festivals.

Concentration en pg/L

Composé Urine Poitiers Urine Nantes Moyenne

Paracétamol” 52,04 19241,99 9647,015
Caféine* 782,71 886,08 834,395
Naproxene* 37,23 145 91,115
Furosemide 54,83 0,34 27,585
Saluamine* 11,72 24,65 18,185
Clarithromycine* 9,44 6,24 7,84
Tramadol 3,9 0,94 2,42
Ethinylestradiol 1,89 2,22 2,055
Lidocaine 2,2 0,8 1,5
Diclofénac 0,75 0,88 0,815
Gabapentine 0,81 0,69 0,75
Sulfamethoxazole 1,3 0 0,65
Sulfadiazine 0,74 0,13 0,435
Carbamazépine 0,01 0,82 0,415
Amoxicilline 0,14 0,45 0,295
Aténolol 0,11 0,21 0,16
Ranitidine 0,1 0,15 0,125
lopromide 0,03 0,18 0,105
Amisulpride 0,17 0 0,085
Pyridinium du furosémide 0,11 0,04 0,075
Irbesartan 0 0,02 0,01
Trimethoprime 0 0 0

* Le rendement n’était pas applicable. Le rendement est calculé en fonction du dopage, celui-ci étant faible par rapport a la
concentration obtenues de certaines molécules, la précision est réduite. Dans le cas des molécules marquées * , les
concentrations peuvent étre sous estimées.

Parmi les composés quantifiés, le paracétamol est sans surprise le médicament le plus concentré dans les
urines. Utilisé comme anti-douleur (antalgique) et anti-fievre, c’est le composé le plus utilisé en France par
les particuliers (hors hépital) vendues sous différentes marques commerciales comme Efferalgan, Dafalgan,
Doliprane,.. (Rapport ANSM, 2013). La caféine est un psycho-analeptique présent dans la composition de
certains médicaments, mais il est surtout consommeé sous forme de boissons comme le café ou le thé. On

suppose que c’est cette consommation qui place la caféine en deuxiéme sur notre liste. Le naproxéne est



la troisieme molécule la plus retrouvée. C’est un anti-inflammatoire non stéroidien souvent utilisé pour
traiter les douleurs, fievres et inflammations. Le furosémide arrive en 4éme position avec des
concentrations de plusieurs dizaines de microgrammes, ce qui est surprenant a premiére vue pour un
médicament majoritairement prescrit pour les personnes agées. Il semblerait que le furosémide soit utilisé
pour contrebalancer I'effet secondaire de la MDMA (3,4-Methylenedioxymethamphetamine) aussi connue
sous le nom d’ecstasy (Bora et al. 2016), souvent associée au milieu festif (techno, rave parties et musique
électronique). De plus, dans le cadre d’une recherche de produits dopants dans des eaux municipales, le
furosémide a été retrouvé en concentration plus importante que la moyenne (d’un ordre de grandeur)
alors que la présence de MDMA a été avérée dans ces eaux (Schroder et al. 2010). La MDMA est une
substance psychostimulante dérivée de la méthamphétamine, considérée en France comme stupéfiant®.
La prise de MDMA serait accompagnée d’'une augmentation de la température corporelle associée a une
sudation importante entrainant une déshydratation. Pour pallier cet effet, les consommateurs ont
tendance a boire beaucoup d’eau conduisant a de I’'hyponatrémie (diminution trop importante de sodium
dans le plasma) et I'hypokaliémie (diminution de potassium sérique), ainsi que la sécrétion d'hormones
antidiurétiques (Houdou, 2004). Lusage d’un diurétique comme le furosémide parait alors intuitif, mais
peut en fait savérer trés dangereux car il amplifie la déplétion de sodium et de potassium?* pouvant

évoluer vers la formation d’'oedemes.

La saluamine est également présente en fortes concentrations. Les échantillons ont été stockés dans des
bidons soumis a I'air extérieur, la chaleur et le soleil, rendant possible une dégradation du furosémide dans
ces conditions de stockage. En particulier, ’hydrolyse du furosémide en saluamine serait favorisée en
milieu acide (Bundgaard et al. 1988; Andreasen et al. 1982). Le pH de l'urine étant en moyenne plut6t
acide (4,5-7,5), cette voie de dégradation pourrait étre privilégiée dans les conditions de stockage et
expliquerait également que la saluamine soit le métabolite majoritaire par rapport au pyridinium du
furosémide. Il est également possible que le pyridinium ait été formé, mais soit ensuite dégradé en
saluamine (Sandré et al. 2023). La température de stockage ne devrait pas impacter directement le
furosémide, celui-ci étant stable jusqu'a 218,1 °C (Beyers et al. 2000), cependant les températures
estivales, plus chaudes, pourraient favoriser le développement de microorganismes. Ces derniers
pourraient potentiellement dégrader le furosémide (Hezari & Davis 1993; Laurencé et al. 2014;

Olvera-Vargas et al. 2016), bien que dans ces conditions particulieres, cela n’ait pas été montré.

Au final, des concentrations importantes de résidus pharmaceutiques ont été retrouvées dans les urines
de festivaliers, ce qui pourrait poser probleme pour la réutilisation a des fins agricoles. Ces urines
devraient étre traitées ou trés fortement diluées pour étre utilisées sans risque sur le biote mais aussi sur
I'Homme. En effet, une partie des composés pharmaceutiques peut étre transférée dans les plantes (Delli
Compagni et al. 2020) qui doivent, dans ce contexte, étre consommées. Les urines de festivaliers ne
semblent, dans ce cas, pas les plus adaptées pour étre récupérées directement a la source pour
réutilisation. L'urine d'individus n’ayant pris aucun médicament pourrait étre intéressante en revanche,
mais difficile a récupérer et plus rare (excluant par exemple toutes les femmes sous contraception). Un

traitement des urines avant réutilisation pourrait réduire ce probleme mais nécessiterait des installations

22 Convention de 1971 sur les substances psychotropes - OMS
3 https://www.worldsbest.rehab/furosemide-and-mdma/



supplémentaires et une dépense d’énergie. La récupération de I'azote et du phosphore des urines semble
guand méme intéressante au regard des traitements conventionnels des STEU. Il serait également
intéressant d’analyser d’autres types d’urines pour comparer la charge en micropolluants. Dans le cadre du
projet Med-Urinagri®*, qui prend la suite du projet Agrocapi, les urines issues de tout le territoire du
plateau de Saclay, sont traitées par passage sur un filtre a charbon actif avant les analyses de
micropolluants. Il serait pertinent d’inclure certains produits stupéfiants, comme la MDMA par exemple, a

la liste des polluants analysés.

VI.  Conclusion sur l'origine et le devenir du furosémide et de ses produits de dégradation dans le

milieu aquatique

Dans ce chapitre, nous avons pu constater que le furosémide, mais aussi ces produits de dégradation
étaient trés présents, notamment en France. Bien que le furosémide soit correctement dégradé par les
STEU (70%), il reste encore tres présent et se retrouve transformé en pyridinium du furosémide,
saluamine, et quelques autres sous produits. Les procédés d’oxydation avancés semblent mieux éliminer le
furosémide, mais ils sont encore tres rares en France, et surtout, ils engendrent la formation de plusieurs
sous-produits, dont en particulier la saluamine. Le furosémide, la saluamine et le pyridinium sont alors
largement retrouvés depuis leurs sources (EHPAD, entrées de STEU) vers le milieu récepteur (sortie de
STEU, riviéres).

En France, et en particulier au niveau du bassin hydrographique Seine-Normandie ou
Rhone-Méditerranée, la contamination du furosémide est plutét diffuse. Le furosémide est suffisamment
bien traité ou suffisamment dilué pour se trouver en dessous des seuils de quantification (20 ng/L). On
retrouve cependant certains points d'intérét ou les concentrations sont plus fortes (jusqu'a quelques
centaines de nanogrammes par litre) a proximité d’EHPAD, sans surprise, ou de grosses agglomérations.
Des flux importants de micropolluants sont retrouvés dans la Seine apres confluence de ses trois
principaux affluents. Le furosémide représente une part non négligeable de ce flux. Cet apport peut étre
expliqué par le fait que le furosémide soit une des molécules les plus vendues en France. Aussi, bien que le
furosémide ait été testé comme traitement pour soulager certains symptémes du COVID-19, les
concentrations dans les rivieres (en particulier du bassin Rhone-Méditerranée) ne semblent pas varier

significativement.

Enfin, le furosémide, mais aussi la saluamine ont été quantifiés en abondance dans les urines de
festivaliers. Ce résultat surprenant vis-a-vis du type de population attendue dans ce genre d'événement
(trés rarement au-dessus de 70 ans), pourrait étre expliqué par son utilisation couplée a la consommation
récréative de certaines drogues psychotropes. Finalement, quelle que soit la matrice analysée, le
furosémide est toujours présent ainsi que la saluamine. Le pyridinium est également quantifié dans toutes
ces matrices, souvent en concentrations un peu inférieures aux deux autres composés. Ce chapitre met en
lumiere la nécessité de développer une méthodologie pour I'étude de la toxicité du furosémide et de ces

produits de dégradation, au sujet desquels trop peu d’informations sont disponibles.

* https://www.leesu.fr/ocapi/les-projets/med-urinagri/
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Chapitre lll.

Evaluation de I’écotoxicité par une approche multi-modeéle

Dans le chapitre précédent, nous avons confirmé et discuté 'omniprésence du furosémide dans le milieu
aquatique, dans lequel nous avons aussi mis en évidence pour la premiere fois ses deux métabolites la
saluamine et le pyridinium du furosémide. Cependant, les analyses chimiques ne permettent pas de
connaitre la toxicité des molécules ou encore leurs interactions (effets cocktails). Dans ce chapitre, nous
nous intéressons alors a I'effet de ces molécules sur les organismes aquatiques. Les substances polluantes
peuvent engendrer des effets variés sur la croissance, la santé, la capacité de reproduction, le
comportement, ou encore la survie des organismes. Ces impacts peuvent se répercuter sur différents
niveaux d’intégration allant de l'individu jusqu'a un déséquilibre des populations, des communautés ou
bien méme de I'’écosysteme. Dans ce contexte, il est alors intéressant de prendre en compte les effets
toxiques, le plus largement possible, en étudiant plusieurs organismes représentatifs du milieu aquatique.
Dans notre cas, les composés étudiés sont présents a la fois dans la colonne d’eau et dans les sédiments.
Cependant, la quantification dans les sédiments s'est révélée plus difficile a cause d’effets matrices
importants (cf Chapitre I, article) et le furosémide dans les matrices solides est bien moins documenté
que dans les milieux aqueux. Dans ce contexte, nous avons choisi d'étudier dans un premier temps,

uniquement I'impact sur des espéces présentes dans la colonne d’eau.

I.  Approches basées sur la toxicité aigiie

Les études pour évaluer les potentiels effets d'une substance chimique sur les organismes vivants dans
I'environnement sont en général basées sur des tests de toxicité aigué. Ces études consistent
généralement a exposer des organismes (végétaux, invertébrés, vertébrés,..) a des concentrations
croissantes d'une substance chimique pendant une courte période de temps (24, 48, 72, 96 heures) et de
mesurer les effets immédiats sur la survie, la croissance et les paramétres physiologiques. Elles ont
I'avantage d’étre basées sur des normes définies par les organismes gouvernementaux et les organismes
internationaux en charge de la réglementation des produits chimiques, comme ['Organisation de
Coopération et de Développement Economiques (OCDE) ou IInternational Organization for
Standardization (ISO). Cette standardisation permet d’obtenir des valeurs de références homogeénes d’un
laboratoire a l'autre a partir de protocoles vérifiés et optimisés. Les résultats de ces études de toxicité dite
“aiglie” permettent de déterminer la concentration la plus faible d'une substance chimique qui cause des
effets nocifs, soit la PNEC (Predicted No Effect Concentration). Les PNEC les plus basses permettent
d’identifier les organismes les plus sensibles a la substance: ces approches sont nécessaires lors des études
d’évaluation de risque environnemental défini par le ratio PEC/PNEC (ou PEC est la Predicted
Environmental Concentration), appelé Quotient de Risque. Les valeurs seuil définies pour les polluants

)25

suivis par la DCE se basent sur des Normes de Qualité Environnementales (NQE)* elles-mémes définies a

% Rapport de I'Ineris “Méthodologie utilisée pour la détermination de normes de qualité environnementale (NQE)”,
2011



partir de ces PNEC. Ces NQE représentent “la concentration d’un polluant ou d’un groupe de polluants
dans l'eau, les sédiments ou le biote qui ne doit pas étre dépassée afin de protéger la santé humaine et

I'environnement” et sont établies a partir d’'une méthodologie standardisée (figure 12)*°.

Identifier les récepteurs et

Identifier les évaluations nécessaires (eau, biote, etc.)
compartiments a risque

Identifier les propriétés physico-chimigues des substances et
collecterles données d'{éco)toxicité qui serviront a la derivation
des normes,

Collecter les donnees et
évaluer leur gualite

Extrapolation donnéesde terrain) et de toxicité orale a la concentration seuil en

utilisant la méthode déterministe ou prababiliste.

Proposer une concentration seuil qui sapplique a la celonne d'eau,
au sediment ou au hiote. Identifier les hypothéses clés et les
incertitudes. Définir la NQE.

Proposer des QS et une
NQE

: :Extrapu!dticn des données d'écotoxicité (biogssais, mésocosmes ou

Appliquer la NQE

Concevoirun systéme d'évaluation de la conformité et prévoir les
besoins en terme de surveillance.

Figure 12. Méthodologie pour la mise en place d’une NQE. D’aprés le “Draft Technical Guidance for Deriving
Environmental Quality Standards” (2010).

Les NQE peuvent varier en fonction de la substance ou du parameétre en question (par exemple, la
concentration de certaines substances chimiques dans |'eau, la température de ['air, etc.) et doivent étre
définies pour différents groupes d'organismes. Les modeéles de toxicité aigué présentent cependant une
limite. Les tests se basent en général sur des parametres assez peu sensibles comme la mortalité ou
I'immobilisation, et, bien qu'ils soient faciles a observer, les concentrations d’effet obtenues sont alors
relativement élevées (en général autour du mg/L) et sont peu représentatives des concentrations

environnementales.

Certaines études comme celles menées dans le projet DOREMIPHARM (2012-2015, porté par I'Ineris)?,
développent des approches plus sensibles pour la détermination des PNEC. Le projet vise a fournir des
données écotoxicologiques sur des médicaments prioritaires, notamment le diclofénac et la
carbamazépine, en utilisant dans un premier temps les test normés classiques, puis des biomarqueurs, et
enfin une étude en mésocosme avec différents niveaux biologiques. Dans le méme esprit, nous avons
cherché a développer des tests plus subtils pour établir des PNEC, basées sur des parametres plus

sensibles sur des organismes modeles, pertinents pour I'étude du milieu aquatique.

% Directive 2000/60/CE du Parlement européen et du Conseil du 23 octobre 2000
7 https://umr-sebio.fr/index.php/programmes-recherche/doremipharm-2012-2015



Il.  Choix de modéles pour I’étude de la toxicité sur le milieu aquatique

Différents critéres s'appliquent pour le choix des organismes modeles ; il faut connaitre la biologie de
I'espece (ex: publications sur le sujet), maitriser la zootechnie et I'environnement (reproduction,
maintenance,..), maitriser les outils expérimentaux disponibles (génétique, bases de données, ...),
connaitre la législation liée a I'expérimentation animale pour les modeles vertébrés, et estimer la
faisabilité des expériences (ceufs, embryons, matériel biologique suffisant,...). De plus, pour étudier
I'impact de micropolluant dans I'environnement, il faut sélectionner des espéces représentatives du milieu

et suffisamment sensibles.

Algue verte unicellulaire Artémie Daphnie Poisson zébre
Chlorophyte Crustacé Crustacé Vertébré

..
@ >

Chlamydomonas reinhardltii Artemia salina Daphnia magna Danio rerio

Figure 13. Représentativité des organismes modeles utilisés au cours de la these.

Notre choix s’est porté sur des organismes de niveau trophique différents et ayant donc des réles
écosystémiques divers (figure 13). Dans cette partie, différents modéles biologiques utilisés pour cette
étude seront décrits: Le poisson zebre (Danio rerio), la daphnie (Daphnia magna), I'artémie (Artemia
salina) et une algue verte (Chlamydomonas reinhardetii), qui sont bien caractérisés et largement employés

pour la recherche scientifique.

A. Le poisson zébre (Danio rerio)

Le poisson est un modele de choix pour I'étude d’impacts de contaminants dans le milieu aquatique sur les
vertébrés: c’est en effet le groupe de vertébré le plus représenté avec plus de 22000 especes connues de
poissons “osseux” (ostéichthyens) et “cartilagineux” (chondrichtyens)®. En France, les poissons
représentaient 7,3% des modéles animaux utilisés pour la recherche scientifique en 2020%° (les plus
fréquents étant les rats, les souris et les lapins). L'un des plus connus est le poisson-zebre ou Danio rerio,
un poisson d'aquarium commun appartenant a la famille des Cyprinidae. Il est originaire de I'Asie du
Sud-Est et mesure généralement entre 3,5 et 5 cm de long. Il est caractérisé par des bandes verticales

noires et blanches qui lui donnent son nom, visible sur la figure 14.A.

% https://www.universalis.fr/encyclopedie/vertebres/2-classification/
2 Ministére de I'Enseignement supérieur, de la recherche et de I'innovation, Enquéte statistique sur |'utilisation des
animaux a des fins scientifiques
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Figure 14. Photographie d’un poisson zébre adulte (A), a I’état larvaire (B) et a I’état embryonnaire (ceuf en

développement)(C). 'image (A) issue du site aquablog.fr, I'image (B) sur ens.psl.eu et I'image (C) imp.ac.at.

Pacifique et sociable, il est considéré comme 'une des rares espéces de poisson domestique, au méme
titre que la carpe koi (Cyprinus carpio), le guppy (Poecilia reticulata), le poisson combattant (Betta
splendens), et le poisson rouge et japonais (Carassius auratus)®, ne nécessitant donc pas de certificat de
capacité pour étre maintenu en aquarium. Il est alors souvent utilisé pour les aquariums communautaires
mais aussi largement pour la recherche scientifique en raison de sa robustesse, sa petite taille, sa

reproduction facile, rapide et toute I'année, produisant de nombreux ceufs (Spence et al. 2007).
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Figure 15. Principaux stades de développement du poisson zeébre. Schéma simplifié du développement du poisson
zebre issu de Kimmel et al. (1995). Durant les 24 heures qui suivent I’éclosion, cing stades sont observés : zygote, clivage, blastula,
gastrula et segmentation. Quarante huit heures aprés la fécondation, la larve éclot.

Son développement embryonnaire rapide avec une organogenése quasiment compléte a 72 h (figure 15),

et ses oeufs transparents facilement observables et manipulables en font un modéle animal

30 Arrété du 11 ao(it 2006 Fixant la liste des espéces, races ou variétés d'animaux domestiques



particulierement adapté pour les études de développement, de formation de I'embryon et de la
segmentation (Strahle et al. 2011, Kimmel et al. 1995). Quatre grands stades se distinguent dans la vie d’un
poisson zebre : embryon, larve, juvénile et adulte (Belanger et al. 2010). A partir du stade de larve
autonome (larves se nourrissant elles-mémes), la directive 2010/63 concernant la protection des animaux

utilisés a des fins scientifiques® s’applique et le dépdt d’une saisine est obligatoire.

Son génome est intégralement séquencé depuis 2009 et il existe de nombreux orthologues a des genes
humains avec plus de 70% d’homologie (avec souvent 2 génes orthologues pour chaque géne humain a
cause d’une duplication générale du génome chez les Téléostéens). De plus, son ADN facilement
modifiable permet la création de nombreux mutants®*. C’est donc un modéle d’étude pertinent en
biomédecine ; il est utilisé pour étudier les voies moléculaires impliquées dans certains cancers (Volkel et
al. 2018), pour comprendre le réle de certaines protéines impliquées dans la maladie d’Alzheimer
(Newman et al. 2014; Saleem & Kannan 2018), pour étudier le métabolisme des lipides et de I'adipose
liées au diabete (Zang et al. 2018), pour étudier I'insuffisance rénale (Poureetezadi & Wingert 2016), pour
le développement des nouvelles pistes pour la régénération des tissus cardiaques (Beffagna 2019), etc. De
plus, le comportement du poisson zebre a été extensivement étudié (Kalueff et al. 2013) et il est largement
utilisé en écotoxicologie, notamment pour |'évaluation des polluants, tels que les métaux lourds toxiques,
les perturbateurs endocriniens et les polluants organiques (Magyary 2018). Les larves sont également

utilisées pour des tests de toxicité aigué normés (OCDE 326).

B. La daphnie (Daphnia magna)

La Daphnie est un crustacé d'eau douce appartenant a la famille des Daphniidae. Les crustacés sont
abondamment présents dans les océans et dans les eaux douces et font partie des arthropodes, qui
rassemblent les quatre cinquiémes des espéces animales actuelles connues®. La structure fondamentale
des crustacés est composée d’une téte avec deux paires d'antennes et une paire de mandibules, suivie de
segments similaires avec des appendices biramés (divisés en deux branches) (figure 16). Chaque segment
a un squelette externe en chitine. Elle est commune dans les lacs, les étangs et les rivieres a travers
I'Europe et I'Amérique du Nord. De plus, les daphnies sont des organismes de base dans les écosystémes
aquatiques: elles se nourrissent d'algues unicellulaires, de bactéries et de détritus et sont des proies

privilégiées pour de nombreux poissons planctivores®, lui conférant un réle écologique majeur.

Il existe plusieurs sous-genres de daphnies, mais les plus connus et les plus utilisés en recherche sont les
Daphnia magna et les Daphnia pulex en raison de leur cycle de vie court et de leur facilité de maintenance
en culture. Daphnia magna est particulierement utilisée en recherche pour sa grande taille: également
connue sous le nom de "grande daphnie", la femelle mesure environ 5 mm de long et est de couleur vert

pale a marron foncé, visible sur le figure 16.A. Le male, plus petit, mesure jusqu'a 2 mm.

3! Directive 2010/63/UE du parlement européen et du conseil du 22 septembre 2010 relative a la protection des
animaux utilisés a des fins scientifiques

32 http://zfin.org/action/fish/search

3 https://www.universalis.fr/encyclopedie/crustaces/

* https://pure.mpg.de/pubman/faces/ViewltemOverviewPage.jsp?itemld=item_1506950



Elle se distingue de Daphnia pulex par la présence de peignes sous la griffe abdominale (Toyota et al. 2016)

visible sur la figure 16.C.

Figure 16. Photographie d’une daphnie (Daphnia magna) femelle (A), d’'un éphippium (B) et d’une griffe

abdominale (C). Les images (A) et (C) sont issues de wikipédia.org, I'image (B) provient du site aqualiment.com. La fléche rouge

sur I'image (A) indique la position de la griffe abdominale représentée sur I'image (C), la fleche bleue indique le sac gestationnel.

Avant I'éclosion, 12 grands stades de développement peuvent étre identifiés chez la daphnie, présentés
sur la figure 17 (Mittmann et al. 2014). Un dimorphisme sexuel ne peut étre observé qu’apres le stade 11.
Le développement embryonnaire de la daphnie s’achéve au bout de seulement 46 h (Obreshkove & Fraser
1940).

8 7 Post-naupliar segments
1st Antenna & Mandible 2nd thoracic segment  5th thoracic segment

Figure 17. Principales étapes du développement de Daphnia magna (vue ventrale). Le schéma ci-dessus est issu
de Mittmann et al. 2014. Brievement, les ceufs sont libérés dans le sac gestationnel (figure 15.A) et se clivent pour former un
blastoderme, puis migrent pour former une épibolie. La "Scheitelplatte" apparait (stade 4) et détermine les axes
antérieur-postérieur et dorso-ventral. Le systeme nerveux antérieur est délimité par une zone en forme de V (stade 5). Les
appendices apparaissent aux stades 6 a 9. L'abdomen prend une forme de crochet et les maxilles développent des soies (stade 10)
et la carapace se développe (stade 11). Les antennes et la colonne continuent de s'allonger jusqu'a I'éclosion (stade 12).



Les daphnies se reproduisent préférentiellement par parthénogénése (reproduction assexuée), et
produisent uniquement des femelles. Cependant, en conditions d’environnement défavorable, elles
produisent des males. Une reproduction sexuée permet ensuite de produire des paires d'ceufs de survie
ou éphippium (figure 16. B), concus pour résister aux conditions difficiles jusqu’aux périodes plus
favorables ou le cycle de reproduction peut avoir de nouveau lieu. Ses modes de reproduction sont

explicités sur la figure 18.

Son temps de génération court rend la daphnie adaptée pour les études sur la reproduction, notamment
I'impact de perturbateurs endocriniens (Abe et al. 2015). Un test normé sur la reproduction a été établi
(OCDE 211). Son mode de reproduction par parthénogenéese permet également de générer des clones,
intéressant pour la reproductibilité entre les différents réplicats lors de manipulations. De plus, les
invertébrés ne sont, a ce jour, pas soumis a des réglementations sur I'expérimentation animale. Seule Ia

vente d’invertébrés d’eau douce nécessite un certificat de capacité®.
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Figure 18. Reproduction parthénogénétique et sexuée des daphnies. image modifiée issue du site wikipédia.org

La daphnie est utilisée en écotoxicologie comme organisme modele pour évaluer les effets des
perturbations environnementales sur les écosystemes aquatiques (Ebert 2022) mais également en
écologie et en biologie évolutive. Elle est considérée comme un organisme de test idéal pour cette
application en raison de sa reproduction rapide, de sa sensibilité aux substances chimiques et de sa
disponibilité en grande quantité. Elle est souvent utilisée pour évaluer la qualité de I'eau et pour la mise en
place des normes réglementaires pour les polluants (OCDE 202, ISO 6341:2012). Comme pour le poisson

zebre, son développement est facilement observable sous microscope grace a sa transparence. Par

% certificat de capacité N° 67-084 autorisant la vente et le transit de tous les poissons et invertébrés d'eau douce.



ailleurs, la daphnie est le premier crustacé dont le génome a été séquencé. Un total de 15 721 genes ont

été identifiés chez Daphnia magna (Lee et al. 2019).

C. Llartémie (Artemia salina)

Lartémie est une espéce de crustacé d'eau salée appartenant a la famille des Artemiidae, elle est
également connue sous le nom de "cypris" ou "artémia". Elle est commune dans les lacs et les étangs
salins a travers le monde, notamment en Amérique du Nord, en Europe et en Asie. Lespece la plus connue
est Artemia salina, qui peut mesurer jusqu'a une quinzaine de millimetres une fois adulte, visible sur la
figure 19.A.

Figure 19. Photographie d'Artemia salina adulte (A), de nauplii (B) et d'ceufs (C). l'image (A) est issue du site
aqua-store.fr, I'image (B) du site istockphoto.com, et I'image (C) du site sciencephoto.com

Elle dispose de trois yeux et de 11 paires de pattes. Les males se distinguent des femelles par le fait que
leurs secondes antennes sont nettement plus grosses car utilisées pour I'accouplement. Leur sang contient

le pigment hémoglobine, que I'on trouve également chez les vertébrés.
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Figure 20. Les quatre principaux stades de développement d’Artemia salina (vue ventrale). Schéma adapté de
Anderson 1967. A 20°C, le stade | dure environ 20 h, ici la forme d’un nauplius d’Artemia salina est illustré juste aprées |’éclosion. Le
stade Il dure environ 10 h, ici le nauplius est représenté immédiatement avant la deuxieme mue. Le stade 3 dure 40 h environ. A
partir du stade IV les artémies commencent a se nourrir.




Au cours du développement des artémies, il existe quatre stades de développement distincts (figure 20).
Les nauplii (jeunes artémies) de stade | ont éclos entre 22-27 heures apreés I'immersion des ceufs et
peuvent nager directement. Ensuite, les antennes se développent et des segments sont ajoutés
progressivement au tronc a partir d'une zone de croissance située immédiatement devant le telson

(dernier segment de I'abdomen).

Artemia salina est utilisée dans la recherche scientifique dans de nombreux domaines de la recherche,
notamment la biologie de I'environnement, I'écotoxicologie, la biotechnologie, la génétique, la biologie
des systemes et la biologie marine, en raison de sa simplicité de culture, de sa croissance rapide et de sa
résistance aux conditions environnementales extrémes. Comme la daphnie, elle a la capacité de se
reproduire de maniére asexuée et de produire des ceufs parthénogénétiques. On peut ainsi étudier les
effets des perturbations environnementales telles que la salinité, la température, la qualité de I'eau et la
pollution par les métaux lourds, évaluer I'impact de contaminants sur la reproduction et leur accumulation
(Persoone & Wells 1987). Elle est également employée pour évaluer la qualité de I'eau et pour la mise en
place des normes réglementaires pour les polluants (FD ISO 14669) et des tests de toxicité aigué (Sarah et
al. 2021).

D. Les algues vertes (Chlamydomonas reinhardtii)

Les algues vertes unicellulaires sont communes dans les milieux aquatiques et peuvent étre trouvées dans
les lacs, les rivieres, les étangs et les marais. Elles font partie de la classe des Chlorophycées et sont
caractérisées par leur capacité a produire de I'oxygene grace a la photosynthéese (photoautotrophe). Les
organismes autotrophes ou primaires, constituent généralement le premier maillon d’une chaine

alimentaire, et sont a l'origine de quasiment toute la matiére organique dans un écosystéme.

Figure 21. Photographies (A, B) et coupe (C) de Chlamydomonas reinhardtii. Uimage (A) est issue de
algalramblings.wordpress.com (B) de Wang, 2018 et (C) de sciencephoto.com. L'image (C) montre une section de C. reinhardtii vue
en Microscopie Electronique & Transmission montrant le noyau (N), le chloroplaste (C), les grains d'amidon (A), vacuoles (V),
mitochondries (M).



Il existe des centaines d’espéces d’algues vertes unicellulaires, mais Chlamydomonas reinhardltii est la plus
couramment utilisée en laboratoire. Cette microalgue verte unicellulaire de 6-8 pum possede un
chloroplaste, un stigma (tache oculaire photosensible) et deux flagelles extérieurs a la cellule, visibles sur

la figure 21.

En conditions favorables, C. reinhardtii se reproduit de maniéere asexuée (figure 22.A et B). Pendant la
reproduction asexuée, les cellules se développent et subissent deux ou plusieurs cycles de mitose et de
cytokinése (division) avant que les cellules filles éclosent de I'ancienne paroi cellulaire. En conditions
défavorables, C. reinhardtii peut se reproduire de maniére sexuée (figure 22.C) (De Carpentier et al. 2019).

Le cycle cellulaire peut étre synchronisé en fonction de la photopériode (Lemaire et al. 1999).

A Asexual reproduction
in plus mating type (mt*)

Mitosis and
cytokinesis

é’;/ \\
Growth C Sexual reproduction

f Fusing Plasmogamy Zygote Zygospore Meiosis Germination
Growth gametes Karyogamy
% ,
L \ /
Mitosis and ( \

cytokinesis
Ca
\\“"‘-—-—t Gﬂamhiﬂg

B Asexual reproduction
in minus mating type (mt=)

o

Figure 22. Reproduction asexuée (A, B) et sexuée (C) de Chlamydomonas reinhardetii. La figure est issue de
Hallmann 2010. Les schémas A et B montrent la reproduction asexuée par division cellulaire. Le schéma C montre la reproduction
sexuée. Les cellules asexuées des deux types d'accouplement se développent en gametes et les gametes de types d'accouplement
opposés vont former des agrégats par agglutination flagellaire. Aprés la libération des parois cellulaires, les structures
d'accouplement se forment, et les gamétes fusionnent pour former un zygote qui mdrit ensuite en une zygospore diploide. Quatre
cellules haploides se forment par méiose (deux de chaque type d'accouplement).

Le génome de cette algue est entierement séquencé depuis 2007 (Merchant et al. 2007) et de nombreux
génes et protéines sont déja caractérisés. Il existe une grande communauté de chercheurs travaillant sur
cette algue, ce qui facilite I'acces a des outils de recherche tels que des lignées génétiquement modifiées,
des anticorps et des outils de biologie moléculaire®®. Elle est fréquemment utilisée en raison de sa
simplicité de culture, de sa croissance rapide, de son cycle de vie court et de sa capacité a se reproduire de
maniere asexuée. Elle obtient son énergie par la photosynthése mais elle peut vivre sans lumiére si elle a

acces a une autre source de carbone (mixotrophe).

% efor.fr/chlamydomonas-reinhardtii/



C. reinhardtii est utilisée dans de nombreux domaines de la recherche, notamment la biologie cellulaire, la
génétique, la biologie des systémes, la biotechnologie et la biologie de I'environnement. Elle est utilisée
pour étudier les processus fondamentaux de la photosynthése, les mécanismes de réponse face aux
perturbations environnementales, la régulation de la croissance, la régulation génétique et la biologie de

I'énergie (Miguez et al. 2021, De Carpentier et al. 2019).

1. Evaluation écotoxicologique du furosémide et de ces produits de dégradation

Cette section traite de la toxicité des trois composés étudiés. Des bioessais ont été effectués sur des
organismes modeéles mentionnés précédemment. Bien que la toxicité aigué ait été initialement évaluée,
elle présente des limites quant a sa pertinence écologique. Pour cette raison, des échantillons d'eau de
riviere ont été prélevés en amont et en aval de l'agglomération de Paris pour déterminer les
concentrations environnementales des composés, puis des tests spécifiques ont été réalisés a ces

concentrations. Les résultats de ces tests sont présentés dans |'article ci-dessous.



Résumé de l'article : First approach for the ecotoxicological assessment of a ubiquitous pharmaceutical

compound (furosemide) and its transformation products.

De nombreux médicaments sont consommés quotidiennement et rejetés dans les eaux usées. Or, les
stations d'épuration des eaux usées (STEU) ne sont pas congues pour éliminer efficacement ces composés,
qui sont ensuite rejetés dans I'environnement aquatique et représentent un danger pour les écosystemes.
Certains produits chimiques, comme le furosémide (FUR), I'un des médicaments les plus utilisés au monde,
sont omniprésents dans les rivieres. De plus, le FUR peut étre dégradé en plusieurs sous-produits encore

mal caractérisés tels que la saluamine (SAL) et le pyridinium du furosémide (PYR).

Cette étude vise a évaluer le risque environnemental de ces composés par le biais de bioessais sur
différents modeles représentatifs de |'environnement aquatique (poissons, crustacés, algues). Les
concentrations environnementales des trois composés ont été déterminées par LC-MS/MS dans la Seine
(France). Ensuite, une étude sur le comportement, la cardiotoxicité, la production de stress oxydatif, les
modifications physiologiques et la |étalité a été réalisée. Les concentrations d'effet et les scores de toxicité

ont été déterminés pour FUR, PYR et SAL.

Des concentrations comprises entre 30 et 250 ng/L ont été trouvées et montrent pour la premiére fois la
présence de PYR et de SAL dans I'environnement. Les tests de toxicité aigué et les scores de toxicité établis
ont montré que le SAL et le PYR sont plus toxiques que leur molécule mere (FUR) et pourraient avoir un
effet délétere sur |'écosysteme aquatique en impactant la survie de différents organismes, et en particulier

sur la daphnie, qui s'est révélée étre particulierement sensible.
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Abstract

Many drugs are consumed daily and then discharged into wastewater. However, wastewater treatment plants
(WWTPs) are not designed to effectively eliminate these compounds, which are then released into the aquatic
environment and represent a danger for ecosystems. Some chemicals, such as furosemide (FUR), one of the
most used drugs in the world, are omnipresent in rivers. Moreover, the FUR can be degraded into several
by-products that are still poorly characterized such as saluamine (SAL) and pyridinium of furosemide (PYR).
This study aimed to assess the environmental risk of these compounds through bioassays on different models
representative of the aquatic environment (fish, crustacean, algae). The concentrations of the three
compounds in the Seine river (France) determined by LC-MS/MS were found between 30 and 250 ng/L and
highlighted for the first time the presence of PYR and SAL in the environment. Then, all three compounds have
induced deleterious effects either on mobility, heart rate and oxidative stress of D. rerio and D. magna and on
mobility, growth rate, mobility and size of C. reinhardtii. The acute toxicity tests and the calculated toxicity
scores showed that SAL and PYR were more toxic than their parent molecule (FUR) and could have a
deleterious effects on the aquatic ecosystem by impacting the survival of different organisms, in particular
daphnia, which has been shown to be particularly sensitive. All three compounds can impact aquatic
organisms and thus cause deleterious effects on ecosystems. This study highlights the pressing necessity to

consider degradation products in risk studies



Introduction

Pharmaceutical compounds presence in water media has been investigated for nearly fifty years (Aherne &
Briggs 1989; Hughes et al. 2013) and in a context of high demographic growth and aging population, are
increasingly consumed. These anthropogenic pollutants transit via wastewater systems before ending up in
receiving environments following incomplete elimination by water treatment plants (Chiffre et al. 2016). Due
to the ubiquitous presence of these drug residues, their transformation products are emerging as a new threat

to human health and the environment.

These products, resulting from various processes, such as metabolism (phase I, phase Il), biotic transformation
(aerobic or anaerobic bioconversion), or abiotic transformation (hydrolysis, photodegradation, chemical
oxidation, thermal decomposition) also end up in the aquatic environment (Maculewicz et al. 2022). There is a
wide variety of these compounds and while recent non-targeted analysis techniques have been able to
identify a large number of them (Nihemaiti et al. 2022), characterizing them all is a daunting task. In some
cases, these compounds may be present in higher concentrations than their parent molecules, even when
those are not detected (Battaglin et al. 2014, Battaglin et al. 2003, Kotecka et al. 2019, Langford and Thomas
2011). They can be more toxic than their parent compounds (Isidori et al. 2006), and thus can have many
impacts on non-target organisms and be potentially deleterious to ecosystem well-being (Swiacka et al. 2020).
Pharmaceuticals are not properly regulated in the environment and it is very difficult to reduce their sources

because of their therapeutic use.

In this context, this study focuses on a pharmaceutical pollutant of emerging interest: furosemide (FUR).
Ranked as a priority pollutant by various prioritization methodologies (Besse and Garric, 2008 Chinnaiyan et al
2018), FUR is a powerful diuretic of the sulfonamide family acting on the loop of Henle. It is frequently
prescribed for hypertension, heart or kidney failure, and cirrhosis (Abbott et al. 2018) in humans and it also
has anti-inflammatory, anti-epileptic and antioxidant properties (Sandré et al. 2023b). FUR is ubiquitous in the
aquatic environment. In Europe, it is found at concentrations of around hundred ng/L in rivers and
groundwater, and several thousands of ng/L in wastewater (Sandré et al. 2023a). It is also captured by sludge
and sediments due to a high partition coefficient (Kd) between the dissolved and particulate phase (Jelic et al.
2012).

From its passage through the body to its release in the environment, via sewage network and wastewater
treatment plants, FUR undergoes degradation into several by-products. Saluamine (SAL) has been identified as
a metabolite of FUR for a long time (Hammarlund-udenaes & Benet 1989, Andreasen et al. 1981, Laurencé et
al. 2014) but surprisingly remains poorly documented to date. To our knowledge, only Al-Omar et al. (2009)
reported on the toxicity of SAL, demonstrating its negative impact on rat liver and kidneys. We then obtained a
new transformation product of furosemide, the pyridinium of furosemide (PYR), by electro-oxidation and
bioconversion by fungi and yeasts (Laurencé et al. 2011, Laurencé et al. 2014, Olvera-Vargas et al. 2016), that
we later identified in urine of furosemide-treated patients as a genuine human metabolite. We further
demonstrated its neurotoxic properties in rodents and cytotoxicity on human neuroblastoma cells (Laurencé
et al. 2019). However, there is currently no toxicological data on aquatic species, even though this

pharmaceutical and its by-products ultimately end up in aquatic media.



The increasing incidence of cardiovascular diseases and the aging of the population are leading to a notable
augmentation of furosemide prescription numbers over the years (Sandré et al. 2023b). Although a substantial
amount of toxicological studies exist on furosemide (Abbot et al. 2018), its toxicity in the environment has
been very little studied. Moreover, the ecotoxicological risks associated with its degradation products are still

unknown.

The aim of this work is then to provide a better understanding of the impact of these compounds through a
multi-model approach taking into account organisms of different trophic levels with various ecosystem roles.
Thus, a vertebrate (zebrafish, Danio rerio), two crustaceans (Daphnia magna and Artemia salina) and a
unicellular green algae (Chlamydomonas reinhardtii) were selected for their representativeness in the aquatic
environment and their sensitivity. These models are widely used in research in various fields and are
consequently very well characterized (Spence et al. 2007, De Carpentier et al. 2019, Persoone & Wells 1987,
Tkaczyk et al. 2020). Although multi-organism approaches (population, community, food web) are not
uncommon, they are still rarely taken into account in risk studies and associated regulations. The acceptance
and validation of these models are complex but they allow a better evaluation of the risks due to a better

representativeness (Leenhardt et al. 2023).

In the present study, the concentrations of FUR, PYR and SAL were determined in the Seine upstream and
downstream of the Paris metropolitan area (France) to assess the environmental contamination by these
compounds. Acute toxicity tests were first conducted on crustaceans to compare the toxicity of furosemide to
that of its byproducts. Then, more sensitive tests were performed at environmental concentrations.
Cardiotoxicity and oxidative stress were evaluated on daphnia and zebrafish, taking into account furosemide's
use in heart disease and its antioxidant properties (Abbott et al. 2008, Lahet et al. 2003), as well as behavioral
tests and measurements of physiological parameters on algae. The Lowest Observed Effect Concentrations
(LOECs) of these compounds were assessed for these different parameters, and a toxicity score was

determined for FUR, PYR and SAL. Their interaction in a mixture was also monitored.

Material & methods

I Reagents & instruments
The compounds tested in this study, furosemide (FUR) and saluamine (SAL) were purchased from
Sigma-Aldrich. The pyridinium of furosemide (PYR) was synthesized at ICMPE (UMR CNRS 7182, Thiais,
France), as described previously (Laurencé et al. 2011) and its structure was confirmed by NMR (purity >96%).
The stock solutions of FUR, SAL and PYR were prepared in the respective media of each organism with 5%
dimethylsulfoxide (DMSO), except for the algae experiments, where DMSO was replaced by methanol due to
its lower toxicity on algae (Pino et al. 2016). The DMSO and methanol used to prepare the stock solutions
(purity >99.9%) were purchased from Sigma-Aldrich. For chemical analyses, the furosemide-d5 standard was
purchased from Cluzeau Info Labo. Internal standards (atenolol-d7 and sulfamethoxazole-d4) were from
Sigma-Aldrich. For extraction and analysis, MS grade methanol was from Fisher. The ultrapure water was

produced by a Milli-Q® 1Q 7000 ultrapure water system.

Compounds used in the preparation of embryonic medium (E3) for zebrafish larvae (14.6 g NaCl; 0.63 g KCl;
2.43 g CaCl,; 4.07 g MgSO,, for 1L), reconstituted water for daphnia (11.76 g CaCl,; 4.93 g MgS0Q,; 2.59 g



NaHCO;; 0.23 g KCI) and artemia (+NaCl for 3. 5%) and TAP medium for green algae (54 mg K,HPO,; 28 mg
KH,PO,; 200 mg NH,Cl; 50 mg MgSO,; 1.21 mL Tris base, 0.5 mL glacial acetic acid, 0.5 mL Hutner’s Trace
Elements) were purchased from Sigma-Aldrich, with the exception of the Hutner solution which was

purchased from the Chlamydomonas Resource Center.

For oxidative stress measurements, the dichlorofluorescein diacetate (DCFDA) probe was purchased from
Sigma-Aldrich. To measure gene expression of biomarkers in zebrafish larvae, MP Biomedical’s Lysing Matrix A
kit (compatible with the FastPrep-24 homogenizer), Qiagen's RNeasy MiniKit, Qiagen's RNAse-Free DNAse, kit
Promega Quantifluor RNA System, Agilent's Affinity Multiple Temperature cDNA Synthesis and Agilent's
Brilliant 11l Ultra-Fast SYBR Green qPCR Master Mix were used.

For low doses, referred to as “environmental”, concentrations were set according to the concentration values
found in rivers during this study and the concentrations at the outlet of WWTPs in our previous work (Sandré
et al. 2023a).

Il.  Animals
The zebrafish larvae (Danio rerio) and daphnids (Daphnia magna) used were obtained from the laboratory
rearing facilities. Artemia (Artemia salina) were purchased as dehydrated cysts from the supplier JBL. The
wild-type algae (Chlamydomonas reinhardtii) strain CC-503 was provided by the LCQB laboratory (Paris,

France).

Adult zebrafish of the AB tilibingen strain were maintained in a controlled environment in 70 L tanks with a
photoperiod of 14 hours day and 10 hours night. The temperature was 28.0°C with weekly variations lower
than 1°C and the pH between 7.1 and 7.6. Water parameters were regularly monitored (nitrates, nitrites,
chlorine, ammonium, dissolved CO2,...). Three days before breeding, males and females were separated by a
grid in the same tank. For reproduction, two females were placed in the evening with 4 males in a
reproduction tank equipped with a grid at the bottom allowing the passage of eggs. The eggs were collected
the next morning at the beginning of the diurnal cycle, sorted and washed three times in Embryo medium
(E3). All experiments were carried out at 26°C between the first and the 6th day post-fertilization (dpf) before
the larvae are able to feed independently (Directive 2010/63/EU).

Adult daphnids were maintained in culture in the laboratory in 5 L glass containers with a photoperiod of 16 h
day 8 h night. They were fed daily with a fresh culture of green microalgae (Chlamydomonas reinhardtii) and
the medium was renewed weekly. For ecotoxicological tests, daphnids of at least 3 generations were used.
Then, adult daphnids were isolated in a separate container by filtration on a 0.5 cm mesh and filtered again 24

h later to recover the neonates (<24h) used for the experiments (see experimental section).

Artemia cysts were grown in an appropriate environment to allow hatching. 1 g of dehydrated artemia cysts
were placed in an Erlenmeyer flask of 500 mL of water with 3.5% salinity. They were maintained in a water
bath at 25°C and under constant bubbling for 24 h. The hatched artemia nauplii were then collected for the

toxicological tests (see experimental section).



Chlamydomonas reinhardtii strains were kept in sterile 2 mL vials containing gelled TAP medium. Before
starting the experiments, the algae were transferred to liquid TAP medium for an acclimatization period (two
weeks). Liquid algal cultures were maintained at 21°C with constant agitation (100 rpm), in Erlenmeyer flasks
with membrane caps to maintain sterile conditions but allow gas passage. The algae were transplanted
regularly to maintain them in the growth phase at the time of the experiments. The presence of undesirable

microorganisms in the cultures was regularly controlled under the microscope.

. Sampling and chemical analysis
In order to determine the environmental concentrations of FUR, PYR and SAL, river water samples were
collected from the Seine River upstream (Juvisy-sur-Orge, Essonne) and downstream (Triel-sur-Seine, Yvelines)
of the Paris metropolitan area, France, on 12/21/2021. The samples were processed and analyzed by a
high-performance Liquid Chromatography-Tandem Mass Spectrometry method as described previously
(Sandré et al. 2023a). Briefly, the samples were filtered at 0.7 um on GF/F filters and were then separated into
seven 500 mL aliquots of which 5 were spiked. Compounds in the dissolved phase were extracted by an
automatic extraction system (Thermo AutoTrace 280 SPE Instrument) onto OASIS HLB cartridges (200 mg, 6cc),
conditioned with methanol and ultrapure water. After sample passage, the cartridges were eluted with 10 mL
of methanol. Internal standards (Atenolol-d7 and sulfamethoxazole-d4) were added and the samples were
concentrated to 1 mL by evaporation. The analyses were performed with a triple quadrupole UPLC
(Acquity-TQD, waters) and the compounds were separated by an ACQUITY UPLC BEH C18 column (1.7 um, 2.1
x 100 mm) with a 15 min elution gradient in a 90:10 mixture of ultrapure water and methanol acidified with

0.1% formic acid. The concentration of the extracts was evaluated by internal calibration.

IV.  Toxicological and ecotoxicological tests
A. Acute toxicity
The acute toxicity of the compounds on Artemia salina was evaluated based on the immobilization criterion
after 24 h of exposure (10-450 mg/L FUR, 10-450 mg/L PYR or 5-350 mg/L SAL). Five 24 h old-nauplii were
captured in 20uL of water reconstituted at 3.5% salinity and placed in the wells of 96-well plates. The volume
of the wells was completed to 200 pL by the exposure solutions (prepared from stock solutions) in the
reconstituted saline water. 12 wells were exposed for each condition and 5 replicates were performed for each
experiment. The plates were maintained at 21°C for 24 h and the number of immobile artemia (no movement

for at least 10 s) was counted under a binocular magnifier (OPTIKA SFX-91).

Acute toxicity on Daphnia magna was also evaluated on immobilization parameters after 48 h exposure
(20-750 mg/L FUR, 20-750 mg/L PYR or 20-250 mg/L SAL). Neonate daphnids were collected randomly in 20 pL
of reconstituted water and placed in a 96-well plate (one neonate/well). Twelve daphnids were exposed for
each condition and 3 replicates were performed for each experiment. The volume of the wells was completed

to 200uL with exposure solutions.

Acute toxicity on Danio rerio was evaluated on lethality parameters (no heart beat) after 96 h exposure. The
EC50s could not be obtained at the concentrations tested, as more concentrated solutions required higher
percentages of DMSO which could have significant effects above 5 %. However, physiological effects have been

observed between 50 and 700 mg/L exposure of FUR.



The tests systematically included a control and a DMSO vehicle control. In the controls, less than 10% of the

individuals had to be immobilized for the test to be considered valid.

B. Cardiotoxicity
Neonate daphnids were exposed for 24 h to 50-500 ng/L FUR, PYR or SAL and 2 replicates were performed for
a total of 14 individuals per condition. The heart of D. magna was visible by transparency at the dorsal level
and heartbeats were counted using a hand-held counter under an inverted optical microscope. Heartbeats

were recorded over 15 s because of the high mobility of D. magna and reported in Beats Per Minute (BPM).

D. rerio eggs were exposed from 1 dpf to 6 dpf. Heartbeats were counted on the animals used for the
behavioral tests exposed at 50-500 ng/L FUR or SAL, 50-500-2000 ng/L for PYR. The experiment was
performed in triplicate for a total of 16 individuals per condition. The heart of D. rerio was visible in the ventral

side of the heart chamber. Beats were counted over a period of one minute.

C. Behavioral assay
D. rerio and D. magna were subjected to a stress (periods of darkness) and their mobility was evaluated using
a Zebrabox (Viewpoint) which recorded individual movement of the organisms in real time. The light-dark
transition test on D. rerio larvae has been described previously (Sandré et al. 2022). Briefly, D. rerio eggs were
exposed from 1 to 6 dpf in 96-well plates at concentration ranges between 50 and 2000 ng/L except for FUR
for which higher concentrations were found in the literature (50000 ng/L). Plates were then analyzed using the
Zebrabox with a program involving a 60 min acclimatization period followed by three 5 min dark periods
spaced by 10 min light periods. The movement of the larvae was integrated every minute. The experiment was

performed in triplicate for a total of 36 exposed individuals.

A similar light-dark transition assay was adapted for D. magna. Neonate daphnids were maintained in
reconstituted water for 12 days and then exposed with the exposure solutions for 24 h in 96-well plates at
concentrations between 50 and 2000 ng/L of FUR, PYR or SAL. The plates were then analyzed with the
Zebrabox with a protocol similar to that applied for D. rerio but with a shorter acclimatization period (10 min).
Daphnia movement was integrated every 30 seconds. The experiment was performed in duplicate for a total

of 24 exposed individuals.

D. Measurement of oxidative stress
Reactive Oxygen Species (ROS) generated by exposure of D. rerio larvae to the three molecules
(1-10-100-500-1000 ng/L) were quantified using the 2',7'-dichlorofluorescein diacetate probe (H,DCFDA,
Sigma-Aldrich) which enters the cells and, in the presence of ROS or esterases, is oxidized to
2',7'-dichlorofluorescein (DCF) which then emits a fluorescent signal whose intensity is proportional to the
amount of ROS present. For this purpose, 24 h eggs were placed in black 96-well plates (COSTAR 3915) with
one egg per well and 8 wells per condition. Excess water was removed with a pipette, taking care not to
damage the eggs, and the wells were filled with 200 uL of exposure solution, DMSO at the concentrations
present in the wells, or E3 medium to be used as negative control, or positive control after addition of H,0,.
Plates were placed in the incubator at 26°C for 5 days. In the control wells, 100 pL of medium was removed
and replaced with 100uL of H,0, to a final concentration of 1.5 g/L, and the plates were further incubated 15
min. After incubation, 20 uL of a 10 pg/mL DCFDA solution was added to each well. Then, the plates were



briefly shaken and returned to the incubator in the dark. After 30 min, fluorescence measurements were
performed using a plate reader (Fluoroskan Ascent, Thermo Electron Corporation) and Ascent Software for

Fluoroskan with Aexcitation = 485 nm, Aemission = 538 nm, and 100 ms exposure time.

E. Algal growth, size and mobility
C. reinhardtii cultures were acclimatized in the dark for two weeks. Sterile Erlenmeyer flasks filled with 50 mL
of TAP control or 50-200-700 ng/L or 1 mg/L FUR, PYR or SAL medium were inoculated with 250000 cells per
mL in an exponential growth phase. The number of algae was counted by manual counting on a malassez cell
using a microscope (IM-3F OPTIKA) after 24 h and at 120 h of exposure. At 120 h, two aliquots of algae per
replicate were photographed and analyzed under a microscope on calibration slides, and 4 replicates were
taken per condition. The areas were calculated with the Danioscope software on about 20 algae per
photograph. In parallel, on the calibration grid, the percentage of immobile algae (during at least 10 s) or
having lost their flagella was recorded. For each condition, two counts were performed for two different

replicates.

V. Expression of oxidative stress-related genes
The expression of 3 genes encoding antioxidant enzymes (sod1: superoxide dismutase, gpx: glutathione
peroxidase and cat: catalase) was measured by RT-gPCR on D. rerio. Twenty-four hours post fertilization, eggs
were collected and placed in a 12-well plate (10 eggs/well). Excess fluid was removed by pipetting. Wells were
then filled with 3 mL of FUR, PYR, SAL, E3 or DMSO solution. Larvae were exposed for 5 days during which the

plates were maintained in an oven at 26°C.

The larvae were ground using the MP Biomedicals FastPrep-24 Kit. Total RNA was then extracted and purified
with the Qiagen RNeasy 2 kit. A DNAse treatment step was added with the Qiagen RNAse-Free Kit DNAse in
order to remove any trace of DNA contamination. At this stage, a fluorimetric quantification was performed to
determine the quantity of extracted RNA (Promega Quantifluor RNA System kit). The purity of the extracted

RNAs was also verified using the Biowave DNA WP spectrophotometer.

Next, the mRNAs were reverse transcribed using the Affinity Multiple Temperature cDNA Synthesis kit. Once
the cDNA template was obtained, qPCR was performed using the Brilliant 1l Ultra-Fast SYBR Green qPCR
Master Mix kit (see qPCR and Melting-Curve in SL.SI) The primers used are listed in table 1. The specificity of

each sequence was verified on NCBI. actb1 (actin beta) was used as a housekeeping gene.

Table 1. List of primers used for the RT-qPCR step.

F5-3 R5-3’ Reference
actbl AAGTGCGACGTGGACA GTTTAGGTTGGTCGTCGTTTGA Gonzalez et al. 2006
sod1 GGCCAACCGATAGTGTTAGA  CCAGCGTTGCCAGTTTTTAG Liu et al. 2020
gpx GCCCGCATTCAGATTCCTCA AACGCACCACTTGGCCCTC Liu et al. 2020
cat CCAGCCACGCTTCCTTGAGT TCTCTCGGCTTCATTTAGCACCT Liu et al. 2020

Finally, the results were processed with the AACt method that quantifies the expression of one or more genes

of interest based on one or more reference genes.



VI.  Calculation of toxicity scores
Toxicity scores were calculated taking into account the percent effect (difference from the respective test
controls) and the effect concentration. These scores were weighted by an impact coefficient according to the

following formula:

% measured ef fect
Log(Effect concentration)

Toxicity score = X Impact coef ficient

The impact coefficient was set to 1 if the measured parameter directly impacted the survival of the organism
(lethality), 0.8 if the parameter indirectly measured the survival of the population (growth, reproduction, ...),
0.6 if the parameter measured an indirect impact on the survival of organisms (mobility, stress response,
oxidative stress, ...) and 0.4 if the parameter describes another physiological change in the organism (algae
size, heart rate, ...).

VIl.  Assessment of cocktail effects

The synergistic effects of FUR, PYR and SAL at high (concentration ranges underneath the EC50) and low (ie
environmental) (50, 500 and 2000 ng/L) concentrations were evaluated on D. magna. Compounds were tested
in pairs (FUR-PYR, FUR-SAL, PYR-SAL), and three concentrations were tested per compound within each

mixture. Each experiment was performed in triplicate.

For high concentrations, the parameter measured was immobility. The exposures were carried out in the same
way as in the acute toxicity tests; neonate daphnids were exposed and the immobility was measured after 48
hours of exposure. For environmental doses, the parameter measured was the mobility of daphnia. The
exposures were performed in the same way as in the behavioral tests. Twelve-day-old daphnia were exposed
in 96-well plates for 24 hours before being analyzed using the Zebrabox with the light-dark program. The
antagonistic, additive or synergistic effects of the mixtures were modeled using the Combenefit software (Di
Veroli et al. 2016). BLISS and LOEWE models were compared.

Results & discussion

I.  Acute toxicity
Acute toxicity tests are classically used to determine the toxicity of a substance. These studies generally consist
in exposing organisms (plants, invertebrates, vertebrates,...) to increasing concentrations of a chemical
substance during a short period of time. Numerous standardized tests exist for the study of different
parameters (lethality, immobilization, growth,...) and these tests allow the determination of no-effect

concentrations, necessary for environmental risk assessment studies.

Furosemide acute toxicity is well documented and has been determined on various organisms such as the
bacterium Aliivibrio fischeri (Olvera-Vargas et al. 2016, Di Nica et al. 2016, Isidori et al. 2006), different algal
species (Kuzmanovic et al. 2015, Guo 2015, Christensen et al. 2009), zooplankton (Isidori et al. 2006), different
crustacean species (Diaz-Sosa et al. 2020, Kuzmanovic et al. 2015, Isidori et al. 2006, Christensen et al. 2009),

cnidarians (Pascoe et al, 2003) and several fish species (Kuzmanovic et al. 2015, Christensen et al. 2009). There



are also acute toxicity values on fish cell lines (Christensen et al. 2009). In contrast, very few studies exist on
the toxicity of SAL and PYR. Only one study investigated the toxicity of SAL and showed that it induces changes
in some biological parameters in mouse models, such as increased alanine and aspartate aminotransferase,
increased creatinine, reduced blood glucose, liver and kidney congestion (Al-Omar et al. 2009). Two of our
previous work investigated PYR toxicity in vitro and in vivo. We indeed showed that PYR induces a
dose-dependent decrease in cell survival (SH-SY5Y) with an EC50 at 973 + 46 uM after 96h of exposure (MTT
test) leading to a 175% increase in caspase-3 activity (linked to cell apoptosis), generates oxidative stress and
causes respiratory chain complex | inhibition. After in vivo per-os exposure at high dose in mice, PYR induces
the development of characteristic markers of neurodegenerative diseases (Q-synuclein accumulation,
dopaminergic neurons death, Tau alterations in hippocampus)(Laurencé et al. 2014, 2019). However, no
studies have been conducted on aquatic organisms. In this context, in order to compare the toxicity of PYR and
SAL degradation products with their parent molecule, the acute toxicity was determined on D. magna after 48

h and A. salina after 24 h exposure. The results are presented in figure 1.
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Figure 1. Dose-response curves after 24 h of exposure to furosemide, pyridinium of furosemide and saluamine

on A. salina (A) and after 48 h on D. magna (B).The dose-response curves were drawn using the R software with the drm
function. The quality of the models was verified according to the definition of the slope, the high limit and the low limit. The EC50 were
determined from the dose response curves. Each point represented the average value of 5 replicates for A. salina and 3 for D. magna.
Standard errors are not shown for clarity.

For FUR, the EC50 values obtained are 236.3 + 15.6 mg/L for A. salina and 195.5 + 18.5 mg/L for D. magna
(figure 1). Diaz-Sosa et al. (2020) reported an EC50 after 24 h of exposure of 273.0 mg/L for A. salina, which is
quite close to the value obtained in this study. Christensen et al. (2009) reported a 48 h EC50 for D. magna of
239.0 mg/L which is 18% higher than the value obtained in the present study. In contrast, greater variations in
EC50 values for D. magna have been observed in the literature, for example, Isidori et al. (2006) obtained an
abnormally lower 24 h EC50 (60.6 mg/L) than the 48 h EC50 obtained by Christensen et al. (2009). These
variations could possibly be attributed to the different methodologies used (standardized OECD 202 test for
the median 48 h toxicity; standardized 1SO 6341 test for the 24 h toxicity). For PYR, the EC50 values obtained
are 244.9 + 7.0 mg/L for A. salina and 268.6 + 39.7 mg/L for D. magna. PYR and FUR toxicity are quite close
and the similar structure of the two compounds could explain this proximity. Our previous results also show a
higher toxicity of PYR on the SH-SY5Y cell line (MTT test) (Laurencé et al. 2014). However, Olvera-Vargas et al.
(2016) estimated an EC20 of 18.9 mg/L in Aliivibrio fischeri for a 15-min exposure for PYR and 72.3 mg/L for



FUR suggesting a higher toxicity of PYR in this model. For SAL, the EC50 values obtained are 137.7 + 1.0 mg/L
for A. salina and 85.4 + 0.7 mg/L for D. magna. In both cases, the 50% effect concentration of SAL is well above

that of its parent molecule, indicating a higher toxicity.

Acute toxicity tests performed on fish models are scarcer; only one study reported an EC50 at 96 h for SAL in
Cyprinodon variegatus (497.0 mg/L, OECD 203). Tests on vertebrates are more constrained (ethics and
regulations) and furosemide precipitates at high concentrations, making it necessary to add large amounts of
organic solvent, which can bias the EC50 value or significantly increase the exposure time over 96 h. Tests
were performed on D. rerio at 96 h but the concentrations tested were insufficient to reach the EC50 (result
in SLII). On the other hand, hemorrhages appeared around 350 mg/L at 72 h of exposure to furosemide
(figure 2A).
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Figure 2. Presence of hemorrhages in furosemide-exposed larvae. (A) Photograph of a 96 dpf zebrafish larvae exhibiting

a hemorrhage (black arrow). (B) Percentages of larvae showing hemorrhages. Control = E3 medium; number of individuals = 20 per
condition.

The presence of hemorrhage has been linked to abnormal development in D. rerio embryo (Chen et al. 2020,
McCormick et al. 2010). Although observed here at high concentrations, the presence of hemorrhages after
72h of exposure in D. rerio showed that FUR can permeate the chorion and damage the organism before
hatching, leading to exposure at very early stages of development. The occurrence of hemorrhage was directly
dependent on the concentration of FUR used (figure 2.B). No hemorrhages were observed after PYR or SAL
exposures, but tremors were observed in larvae exposed to PYR at high concentrations (50-700 mg/L), but
could not be quantified because the phenomenon was not continuously visible. Furthermore, the presence of
oedemas, trunk malformations (light to severe torsion) or flotation problems (probably related to
malformation or growth retardation of the swim bladder) were sometimes observed after exposure to either 3

compounds.

Overall, the acute toxicity of FUR was relatively low, with EC50s around 200 mg/L in both crustaceans tested,
in agreement with the scientific literature. The acute toxicity of PYR was in the same order of magnitude. On
the other hand, the effect concentration of SAL was almost twice as low as the other two compounds, thus
showing its higher toxicity. However, the concentrations tested were far from representative of environmental
concentrations, making it difficult to anticipate their effects in the natural environment. It was then necessary
to evaluate the toxicity at environmental concentrations, requiring the use of more sensitive tests and

endpoints (see below). This is especially important considering that furosemide has been shown to be toxic on



other endpoints. Indeed, Rocco et al. (2010) and Isidori et al. (2006) have shown genotoxic and cytotoxic

properties of furosemide on aquatic organisms.

1. Environmental concentrations

FUR has been well documented in the scientific literature and has been frequently detected and quantified in
various surface waters (Sandré et al. 2023b). Its degradation products, on the other hand, are poorly
documented. SAL has been detected in FUR-spiked sediments (Li et al. 2014, 2015). PYR and SAL have been
obtained by biodegradation in controlled environments (Laurencé et al. 2014, Olvera-Vargas et al. 2016,
Badia-Fabregat et al. 2015, 2016, Narumiya et al. 2013, Gros et al. 2020). However, no study to our knowledge
has identified the presence of PYR or SAL in natural surface waters to date. In this context, in order to obtain
an estimate of environmental concentrations, FUR, PYR and SAL were quantified in the Seine upstream and

downstream of the Paris area (table 2) by LCMS-MS.

Table 2. Concentration of furosemide, pyridinium of furosemide and saluamine in the Seine river upstream
(Juvisy-sur-Orge) and downstream (Triel-sur-Seine) of Paris and in Seine-Centre wastewater treatment plant
outlet samples (ng/L)

Upstream Downstream WWTP

(Juvisy-sur-Orge) (Triel-sur-Seine) (Seine-centre) *
Furosemide 29.3+8.6 186.8 + 4.6 808.5
Pyridinium of furosemide 243.7+2.7 62.3+3.9 237.0
Saluamine 65.0+27.2 92.8+7.2 473.0

! Average value of the two samples at the outlet of Seine-centre from Sandre et al. (2023a). WWTP = Wastewater Treatment Plant.

The median concentration of FUR in European rivers is around 80 ng/L, the same order of magnitude as in our
study (Sandre et al. 2023) and SAL concentrations are quite close to those of FUR. On the other hand, the

concentrations of PYR are higher upstream.

Downstream concentrations of FUR and SAL were found higher than the upstream ones, most probably due to
wastewater discharges from the Paris metropolitan area loaded with high concentrations of these compounds.
The opposite was observed for PYR, in higher concentrations upstream than downstream. It is possible that
pyridinium is discharged in lower concentrations by the WWTPs (better elimination) in the basin, as is the case
for the Seine-Centre station. In addition, PYR could be degraded into SAL, as shown previously (Sandré et al
2023a), thus contributing to the increased concentrations of SAL observed. Moreover, the relatively low
concentrations of SAL could be explained by the fact that it has a very good affinity with the particulate phase
with a partition coefficient between the dissolved and particulate phase (Kd value) up to 10 times higher than
FUR and PYR (Sandré et al. 2023). An important part of the saluamine contamination could then be missed

because our results only reflected the concentrations in the dissolved phase.

. Oxidative stress and cardiotoxicity
The above results underlined that other characteristics, more sensitive than the parameters classically

observed in standard tests (lethality, immobilization, growth, reproduction,...), can be interesting to estimate



the toxicity of compounds. For example, another effect potentially induced on target organisms would be an
increase in oxidative stress. Oxidative stress is a commonly studied parameter in ecotoxicology because it can
be representative of the damage caused to organisms exposed to one or more pollutants. We previously
showed that exposure to furosemide pyridinium leads to an increase in the amount of ROS produced
mitochondria isolated from human cells (SH-SY5Y) (Laurencé et al. 2019). Thus, it was of interest to study the
evolution of oxidative stress in non-target organisms. Measurements of oxidative stress produced by D. rerio

larvae after exposure to FUR, PYR and SAL were measured by fluorescence using an H,DCFDA probe (figure 3).
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Figure 3. Measurement of reactive oxygen species by fluorescence in D. rerio larvae chronically exposed
(5 dpf) to high and environmental concentrations of furosemide, pyridinium of furosemide and saluamine (A)

at high concentrations and (B) at environmental concentrations. Control = E3 medium; number of individuals = 16 per
condition; * = p-value < 0.05; ** = p-value < 0.01; *** = 0.001 (non-parametric Kruskal-Wallis test). A positive control for H,0, and
exposures to DMSO were also performed (results in SLIII). As a significant effect of DMSO was found for the highest concentrations, the
values in the graph were then normalized by DMSO. At environmental concentrations, the percentage of DMSO is reduced to 5.10°% in
the most concentrated solutions, no effect of DMSO was observed at these concentrations. The value at 250 mg/L SAL is not shown
because this concentration resulted in 100 % larval mortality.

The H,DCFDA probe provides a fluorescent signal proportional to the amount of ROS produced by the larvae.
When the eggs were chronically exposed to high concentrations (0.1 to 250 mg/L) of FUR, PYR and SAL, the
fluorescent signal was generally lower in exposed larvae compared to controls. Despite this trend, the
differences were not statistically significant because of a very large variability in the fluorescence values. Only
one significant effect was observed after exposure to 10 mg/L of PYR resulting in a 63% decrease in
fluorescence. At environmental concentrations (1 to 1000 ng/L), a significant decrease in fluorescence was
observed after exposure to SAL between 100 and 1000 ng/L. In both cases, these decreases suggest an

antioxidant effect of the molecules. These results differed from our previous study (Laurencé et al. 2019), who



demonstrated a 57% increase in the amount of ROS in mitochondria isolated from SH-SY5Y cells accompanied
by a 52% increase in the amount of superoxide anion (O,) as well as a 68% decrease in the enzyme aconitase
(inhibited in the presence of ROS) upon exposure to 1 UM of PYR. Thus, whereas PYR is able to induce ROS
production at the cellular level, this response clearly depends on the scale (organelle, cell or whole organism)
and the model used. Nonetheless, taken together, the results highlighted that PYR has the capacity to alter the
redox balance. Acute exposures have also been performed (results in SI.IV) but the same concentrations were
not sufficient to induce a similar response. Lahet et al. (2003) demonstrated an antioxidant effect of
furosemide on human erythrocytes in an in vitro study using the ORAC assay (an assay to determine the
antioxidant capacity of plasma). As early as 1 uM (329 pg/L) of FUR, a decrease in the fluorescence emitted by
allophycocyanin was observed: the hypothesis put forward is that of a ROS scavenging capacity by furosemide.
This result is in agreement with the study of Kang et al. (1998). However, this decrease was not observed in
vivo in rats because FUR has a plasma protein binding capacity of 95%. However, if FUR binds plasma proteins,

it can no longer scavenge ROS, which explains this in vitro/in vivo difference.

The impact of these three molecules at the transcriptomic level was then evaluated through the expression of
three genes belonging to the triad of antioxidant system genes most studied in ecotoxicology (sodl :
superoxide dismutase, gpx : glutathione peroxidase and cat : catalase). In vivo, their expression allows to take
in charge the ROS generated naturally during biological reactions (notably O, by sod1 and H,0, by gpx and
cat). When exposed to stress, these genes can be deregulated. The expression of these three genes was
quantified following chronic exposure to 50 ng/L, 500 ng/L and 1 mg/L of FUR, PYR and SAL (figure 4).

cat gpx sod1 cat gpx sod1 cat gapx sod1
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Figure 4. Expression of three enzymes involved in oxidative stress, superoxide dismutase (sod1), glutathione
peroxidase (gpx) and catalase (cat), measured by RT-gPCR on D. rerio larvae exposed chronically to FUR, PYR or

SAL. Zebrafish larvae were exposed for 5 days to 50 ng/L, 500 ng/L, or 1 mg/L FUR, PYR or SAL; Error bars represent standard
deviations; Significances result from a 1-factor ANOVA: * = p-value < 0.05; ** = p-value < 0.01; *** = 0.001.

The results obtained by RT-qPCR indicated that exposure to a high concentration (1 mg/L) of the three
compounds caused a significant increase in the expression of catalase, an enzyme that takes up H,0, to reduce
it to H,0 and O,. For PYR, the antioxidant effect observed with H,DCFDA also appeared to be related to the
significant increase in the expression of sodl, an essential component of the free radical scavenging cell
system. At environmental concentrations (50 and 500 ng/L), an over-expression of gpx was observed for the
three compounds. Thus, the antioxidant effect observed may originate at the transcriptional level.

Furthermore, the three molecules were able to induce an antioxidant response in aquatic vertebrate models



even at very low concentrations. The antioxidant effect of SAL is all the more worrying since this molecule is
well present in the environment and has been shown to be the final metabolite of FUR: indeed, FUR can
degrade directly to PYR or SAL, and PYR can itself be oxidized to SAL (Sandré et al. 2023a).

Overall, we thus observed that our three molecules of interest can have a significant antioxidant effect and
that this effect is related to the increase in the expression of enzymes involved in the cellular antioxidant
defense system, in particular hydrogen peroxide decomposition. At first glance, a decrease in the amount of
ROS could be beneficial to organisms, as they are known to cause DNA damage and are therefore mutagenic
and potentially carcinogenic agents. Overproduction of ROS can also cause inflammation and activate DNA
damage repair mechanisms, or apoptosis (Finaud et al. 2006), while low levels of ROS can lead to cell growth
and survival (Sies & Jones 2020). ROS hold many roles within cells including keeping the stability of the cell
cycle by inhibiting the action of certain mitosis repressors (Son et al. 2011) or by stimulating mitosis activators
(Ogrunc et al. 2014). They also have an important role in the immune response as they are involved in the
removal of antigens by phagocytes. Thus, redox homeostasis is crucial for living organisms (Chio et al. 2017),
and exposure to our compounds, through affecting cellular redox balance, may strongly disrupt many essential

processes and signaling pathways.

Another relevant parameter to measure is the impact on the heart. As FUR is prescribed to fight diseases
affecting the cardiovascular system, a potential impact on the heart of non-target organisms may be
conceivable. In addition, we have previously shown the occurrence of hemorrhages after exposure to high
doses of FUR and the presence of hemorrhages is often accompanied by cardiac malformations and yolk sac
malformation (Duan et al. 2021). Moreover, heart rate measurement has proven to be more sensitive than
immobilization measurement for the study of micropollutant toxicity (Fekete-Kertész et al. 2016). The
cardiotoxic potential of FUR and its degradation products at environmental concentrations was measured in D.

rerio and D. magna (figure 5).

On D. rerio (figure 5A), FUR had no effect on the heart rate at realistic environmental concentrations. On the
other hand, a significant increase in BPM was revealed at 2000 ng/L for PYR, which corresponds rather to
concentrations of WWTP effluents (Sandre et al. 2023a) and as early as 50 ng/L for SAL. The increase in heart
rate of D. rerio could be explained by a need to accelerate the metabolism to allow the elimination of the
compound from the body as hypothesized by Osterauer & Kohler (2008). In addition, Carlsson et al. (2013)
also noted a change in heart rate in D. rerio after 48 h exposure to flumethrin and toltrazuril associated with
greater sensitivity to acute toxicity tests. Experiments on D. magna showed no significant effect of the three
compounds on the heartbeat. Furthermore, the average BPM found for the control group (280 BPM) is
consistent with the scientific literature (Liang et al. 2017). However, a decreasing trend of the heart rate could
be noted. At high concentration on the other hand, a significant heart rate decrease was observed after
exposure to FUR from 225 mg/L and to PYR from 300 mg/L. A different behavior was observed for SAL; at 90

mg/L and 70 mg/L an increase in BPM was observed (see results in SL.V).
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Figure 5. Evaluation of heart rate modification of 6 dpf D. rerio (A) and D. magna (B) after 24 h exposure to

furosemide, pyridinium of furosemide and saluamine. Heartbeats were counted manually over 15 seconds (daphnia), and 1
minute (zebrafish larvae). For D. magna; Control = reconstituted water; number of individuals = 14 per condition. For D. rerio; Control =
E3 medium; number of individuals = 16 per condition. No significant effect of DMSO was observed for both experiments; * = p-value <
0.05; ** = p-value < 0.01; *** = 0.001 (non-parametric Kruskal-Wallis test).

Taken together, these results show all three compounds tend to have an antioxidant effect and can impact the
heart rate of daphnia and zebrafish. The impact of SAL at low concentrations is of particular concern for

aquatic organisms.

V. Behavioral toxicity and algal toxicity
At environmental concentrations, more sensitive tests are required to assess impacts on aquatic organisms,
which can potentially jeopardize the species survival in the long term. An exposure to chemical compounds,
even at very low concentrations, can rapidly induce behavioral changes (Amiard-Triquet 2009). For example,
concentrations 10 to 100 times lower than lethal concentrations presented an impact on zebrafish larvae
behavior (Robinson, 2009), as well as exposures to environmental samples impact at (Sandré et al. 2022).
Behavioral tests have also been shown to be relevant on D. magna at low concentrations (Dionisio et al. 2020).
In response to contamination, organisms can modify their behavior (escape, avoidance) or in the opposite way
their behavior is modified by the exposure to the contamination (displacement, feeding rate) (Boyd &
Lipkowitz 2002). A light-dark transition stress test was then performed on D. rerio and D. magna after
exposure to evaluate for the first time the impact of environmental concentrations of these 3 molecules

(figure 6).
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Figure 6. Impact of furosemide, pyridinium of furosemide and saluamine on the mobility of 6 dpf D. rerio

larvae (A) and D. magna (B) during dark periods (stress) and light periods. Individual mobility was measured by the
zebrabox during 3 periods of darkness of 5 min interspersed with 2 periods of light of 10min. For D. rerio; Control = E3 medium;
number of individuals = 36 per condition. For D. magna; Control = reconstituted water; number of individuals = 24 per condition. For
both sets of experiments, no effect of DMSO was observed.* = p-value < 0.05; ** = p-value < 0.01; *** = 0.001 (non-parametric

Kruskal-Wallis test).

The difference in activity between light and dark periods was quite visible in zebrafish with an average
movement of 3.01 + 0.60 cm/min and 7.88 + 1.39 cm/min, respectively. Peng et al. (2016) also noted that the
distance traveled by D. rerio larvae was twice as great during dark periods reflecting stress response (Macphail
et al. 2009). In Daphnia, the average activity was greater than in fish larvae, but there was less difference
between activity during lighted periods (12.06 + 1.89 cm/min) and dark periods (15.16 + 2.08 cm/min). It is

thus possible that D. magna is less responsive to this type of stress.

FUR significantly affected the movement of zebrafish larvae during the light period, reflecting an impact on
overall larval mobility. From 500 ng/L, an inhibition of about 30% of the mobility of the larvae compared to the
controls was observed. During the dark period, mobility was reduced by about 10% at 50 and 500 ng/L. In
D. magna, a significant decrease of about 20% in the lighted period and about 25% in the dark period was
noted at 50 and 500 ng/L. Villa et al. 2018 also observed significant inhibition of swimming distance in insect
larvae (Diamesa zernyi) exposed 96 h to FUR but at high dose (500 mg/L). After exposure to PYR, a significant
decrease in D. rerio larval movement about 10%, was observed from 330 ng/L, thus reflecting a reduced
activity in response to stress. PYR also induced a reduction in activity during the light period for the highest
concentration tested (2000 ng/L). In D. magna, a significant inhibition was observed for all concentrations in
dark periods, similar to the observations on fish larvae, but also at 50 and 500 ng/L in light periods.

Dysfunction in the mitochondria could lead to a disruption of energy metabolism and thus generate a



decrease in mobility (Zhuo et al. 2012). As PYR has been shown to impact mitochondria (Laurencé et al. 2019),
this could explain its effect on the behavior of both organisms. SAL also negatively impacted larval mobility in
the dark period at 50 ng/L in fish. In the light period, the responses of the larvae to SAL were strikingly
variable, precluding any conclusions to be drawn. However, daphnia activity was significantly inhibited in all

conditions after exposure to SAL.

Overall, exposure to the three compounds tended towards a reduction of both D. rerio larvae and D. magna
activity. However, the decrease in daphnia mobility did not appear dose-dependent on this range of
concentrations, as the percentages of inhibition are fairly close between the different concentrations. A
decrease in the distance moved by 6 dpf D. rerio during the dark period was also measured after exposure to
tramadol and citalopram (Bachour et al. 2020). Villa et al. (2018) hypothesized that as mechanisms that
involve antioxidant and detoxifying enzymes require energy, they could lead to an energy deficit and thus to
an inhibition of the behavior. It was also shown in insect larvae that FUR had an impact on the ATPase pump
(Maddrell & O'Donnell 1992, Caruso-Neves and Lopes 2000). Behavioral changes may also be related to a
neurological impact (Peng et al. 2016, Leuthold et al. 2019). Decreased activity during dark periods
corresponds to an inhibition of the stress response, such as escaping predation. The response during the
lighted period reflects the general activity. Thus, a decrease in the movement of young fish in the environment
could have a negative impact on foraging or social interactions (alteration of aggression and dominance
hierarchies, disruption of group interactions, mating) (Saaristo et al. 2018). Therefore, the reduction of activity

may potentially compromise the survival of individuals or the population.

In order to better evaluate the impact on the aquatic environment, it was also interesting to take into account
the impact on vegetal organisms, although the standardized acute toxicity tests in algae generally give rather
high EC50 values. After 72 h of exposure to FUR, Christensen et al. (2009) obtained an EC50 on the growth of
Pseudokirchneriella subcapitata at 142.0 mg/L and Guo (2015) obtained an EC50 on the growth of
Desmodesmus subspicatus of 322.2 mg/L. Kuzmanovic et al. (2015) estimated (ECOSAR Model) the EC50 of
FUR on Pseudokirchneriella subcapitata at 19.8 mg/L. These values are far from the actual concentrations in
the environment. In the framework of this study, different tests, intended to be more sensitive, were then
applied. Several parameters were monitored on the phytoplankton species C. reinhardtii, after exposure to
FUR, PYR and SAL. First, the growth kinetics between 24 h and 120 h of exposure (figure 7.A), as well as the
area of the algae after 120 h of exposure (figure 7.B) were measured to investigate whether the compounds
had an inhibitory effect on algal growth. Finally, the mobility of the algae was evaluated after 120 h of

exposure (figure 7.C).

Furosemide is known to be photodegradable (Hanamoto et al. 2014) and can transform to saluamine (Della
Greca et al. 2004; Katsura et al. 2015, Jakimska et al. 2014, Sandré et al. 2023). To avoid biases due to
furosemide degradation or the presence of multiple compounds, experiments on C. reinhardtii were
performed in the dark. This algae being mixotrophic, photosynthesis is not essential, so it can draw the carbon

necessary for its development by transforming the acetate present in abundance in the TAP medium used.
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Figure 7. Effect of furosemide, pyridinium of furosemide and saluamine at 1 mg/L and environmental

concentrations on growth rate (A), size (B), and mobility (C) of Chlamydomonas Reinhardltii. Control = TAP medium;
for the growth test, 6 replicates per condition were performed; for the measurement of algal area, about 120 algae per condition were
measured in 3 replicates, for algal mobility, 2 replicates were performed. No effect of methanol was observed.* = p-value < 0.05; ** =
p-value < 0.01; *** = 0.001 (non-parametric Kruskal-Wallis test).

The experiments with C. reinhardtii revealed that a 1 mg/L concentration of any of the three compounds
resulted in a growth rate inhibition (figure 7A), more pronounced for FUR. At a concentration of 700 ng/L,
growth inhibition was also observed for all conditions, and even as low as 50 ng/L for SAL. The inhibition
observed after 120 h could be due to a delay of the exponential phase as observed in Roy et al. (2009) after

72 h exposure to trace concentrations (17 ng/L) of palladium.

Results for algal size were somewhat more variable (figure 7B). For FUR, a slight inhibition of growth was
observed at a concentration of 700 ng/L, while at 1 mg/L, an increase in size was observed, visible in all
replicates. For PYR, the impact on size was limited, with a slight inhibition at 50 ng/L, but no visible effect at
the other concentrations tested. For SAL, an increase in size was observed at environmental concentrations,

and a decrease at 1 mg/mL. Three hypotheses can be made to interpret this observation : i) this response may



follow a hormesis-like curve with a stimulating effect on the size of algae at low doses, then a significant
deleterious effect at higher concentrations, although concentrations above 1 mg/mL have not been tested.
Wong (2000) already observed a stimulation of algal growth, photosynthesis and chlorophyll synthesis by low
concentrations of 2,4-dichlorophenoxyacetic acid and glyphosate (active substances used in the composition
of herbicides) but a complete inhibition of algal growth, photosynthesis and chlorophyll-a synthesis at higher
concentrations (>20 pg/L). ii) Alternatively, this increase in size at low concentrations of SAL could be due to its
structure. Indeed, Fries et al. (1974) studied the growth-promoting properties of several compounds, including
p-hydroxybenzaldehyde, vanillin, syringaldehyde, 3-methylcatechol, 4-methylcatechol, 3,4-dihydroxybenzoic
acid, caffeic acid and ferulic acid. The authors found that the growth-promoting properties were related to the
molecular configuration, in particular to the presence of a carboxylic acid in the para position relative to a
methyl, alcohol, aldehyde or carboxyl group. SAL, containing a carboxyl group, presents structural similarities
with these molecules. iii) Another hypothesis is that the increase in size of C. reinhardtii could be due to a
blockage of cell division as suggested by Rioux (2018). After exposure to platinum, these authors noted an
increase in mean diameter, sometimes up to twice the normal size, and an inhibition of cell division (possibly
blocked in G2 phase).

Finally, concerning the mobility experiment (figure 7C), the results showed an overall decrease when the algae
were exposed to the three compounds. For FUR, the effect was again visible at 700 ng/L and 1 mg/L. PYR and
SAL also showed a tendency to inhibit mobility, with significant effects at 200 and 700 ng/L. This loss of
motility is due to the loss of flagella or their inactivity. Moreover, the culture of algae in the dark had no effect
on this parameter, the control algae were 97.4% mobile. C. reinhardtii has two flagella allowing it to move
toward or away from the light to optimize energy intake (Boyd et al. 2018). This loss of mobility could then
affect the efficiency of the alga by decreasing its photosynthetic capacities, and/or restrict the formation of
aggregates that are a protective/survival mechanism in case of stress (De Carpentier et al. 2019), or prevent
sexual reproduction, that requires fusion (“sexual binding”) between the algae (Musgrave et al. 1979). In the
aquatic environment, immobile algae should be less present in the water column making them less accessible

to the organisms that feed on them.

Impacts of pharmaceuticals on algae at 1 mg/L have previously been noted by Pino et al. (2016). Paracetamol,
ibuprofen, diclofenac and salicylic acid led to a decrease in photosynthetic yield. Joachim et al. (2021) also
observed a decrease in photosynthetic pigments and an increase in oxygen reactive species after exposure to
diclofenac. In our case, the measured effect excludes a possible impact on photosynthesis because the
cultures and experiments on C. reinhardtii were performed in the dark. In the literature, algae have been
shown to be particularly sensitive to exposure to pharmaceutical compounds (Guo 2015, Kosma et al. 2014).
Our results showed that all three compounds studied significantly impacted algal growth, size, and mobility at
environmental concentrations, which is of concern given that algae play an important ecological role such as
oxygen production, nutrient cycling, and food supply (as the basis of food webs). Therefore, all these results

suggest that these three compounds could induce deleterious effects on ecosystems.



V.  Assessment of environmental risk
A. Assessment of lowest effect concentrations
The LOEC (Lowest Observed Effect Concentration) is a toxicological measure used to determine the lowest
concentration of a chemical substance that produces an observable and statistically significant effect
compared to a control group. Unlike the NOEC (No-Observed-Effect Concentration, defined by the WHO in
1990), the LOEC indicates the concentration at which a toxic effect is detected. It is therefore an important
value for assessing the environmental risks associated with exposure to chemicals. The LOEC values obtained

through the different bioassays carried out in this study have been summarized in table 3.

Tableau 3. Summary of the lowest concentrations of furosemide, pyridinium of furosemide and saluamine
inducing effects on different organisms (LOEC).

Organism Measured parameter Exposure LOEC FUR LOEC PYR LOEC SAL
C. reinhardetii Growth kinetics Environmental and 700 ng/L 700 ng/L 50 ng/L
high concentrations
Size (area) Environmental and 700 ng/L 50 ng/L 200 ng/L
high concentrations
Mobility Environmental and 700 ng/L 200 ng/L 200 ng/L
high concentrations
A. salina Lethality High concentrations 42 mg/L* 108 mg/L* 66 mg/L*
D. magna Lethality High concentrations 41 mg/L* 23 mg/L* 60 mg/L*
Cardiotoxicity Environmental and 225 mg/L 300 mg/L 70 mg/L
high concentrations
Oxidative stress Environmental - - -
Mobility Environmental 50 ng/L 50 ng/L 200 ng/L
Mobility (stress) Environmental 50 ng/L 50 ng/L 50 ng/L
D. rerio Cardiotoxicity Environmental - 2000 ng/L 50 ng/L
Oxidative stress Environmental and - 10 mg/L 100 ng/L
high concentrations
Mobility Environmental 500 ng/L 2000 ng/L -
Mobility (stress) Environmental 500 ng/L 330 ng/L 50 ng/L

*These values correspond to EC10; - means that no impact was found at the tested concentrations.

The lowest LOEC for FUR was obtained in behavioral tests on D. magna. mobility was generally significantly
reduced but also during periods of stress (dark periods) from 50 ng/L (figure 6B). For PYR and SAL, this
parameter was also impacted at 50 ng/L, the lowest concentration tested, qualifying it as the most
downgrading parameter. At this concentration, PYR also reduced C. reinhardtii areas and SAL induced an
increase of D. rerio heart rate and a reduction of C. reinhardtii growth rate. The lowest concentration tested,

which is fully relevant in the environment, thus showed an effect on at least one parameter for each organism.

The concentration of a chemical in the environment below which no toxic effects are expected for exposed

organisms, called Predicted No Effect Concentrations (PNECs), can be determined using the LOEC values. A



Safety Factor (SF) is applied to the LOEC value to account for uncertainties in individual sensitivity, as well as
uncertainties in toxicological and environmental data. We therefore calculated PNECs from our tests on
D. magna, A. salina, D. rerio, and C. reinhardtii, by setting the SF at 100 because we have long-term values for
at least 3 species belonging to different trophic levels (INERIS, 2014). The PNEC values for FUR, PYR and SAL

are presented in table 4.

Table 4. Summary of the calculated indexes assessing the potential environmental risk of furosemide,
pyridinium of furosemide and saluamine

FUR PYR SAL
PNEC (ng/L) 0.5 0.5 0.5
RQ Upstream 0.6 4.9 1.3
RQ Downstream 3.7 1.2 1.9
RQ WWTP 16.2 4.7 9.5
Toxicity score 3.3 4.1 5.9

RQ = Risk quotient, PNEC = Predicted No Effect Concentration

Those values, calculated from sensitive tests performed at environmental concentrations, are very low.
However, they take into account real impacts on organisms as opposed to the effect evaluated through
classical acute toxicity tests. Although the observed effects are less deleterious than lethality, these
parameters (mobility, oxidative stress, heart rate modification, ...) can nevertheless affect the survival of
organisms and therefore populations. For example, In another multi-organism study (in mesocosms) with
several sensitive parameters measured (genotoxicity, oxidative stress,...), Joachim et al. (2021) also found very
low effect concentrations up to 41 ng/L and notes an impact of diclofenac on fish and macrophyte populations
and zooplankton and macroinvertebrate communities. Moreover, if only acute indicators such as lethality are
considered, the risk is greatly underestimated. For example, the PNEC of FUR calculated from the EC50 values
obtained earlier on D. magna (the lowest) is estimated at 19.55 pg/L (with a safety factor of 10000) while a
significant effect at 50 ng/L has been shown. In the literature, two other PNEC values were determined at 1.56
pg/L and 45.15 pg/L for furosemide based on the EC50 of algal, crustacean and fish toxicity tests (Riva et al.

2019, Mendoza et al. 2015) close to the value calculated based on acute toxicity test.

Moreover, calculations of PNECs by using safety factors are probably not intended for such sensitive tests
(ng/L) and give really low values. In this case, it is more relevant to calculate the environmental risk directly
from the LOECs. Then, to assess the potential environmental risk associated with FUR, PYR and SAL (Risk
Quotient, RQ), we compared the lowest LOEC and the measured environmental concentration (MEC). The
MEC/LOEC ratio is similar to the PEC/PNEC ratio classically used, because it is a comparison between a
measurement of the environmental concentration and a threshold value based on toxicity tests. From
concentrations upstream, downstream of Paris and at the outlet of the Seine-centre WWTP (table 2) and the
value of the most downgraded parameter calculated for each molecule (table 3), the RQ were calculated
(table 4). For the three molecules, the toxic concentrations are lower than the concentrations measured in the
environment, so they present an environmental risk in this context. The RQ calculated shows values

systematically higher than 1 for the three molecules (except for FUR Upstream), thus indicating an
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environmental risk for these molecules (Riva et al.
2019, Kosma et al. 2014) and especially more
important in the output of WWTPs.

However, the risk appears lower for SAL than for
the two others although this compound had
marked effects on different parameters (in
particular on mobility and oxidative stress). The
calculation of the RQ does not take into account
the impact on the different functions of an
organism : it is based only on the parameter for
which the effect concentration is the lowest. For a
more representative risk assessment, it may be
interesting to take into account the strength of the
effect. The percentage effect relative to the control
organisms for each of the tests performed in this
study is shown in figure 8. On several parameters, a
the

degradation products. For FUR, as in the LOEC

stronger effect is clearly observed for
assessment (table 3), the most sensitive parameter
is the mobility of daphnids, with a strong reduction
in their movement. On the other hand, for PYR, it is
the inhibition of algal mobility that is most affected.
Finally, for SAL, the effect is more pronounced on
stress in fish, with an

oxidative important

antioxidant activity.

This highlights the need to refine the calculations
by integrating all available information and not only
the most downgrading parameter. It would then be
interesting to calculate toxicity scores taking into
account the different parameters. In the literature,
several authors established scores to assess toxic
impact in order to simplify the comparison
between molecules. Villa et al. (2018) suggested a
(BSI)

chemicals that have an effect on behavior

Behavioral Stress Indicator to evaluate

(compared to their control conditions) and Hagger

et al. (2008) developed a Biomarker Index based on

physiological (feeding, heart rate), cellular
(micronucleus, neutral red, phagocytosis),
molecular  (protein) and exposure (AChE,

metallothionein) endpoints (on Mytillus edulis) for



whole environmental samples. Ortiz de Garcia et al. (2017) also developed Characterization Factors (CFs) to
compare 27 pharmaceutical and personal care products using USEtox™ software that takes into account the
properties of chemical substances and their behavior but requires access to databases. In our case, we wanted
to include both the effect concentration and the impact. The scores are moderated by an impact coefficient
that designates the importance of the effect (established arbitrarily). The calculated toxicity scores are
presented in table 4. This new comparison shows this time the highest toxicity of SAL, then PYR, and finally,
their parent molecule. This is not the first time that higher toxicity has been observed for processing products.
For example Isidori et al. (2006) conducted a study on photodegradation product of furosemide and showed
that EC50 values were lower for the degradation product than for furosemide for Brachionus calyciflorus (1.04

mg/L) and Ceriodaphnia dubia (0.57 mg/L) reflecting a higher toxicity.

Keeping in mind that these toxicity scores and integrative tests give important information on individual
substances, they do not provide insights into real world situations where they coexist and interact with many

other molecules (cocktail effect) as well as biotic and abiotic factors.

B. Cocktail effects

Cocktail effects of multiple chemicals are often poorly considered in environmental risk studies, even though
these chemical mixtures are the norm in the environment. The combined effects of multiple substances may
be more important than individual effects, highlighting the need to better understand the effects of chemical
cocktails to assess environmental risks more accurately. Although initially the objective was to increase the
efficacy of drug combinations while avoiding undesirable harmful effects to the patients due to unsafe drug
interactions (Long et al. 2014), cocktail effects are increasingly studied in the environment and computational
approaches have been proven useful to predict mixture toxicity (Lee et al. 2007). Using the Combenefit
modeling software, it is possible to assess the environmental risks associated with simultaneous exposure to
multiple chemicals based on statistical models and experimental data (Di Veroli et al. 2016). In this section, the
antagonistic, additive, or synergistic effect of furosemide and its two by-products in a two-to-one mixture
(FUR-PYR, FUR-SAL, PYR-SAL) was studied. Experiments on lethality at high concentrations (lower than EC50)
and on mobility at environmental concentrations were performed on D. magna (the most sensitive model)
after 24 h of exposure to each compound individually and by pair, following the protocols of the previous
experiments. The experimental data were then compared to mathematical models of dose-response using the
Combenefit software. Two different models (BLISS and LOEWE) were evaluated and the results of the BLISS

model are presented in figure 9.

The LOEWE model is based on the assumption that the effects of the two compounds combined are additive.
This means that the combined effect of the mixture is equal to the sum of the individual effects of each
compound. It is also simpler to use because it does not require much input data. The BLISS model, on the
other hand, is based on the assumption that the effects of the two compounds combined are multiplicative
rather than additive. This means that the combined effect of the mixture is equal to the product of the
individual effects of each compound. This model may require more input data to be accurate. These two
models are the most used reference models for evaluating drug interactions (Lee et al. 2007). In our study, the

BLISS model performed better at both high and environmental concentrations. It is then possible that the



BLISS model is more sensitive and/or better suited to the incoming data. The effectiveness of the BLISS model
could also reflect the fact that the compounds have a multiplicative effect on the biological system rather than

an additive one; it can better describe their interactions than the LOEWE model or other additive models.
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Figure 9. Effect of FUR-PYR, FUR-SAL, PYR-SAL mixtures at high (A) and low (B) concentrations on D. magna

survival and mobility with the BLISS model. 3D representations of the effects of the FUR-PYR, FUR-SAL and PYR-SAL mixtures
from the BLISS model estimates obtained from the Combenefit software. Two replicates were performed for high concentrations and 3
replicates for low concentrations, i.e. 24 and 36 daphnia per condition. Synergistic effects are represented in blue (positive values),
antagonistic effects are in red (negative values). The results of the LOEWE model are presented in SL.VI

At high concentrations, the BLISS model showed a significant synergistic effect for all three mixtures, with the
strongest effects obtained for the mixtures containing SAL. For low concentrations, the model shows this time
a slight antagonistic effect, more visible in the FUR SAL combination. In D. rerio, Bachour et al. (2020) also
showed an antagonistic effect of a tramadol and citalopram mixture on swimming activity, compared to the
compounds alone (lower EC50), yet to be explained. Thus, the interactions between these compounds give
quite different results depending on the concentration. These results underline the unpredictable character of
interactions between molecules. These approaches are still limited by the choice of concentrations, the study
of effects only by a pair of molecules, or the prerequisite of experimental data as in the QSAR models. As it is
impossible to test all combinations of molecules, more efficient tools and strategies must be developed, such
as coupling approaches in ecotoxicology, bioinformatics and non-targeted analysis chemistry (e.g. HRMS) to
identify the different degradation products and their associated toxicity (Sandré et al 2022). Furthermore, a
better characterization of the mechanisms underlying these effects on more refined levels of integrative
biology, such as OMICs approaches, to enhance understanding of how drugs interact at the molecular level to
produce observed behavioral effects. An AOP (Adverse Outcome Pathway) approach may also be of interest to
better understand the effects of mixture. In addition to mixtures of pollutants, many external factors, such as
dissolved oxygen depletion (or even hypoxia), temperature variation, food scarcity, and the presence of micro
and macroorganisms, can impact the overall sensitivity of organisms. For example, hypoxia (which is enhanced

by global warming) can amplify the toxic responses of compounds (Joachim et al. 2021).



Conclusion

First, regarding the acute toxicity assessment, our results showed that SAL is more toxic than FUR. The acute
toxicity value for FUR was close to the literature, with a toxic concentration of several hundred mg/L, which is
far from environmental considerations. In the environment, the contamination levels of the three compounds
were measured in the Seine river. Values close to the european rivers average (80 ng/L) were found for FUR.
SAL and PYR were also measured for the first time in the environment, with concentrations of the same order
of magnitude. At these concentrations, several bioassays showed an impact on key ecosystem organisms such
as fish, crustaceans and green algae. The toxic effects of FUR, PYR and SAL on several parameters can
potentially affect the survival of organisms and even entire populations. Indeed, multi-parameter impact has
been shown to induce some fragility in organisms, such as increased susceptibility to endogenous bacterial
pathogens and toxins from microalgae and macrophytes (Joachim et al. 2021). Daphnia mobility was found to
be the most sensitive endpoint, with a LOEC of 50 ng/L for all three compounds. This is of interest for future
environmental risk assessment. Indeed, the Risk Quotient, (greater than 1) indicated a potential
environmental risk for the three compounds, taking into account the most downgrading parameter, thus
lacking subtlety and nuance. When a toxicity score integrating all parameters, the intensity of the response
and the effect concentration was calculated, the results brought to light the greater toxicity of SAL than PYR,
itself more toxic than FUR, their parent molecule, at relevant environmental concentrations. Finally, it is
important to note that a synergistic (multiplicative) effect of the three compounds in mixture was observed at

high concentrations but antagonistic effects at environmental concentrations.

We previously anticipated that the persistence of SAL in the environment may potentially be problematic, due
to its less efficient removal by sewage treatment plants (Sandré et al. 2023a). This hypothesis is now
reinforced since this substance was found to be the most toxic in this study. Furthermore, its toxicity could also
potentially be a problem for furosemide-treated patients because as for PYR, its effects at low dose in chronic
exposure are not known, thus requiring further investigation concerning the exposure doses and urinary
pharmacokinetics of these metabolites in patients. Moreover, given that PYR has been shown to induce the
hallmarks of neurodegenerative diseases at high dose in mice (Laurencé et al 2019) and in the absence of
information on PYR bioaccumulation/effects in the furosemide treated patients’ body, determining whether
the chronic exposure to FUR (thus to PYR) could increase the risk of Alzheimer or Parkinson diseases is
essential. Finally, it should be noted that this study did not take into consideration the bioavailability and
stability of these substances, which are important parameters for assessing their impact on the environment.
It would be interesting to conduct mesocosm studies, as in the study by Joachim et al. (2021), that take into

account the interactions between organisms.
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Sl. figure S3. H,0, and DMSO controls for oxidative stress experiments in D. rerio larvae for Chronic exposure

(A) and acute exposure (B). Fluorescence emitted by zebrafish larvae following chronic exposure to 0.001 - 0.01-0.1-1-2.5%

DMSO reported as a percentage of control; Controls in gray; DMSO in red; Bars correspond to standard error; Numbers in bars
correspond to numbers of larvae; Kruskall-Wallis test; *: p-value < 0.05, **: p-value < 0.01, ***: p-value < 0.001.
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SI. figure S2. Dose-response curves after 96 h of exposure to furosemide on D. rerio.

The EC50 could not be clearly determined due to issues with the solubility of FUR above 750 mg/L making the
actual exposure concentration imprecise. The choice of not increasing the DMSO concentration due to
possible bias was made. Therefore, due to lack of reference to compare to FUR, exposures to PYR and SAL

were not extended.
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concentrations, i.e. 24 and 36 daphnia per condition. Synergistic effects are represented in blue (positive values), antagonistic effects
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Cette étude met en évidence les impacts toxiques non seulement du furosémide, précédemment montré
comme omniprésent dans le milieu aquatique, mais également de la saluamine et du pyridinium du
furosémide, sur différents organismes aux concentrations environnementales mesurées dans la Seine. Ces
organismes peuvent avoir des réles essentiels dans les écosystemes (Voir partie IV.) et un impact sur ces

derniers peut avoir des répercussions importantes sur le milieu.

Des impacts négatifs ont été relevés sur le stress oxydant, la mobilité, la réponse au stress, le battement
cardiaque des poissons et crustacés ainsi que sur la croissance, la taille et la mobilité des algues vertes. Le
score de toxicité calculé pour les trois composés, prenant en compte tous les parameétres et les
concentrations environnementales, montre que la saluamine est le composé le plus toxique, suivi du
pyridinium du furosémide et enfin du furosémide. Il est important de noter que des effets synergiques ont
été observés a des concentrations élevées, mais des effets antagonistes ont été constatés a des
concentrations environnementales. Les résultats de notre étude montrent que la mobilité des daphnies est
I'indicateur le plus sensible pour évaluer I'impact des trois composés, avec une LOEC de 50 ng/L pour

chacun d'entre eux.

IV.  Approche écosystémique

De nombreux services sont fournis par les organismes dans un environnement naturel : productions
alimentaires et non alimentaires, services de régulation et de maintien du sol, qualité de I'eau, lutte
biologique, pollinisation, habitat, biodiversité, régulation climatique, ... (Leenhardt et al. 2023). Un impact
sur ces organismes peut alors avoir des conséquences sur |'écosystéeme dans son ensemble. La présence de
certaines especes clés joue un roéle vital dans le maintien de I'organisation et de la diversité des
communautés écologiques. Si ces especes venaient a disparaitre, cela pourrait avoir des répercussions
significatives sur les processus écologiques et la composition spécifique des communautés (Lévéque &
Paugy 2006).

Le role écologique des organismes peut varier en fonction des especes mais quelques fonctions
écosystémiques sont plus fréquemment évoquées pour les espéces étudiées lors de cette thése. Les
poissons, par exemple, qu’ils soient piscivores ou zooplanctonivores, ont un réle dominant sur les chafnes
trophiques. Par prédation/consommation, ils régulent la densité de population ou la distribution des
espéces qu’ils consomment qui vont alors elles-mémes moins consommer de ressources (cascade
trophique). lls peuvent également stocker (consommation), transporter et recycler des éléments nutritifs
(excrétion d’azote ou de phosphore) (Lévéque & Paugy 2006). D’autres poissons perturbent le sédiment en
cherchant leur nourriture, ce qui permet la remise en solution d'éléments nutritifs, et les poissons

détritivores recyclent les éléments nutritifs des débris organiques.

Les daphnies occupent souvent une place centrale dans les écosystémes des étangs et des lacs en tant que
principal consommateur primaire. Elles se nourrissent de petites particules en suspension, en particulier
d'algues unicellulaires, par filtration, et sont ainsi un maillon important des chaines alimentaires

aquatiques et contribuent de facon importante au recyclage de I'eau. En tant que proie pour les poissons



et les prédateurs invertébrés, leur role est crucial (Kattel 2022, Ebert 2022). Les artémias occupent un role
similaire en milieu salin (Marden et al. 2020). Une diminution ou disparition de ces espéces peut par

exemple contribuer a I'eutrophisation des milieux.

Les algues vertes sont une source importante de nourriture pour les petits organismes aquatiques, tels
que les protozoaires et les rotiferes. De plus, elles contribuent au cycle des nutriments en absorbant les
nitrates et les phosphates de I'eau, qui peuvent étre utilisés par d'autres organismes dans |'écosysteme.
Enfin, elles peuvent jouer un role dans la production de dioxygene par photosynthése, contribuant ainsi a

I'oxygénation de I'eau et a la survie des organismes qui en dépendent (Stevenson 2014).

Les impacts sur les organismes peuvent avoir des répercussions négatives sur I'écosystéme dans son
ensemble en altérant les fonctions écosystémiques associées. Si ces impacts touchent des organismes qui
jouent un réle clé dans le fonctionnement de I'écosystéme et qu’ils sont les seuls a occuper ces fonctions,
cela peut étre préjudiciable. Un écosystéme est alors plus résilient lorsque plusieurs espéces occupent un
méme rdle trophique (TEEB, 2012), d'ou I'importance de I'existence de la biodiversité. Afin de sensibiliser
et d’améliorer les politiques en faveur de la biodiversité, I’Evaluation francaise des écosystémes et des
services (EFESE), a été mis en place, pilotée par le ministere chargé de |'environnement (Puydarrieux et
Beyou 2017). La protection de I'écosysteme est inscrite dans le code de I'environnement et l'article L.
110-1-1l précise que « la sauvegarde des services fournis (par la biodiversité) est considérée comme étant
d’intérét général». La notion de services écosystémiques (fonctions écosystémiques qui sont bénéfiques a
I’'homme) est en phase d'étre introduite dans le domaine juridique, ce qui pourrait offrir une protection
supplémentaire a la biodiversité (figure 23). Cependant, cette approche est peut étre orientée par le fait
que la biodiversité a un impact direct sur I’hnomme au travers des services écosystémiques fournis comme
la production de nourriture (Holt et al. 2016) ou de services culturels (Leenhardt et al. 2023). L'usage de

certains composés biocides impactent directement ces services (Chagnon et al. 2015).
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Figure 23. valeur d'assurance et de production en tant que composante de la valeur économique de
|'écosystéme. Adapté de TEEB 2012.



Plusieurs approches sont alors basées sur la valeur économique des biens fournis par I'écosysteme
(Leenhardt et al. 2023). Bien que les écosystémes aquatiques contribuent grandement a la valeur
économique de la biosphére (production de nourriture, purification de I'eau de I'eau, tourisme, régulation
du climat), ils sont tres mal étudiés par rapport aux écosystemes terrestres (Martinez et al. 2007, Liquete
et al. 2013). La méthodologie pour étudier ces systemes aquatiques est plus limitée et le fait que le milieu
aquatique soit un environnement tres dynamique rend son étude plus difficile (Liquete et al. 2013). Plus
d’études sur ces systemes sont alors nécessaires pour combler ces manques car mieux appréhender
I'écosystéeme aquatique est d'une grande importance pour la mise en ceuvre pratique des politiques de

conservation.

V. Conclusion

Les méthodes traditionnelles de protection de I'environnement et d'évaluation des risques se concentrent
principalement sur la toxicité aigué€, mais ces approches présentent des limites. Les cadres réglementaires
tels que la Directive Cadre sur I'Eau visent a atteindre un bon état chimique de |'eau en se basant sur des
valeurs seuils déterminées a partir d'indicateurs peu sensibles tels que la létalité (partie I.). Des approches
plus spécifiques ou plus intégratives prenant en compte les populations, les communautés, les réseaux
trophiques existent (Leenhardt et al. 2023, Joachim et al. 2021), mais sont complexes, ce qui rend leur
normalisation difficile (Leenhardt et al. 2023). Dans notre cas, I'approche multi-modele nous a permis
d'identifier certains parametres sensibles aux concentrations environnementales. Parmi nos différents

modeles, certains étaient plus sensibles ou plus faciles a mettre en place que d'autres (parties Il. et Ill.).

Le modeéle de poisson, et plus spécifiquement le poisson zébre, est largement utilisé dans de nombreux
domaines, notamment en écotoxicologie, offrant ainsi une base bibliographique solide. Les poissons sont
des organismes complexes, procurant ainsi de nombreuses possibilités d’investigations et leurs ceufs sont
facilement disponibles et manipulables, avec une éclosion rapide, ce qui nous a permis de réaliser des
expériences relativement sensibles, comme des tests comportementaux. Cependant, |'utilisation du
poisson comme modele expérimental peut étre contraignante. La réglementation sur 'expérimentation
animale, en particulier la directive 2010/63, limite |'expérimentation sur le poisson zébre aux stades
juvéniles, c'est-a-dire sous forme de larves non autonomes (sauf en cas de demande de saisine).
Cependant, ces stades de développement sont particulierement intéressants a étudier car ils sont tres
sensibles. En revanche, I'utilisation du modele de poisson est lourde a mettre en place et a entretenir : elle
requiert en effet un investissement important en terme de moyens humains et de matériel spécifique pour
I'élevage, nécessaires au maintien d’une qualité de I'eau optimale et au bien étre animal, et qui est tres

contraignant pour des petites structures comme la notre.

Moins contraignante a la fois pour ses conditions d’élevage et en termes de réglementation, qui ne
concerne pas les crustacés, la daphnie s'est révélée étre un modele particulierement intéressant dans
notre étude. Egalement trés étudiée en écotoxicologie, elle est bien documentée notamment dans le
cadre d’études d’impacts de polluants, auxquels elle est tres sensible. Ainsi les tests de comportement

(transition lumiére/obscurité) se sont révélés étre les plus sensibles parmi tous ceux que nous avons



effectués (tous organismes confondus). Son temps de génération court la rend tres pratique pour
I'expérimentation et son mode de reproduction par parthénogenése (et donc la production de clones)

permet des expériences tres répétables.

Lartémia est également un modeéle simple a utiliser, et comme il est possible de se procurer des ceufs
déshydratés, il n'est méme pas nécessaire de les maintenir en élevage. Cependant ces ceufs proviennent
d’élevages importants et sont issus de plusieurs “parents”, la variabilité individuelle est alors plus
importante. Peu d’expériences ont été réalisées sur ces organismes car la détermination des EC50 a

nécessité de nombreux réplicats di a I'importante variabilité.

L'algue verte a fourni des résultats assez différents et complémentaires des modéles animaux précédents,
qui sont pertinents a exploiter en raison de la position de l'algue a la base de nombreuses chaines
trophiques. Les tests effectués ont également montré un impact de nos composés au ng/L. Comme les
composés pharmaceutiques n‘impactent pas les mémes récepteurs que dans les modéles animaux, ces
approches sont aussi intéressantes a prendre en compte. Comme les lignées cellulaires eucaryotes, la
culture de C. reinhardtii nécessite des repiquages réguliers et un environnement stérile, la moindre

contamination compromettant les résultats.

Les organismes, choisis ici en raison des différentes qualités évoquées dans la partie I, peuvent étre
critiqués pour leur pertinence par rapport au milieu étudié. Le poisson zébre étant un poisson tropical, il
n’est pas représentatif des rivieres frangaises pour lesquelles les concentrations de FUR, PYR et SAL ont été
relevées dans cette étude. On assume cependant une certaine proximité avec les poissons présents
localement (téléostéens). Etant un poisson considéré comme domestique (au méme titre que la carpe koi,
le guppy, le poisson combattant, et le poisson rouge), et contrairement aux espéces de poissons que l'on
pourrait trouver par exemple dans la Seine (chevaine, épinoche ...), il ne nécessite pas de certificat de
capacité et ses conditions d’élevage sont bien connues. La daphnie, malgré sa représentation
géographique importante, est un organisme vivant plutét en eaux stagnantes, et I'espece d’artémie utilisée
dans ce travail est un organisme marin. Dans les conditions de notre étude, un modele de crustacé d’eau
douce pouvant se trouver dans les eaux des rivieres, comme le gammare, serait plus pertinent pour de
futures études. Lespéce d’algue choisie est tres fréquente dans de nombreuses zones géographiques, en
revanche, les conditions de culture en laboratoire sont loin des conditions environnementales
(température et lumiére contrdlées, milieu riche et stérile,..) mais dans l'optique de réaliser des tests

répétables, peu d’alternatives sont possibles.

Finalement, au vu des avantages et des inconvénients de chacune des espéces utilisées, la daphnie semble
étre le meilleur modele, notamment en termes de sensibilité au test de comportement. Il serait
intéressant de maintenir ce test de transition lumiere/obscurité réalisé dans la Zebrabox, dans le cadre de
futures études d’évaluation de risque. Des approches plus spécifiques, par l'analyse de génes
biomarqueurs permettrait d’aller plus loin dans cette étude et de comprendre un peu mieux les cibles

impactées par les polluants testés.



Dans ce chapitre, nous avons par ailleurs montré des effets déléteres des trois composés testés a des
concentrations environnementales sur ces différents organismes et nous avons notamment relevé une
toxicité plus importante du pyridinium du furosémide et de la saluamine sur plusieurs parametres suivis.
Cette étude souligne l'intérét de mieux caractériser les produits de transformation et de prendre en
compte des approches plus sensibles dans les évaluations de risques. Avec des indicateurs basés sur la
|étalité, I'impact environnemental est largement sous-estimé. Par exemple, la PNEC du FUR calculée a
partir de la valeur d'EC50 obtenue sur D. magna (la plus basse) est estimée a 195,5 pug/L (avec un facteur
de sécurité de 1000) alors que nous avons relevé des effets importants au ng/L. Il est alors possible que les
molécules aient des effets négatifs sur les écosystemes, car elles peuvent altérer le comportement des

organismes et ainsi affecter leur capacité a assurer leurs fonctions écosystémiques.
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Chapitre IV.

Impact sur les cellules humaines

. Approche protéomique

Le furosémide étant un médicament, avant sa mise sur le marché, son impact sur 'homme est
extensivement étudié. De nombreuses études médicales sont publiées sur le sujet (Abbot & Kovacic 2018,
Ahmed 2020, Huang et al. 2016, Antoine et al. 2007). En revanche, peu d’informations ont été retrouvées

sur les produits de dégradation.

Dans ce chapitre, nous proposons d’étudier la toxicité du furosémide, du pyridinium du furosémide, de la
saluamine et du furfural, ainsi que leur mélange, sur des cellules humaines. Des tests de toxicité aigués
(MTT) sont réalisés dans un premier temps pour déterminer des concentrations d’effets. Des lignées
cellulaires humaines ont été sélectionnées en fonction des caractéristiques du furosémide et de ses
métabolites. Le furosémide étant métabolisé par le foie et filtré par les reins, des cellules hépatiques
HepG2 et la lignée cellulaire HEK 293, dérivée de rein embryonnaire humain, ont été choisies. De plus,
comme le pyridinium du furosémide montre des évidences de neurotoxicité, le choix des cellules SH-SY5Y,
classiquement utilisées pour étudier la maladie de Parkinson, la neurogenése et d'autres processus

caractéristiques du cerveau, est apparu pertinent.

Une étude de protéomique est ensuite réalisée, constituant une premiére approche pour I'étude des
mécanismes de toxicité des métabolites du furosémide. La protéomique est une discipline scientifique et
un outil puissant qui étudie I'ensemble des protéines exprimées par un génome dans une cellule ou un
tissu. Elle permet d'analyser les protéines dans leur ensemble, leurs interactions et leurs modifications,
afin de mieux comprendre leur réle dans les processus biologiques et les maladies. Les données obtenues
par la protéomique peuvent étre exploitées pour identifier des biomarqueurs de maladies et mieux
appréhender les processus physiopathologiques, ou pour étudier les voies de signalisation impliquées
dans les processus biologiques. Elles peuvent aussi contribuer a la compréhension des mécanismes de la
toxicité des médicaments et des produits chimiques. Les premiers résultats de notre étude sont présentés

ci-apres.
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Introduction

Every day, many molecules intended for therapeutic use are introduced in the market. The research for new
drugs is centered around their potential therapeutic effects on a particular molecular target, and the
requirement of an acceptable efficacy and safety profile. Information on drug metabolism is crucial for the
determination of the pharmacological and toxicological effects in order to lower the risk of drug
metabolism-induced toxicity (Zhang & Tang 2018). Over the past 30 years, major progress has been made in
drug metabolism understanding by technological developments in molecular biology, genetics, and analytical
chemistry. Mass spectrometry, in particular, has significantly improved the detection levels of compounds,
unraveling new metabolites previously unknown (Baillie 2008; Laurencé et al. 2019). Furthermore, even more
recent untargeted approaches such as proteomics or metabolomics, can now provide an integrative view by
detecting as many as possible intermediates, being limited by the availability of pure standards for verification
and quantification (Alarcon Barrera et al. 2022). Thus, many drug metabolites toxicity remain poorly studied, if
at all, and along with their parent molecules, can potentially be problematic for human health. Indeed, they
pose potential risks for several chronic diseases such as cancer (IARC Monographs n°108), cardiovascular
diseases (Marcén 2009), neurodegenerative diseases (Parkinson's or Alzheimer's diseases), which cause the
deaths of increasing numbers of patients worldwide, and represent financial and emotional burdens on their
families. It is therefore necessary to better characterize the by-products of pharmaceutical molecules and to
develop methods to better understand their interactions. In this context, furosemide, a drug marketed since
1964 (Stokes and Nunn 1964) used to treat heart and kidney failure or hypertension, seems to be a good study
model. It is one of the most sold drugs in the world and is widely found in the aquatic environment, due to
poor metabolization and elimination either unmodified or as glucuronide conjugate (Sandré et al. 2023b),
where it has been shown to be toxic to aquatic life (Sandré et al. 2023a). It has also shown cytotoxic and
hepatotoxic impacts in rodents (Williams et al. 2007; Peterson 2013). More than 40 by-products of furosemide
have been identified in literature and in our previous work after degradation by wastewater treatment plants
and oxidation treatments or by natural processes such as hydrolysis, solar degradation or biodegradation
(Bundgaard et al. 1988, Starling et al. 2019, Laurencé et al. 2014, Olvera-Vargas et al. 2016, Sandre et al. 2023,
Sandré et al. 2023b). Furthermore, during phase | metabolism, the furan ring of the drug is oxidized by
cytochrome P450, resulting in the formation of reactive intermediates that can bind covalently to hepatic
proteins (Williams et al. 2007). Three metabolites, saluamine, furfural and pyridinium of furosemide,
somewhat better characterized, have also shown signs of toxicity on different organisms. Saluamine, which has

been known for several decades (Hammarlund-Udenaes & Benet 1989, Andreasen et al. 1982), is the most



common degradation product of furosemide in the literature. It causes changes in certain body parameters in
mice (increased alanine, aspartate aminotransferase (EC 2.6.1.1) and creatinine, as well as reduced blood
glucose, liver and kidney congestion) (Al-Omar et al. 2009). Saluamine has also been shown to be the most
toxic degradation product of furosemide in the aquatic environment (Sandré et al. 2023a). Furfural is a small,
highly soluble molecule whose acute toxicity has been widely studied due to its use in the production of
furfuryl alcohol in the metal casting industry, as a solvent for dyes, as a corrosion inhibitor, in flavors and
fragrances, and also as a reagent for drug synthesis (IARC, 2016). Furfural is highly irritating to the skin and
lungs in humans and can even induce pulmonary hemorrhage and edema in rats after oral or dermal exposure
(Flek and Sedivéc 1978; Reed and Kwok 2014). Pyridinium of furosemide has been discovered more recently,
but its occurrence in humans was suspected from experiments in which the degradation/oxidation of
furosemide into Pyridinium of furosemide by rat liver microsomal fractions was attributed to cytochrome P450
(Chen & Burka 2007). Later, it has been identified by electrochemistry by Laurencé et al. (2011) and finally
established as a genuine human metabolite in urine of furosemide-treated patients (Laurencé et al. 2019).
Although fewer studies are available on its toxicity, it has been shown to induce several hallmarks of
neurodegenerative diseases (death of dopaminergic neurons, inhibition of mitochondrial respiratory chain
complex |, accumulation of alpha synuclein in neurons), making it a metabolite of concern (Laurencé et al.
2019). The mechanisms that generate these metabolites toxicity remain poorly understood to date, if at all.
Pyridinium of furosemide has been shown to induce the intrinsic apoptosis cascade by the mitochondrial
translocation of Bax and the activation of caspase-9 and caspase-3 in SH-SY5Y cells (Laurencé et al 2019). To
better understand the biological actions of furosemide and its metabolites and therefore their impact, a better
knowledge of the signaling pathways is necessary. OMICs approaches are therefore an interesting integrative
approach, focused on biological mechanisms. Proteomics in particular, allowing access to protein functions, is a

key approach to identify metabolic pathways or biomarkers associated with diseases or responses to stress.

The objective of this study was thus to unveil in cell lines some processes susceptible to occur following
exposure to furosemide and its metabolites in humans. First, human cell lines were selected based on the
characteristics of furosemide and its metabolites. As furosemide is metabolized by the liver and filtered by the
kidneys, Hep-G2 liver cells and the human embryonic kidney-derived cell line HEK 293 were chosen.
Furthermore, as the pyridinium of furosemide showed evidence of neurotoxicity, the choice of SH-SY5Y cells,
classically used to study neurodegenerative diseases, neurogenesis and other physiological brain processes,
appeared relevant. In a second step, a proteome analysis was performed on Hep-G2 cell line exposed to the

metabolites and their mixture to identify possible biomarkers.

Material & methods

l. Cell lines, reagents and instruments
Cell lines. The Hep-G2 (derived from liver tissue of a patient with hepatocellular carcinoma) and HEK 293
(human embryonic kidney derived epithelial cells) cell lines were from Sigma-Aldrich. The SH-SY5Y cell line,

derived from human neuroblastoma, was from the ATCC (CRL-2266, American Type Culture Collection).

Cell culture. Hep-G2 and HEK 293 lines were cultured in Dulbecco's Modified Eagles Medium - High (DMEM at
4.5 g/L glucose) with pyruvate. Dulbecco's Modified Eagles Medium - Low (DMEM at 1 g/L glucose) was used



for the SH-SY5Y line. Both media were supplemented with 10% of Fetal Calf Serum (FBS) (GIBCO), 1%
Pénicilline-streptomycin (GIBCO), 5 mL of 100X Glutamine (Sigma-Aldrich) and 5 mL of 100X Non-Essential
Amino Acids (NEAA) (Sigma-Aldrich). Cells were incubated at 37 °C in humidified atmosphere of 5% CO2 Cells
were detached twice weekly using trypsin (GIBCO), counted with acridine orange using a dual fluorescence cell
counter (LUNA-FL) and seeded at 1.10° cells /mL into a new flask until 80-90% confluency.

Exposure solutions. Furosemide and saluamine were purchased from Sigma-Aldrich. Pyridinium of Furosemide
was synthesized locally at ICMPE as described by Laurencé et al. (2011) ( >96% purity). Furfural was purchased
from Eurisotop. Stock solutions of furosemide, pyridinium and saluamine were prepared in DMSO
(Sigma-Aldrich). The solutions were filtered on sterile 0.22 um syringe filters (Carl Roth) to ensure sterility and

then diluted directly into culture medium.

MTT viability assay. MTT tetrazolium salt (or 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide)
was purchased from Sigma-Aldrich. Absorbance measurements were performed with a UV-visible

spectrometer (Labsystems iEMS Reader MF).

Protein extraction. Before extraction, cells were rinsed with PBS (phosphate-buffered saline) buffer (GIBCO)
and incubated on ice in RIPA (Radio-Immunoprecipitation Assay) lysis buffer (150 mM NaCl (EUROMEDEX),
0.5% NP40 (Sigma-Aldrich), 0.5% Sodium deoxycholate (Sigma-Aldrich), 20% SDS (EUROMEDEX), and 25 mM
TRIS (EUROMEDEX) pH 7.4, in the presence of phosphatases and proteases inhibitors (ROCHE). After

centrifugation (10min, 13000 g), supernatants were collected and stored at -20°C until use.

Protein assay. Protein quantification was done by Pierce BCA assay kit (Thermo Scientific Reference 23225).

Ultrafiltration and enzymatic digestion. Protein purification was performed on vivaspin columns by
ultracentrifugation (vivaspin 500 centrifugal concentrators, Sigma-Aldrich). For enzymatic digestion, a 50mM
ABC (ammonium bicarbonate) buffer with 0.2% Rapigest (from a 2% stock solution), 5 mM Dithiothreitol (DTT)

(Sigma-Aldrich) was prepared. Trypsin and lysine-C were purchased from Promega.

Proteomics. Quantitative proteomics (label-free) is based on mass spectrometry. Samples were injected on
NanoAcquity-SYNAPT G2Si (Waters), on a NanoACQUITY silica C18 column, 1.7 um (Waters).

Il.  Acute toxicity test
A. Cells exposure
Detached cells were counted with acridine orange in a LUNA cell counter. 5000 cells were seeded in a volume
of 100 pL per well in a 96-well plate (Laurencé et al. 2019). The plates were then incubated for 24 hours at
37°C, after which the exposure solutions (furosemide, saluamine, furosemide pyridinium, furfural, mixture or
DMSO (vehicle control)) were added at the desired concentrations. The volume of each well was then made up

to 200 pL and the plates were placed for 96h at 37°C in the incubator.



B. MTT test and results
MTT viability test was performed to evaluate the acute toxicity of the compounds as previously described
(Laurencé et al 2019). Briefly, MTT tetrazolium salt , at 5 mg/ml, was added to the wells. for 2 h. The medium
was then replaced by 100 pL of DMSO and placed under a rotating shaker to dissolve the crystals formed.
Absorbance measurements were performed with a UV-visible spectrophotometer (Labsystems iEMS Reader
MF) at 595 nm. The amount of formazan crystals produced being proportional to the number of living cells, the
percentage of cell survival was calculated to obtain dose-response curves. Effect concentrations for 10% living

cells (EC10) were then determined for each condition.

[} Label-free quantitative proteomic analysis
A. Cells exposure
To prepare cells for proteomic analysis, 6-well plates were seeded at 175,000 cells per well following the
protocol in the previous section. After 24 h of incubation, the cells were exposed to EC10 of the compounds
and then returned to the incubator for 96 h. For each cell line, each condition was performed in triplicate along

with the associated DMSO controls.

B. Protein extraction
After 96 h of exposure, cell medium was removed and the cells were rinsed twice with cold PBS. 300uL of RIPA
with phosphatases and proteases inhibitors was then added to each well for 15 min on ice. The cell lysates
were collected with a cell scraper, and transferred to 1.5mL Eppendorf tubes. The extracts were sonicated 3
times for 10 seconds at an amplitude of 60 (WATTS) to disrupt DNA. The tubes were then centrifuged at 13,000
g for 10 minutes to remove debris. The supernatant was transferred to new Eppendorfs tubes. The protein
concentration of each sample was determined colorimetrically using a BCA assay kit. The samples were then

frozen at -20°C until use.

C. Protein digestion
Samples were first purified by ultrafiltration (Vivaspin Ultracentrifugation with LMCO 2 kDA) with 50 mM ABC
(Ammonium Bicarbonate) buffer as buffer exchange. Resulting proteins were quantified by a BCA assay to

prepare aliquots of 30 ug of proteins, dry them with a Speed Vacuum, store them at -20°C.

The protein digestion was performed as follows on 30 pug of proteins: i) proteins were diluted into 50 mM ABC
(Ammonium Bicarbonate) buffer with 0.1% RapiGest SF solution (Waters), ii) proteins were reduced with
dithiothreitol (DTT) (5mM) at 56°C for 1h, then alkylated with iodoacetamide (IAA) (15 mM) in the dark for 30
minutes. DTT was added to achieve a final concentration of 20mM. iii) the protein digestion was performed
with trypsin/Lys-C enzymatic mix (Promega). iv) resulting peptides were spiked with enolase (ENO1-YEAST)
used as an internal standard for quantitation analysis. v) TFA was added to achieve a pH lower than 2. In such
an acidic medium, enzymatic digestion was stopped and samples may be desalted after an incubation at 37°C
for 30 minutes and a centrifugation of 14,000g for 10 minutes. Supernatant containing desalted peptides was
retrieved for LC/MS/MS analysis.



D. LC-MS/MS
Each sample was analyzed in triplicates by using the system NanoAcquity-ESI-SynaptG2-Si (Waters) operating in
positive mode with a nano-LC-/HDMS® method and a reverse phase nano-liquid chromatography. In more
details, samples were loaded on a ACQUITY UPLC peptide BEH130 C18 nanoACQUITY™ column, 100 pm x 100
mm with 1.7 um diameter (Waters) at a flow rate of 0.45 pL/min. Peptides were separated with a gradient
increasing from 1% Buffer B (acetonitrile with 0.1% formic acid)/99% Buffer A (H,O with 0.1% formic acid) to
40% Buffer B/60% Buffer A, and then to 85% Buffer B/15% Buffer A, over 120 min. MS spectra were recorded in
a 50-2,000 m/z mass range at 10,000-20,000 resolution. The nano LC/HDMSF method included 120 min of
acquisition time, positive polarity, MS® acquisition range of 50-4,000 Da, collision energy range of 20-55 V. The
samples were injected randomly to limit the analysis bias. In order to check the stability of the signal, samples

of quality control (QC) were injected at the beginning, during and at the end of the analyses.

E. Bioinformatic analysis
Identification and quantification of proteins were performed by using the software Progenesis for proteomics
Ql (Waters) with the algorithm lon accounting and the following parameters: trypsin enzyme of digestion; a
maximum of 2 missed cleavages; a maximum of protein mass of 250 kDa: fixed modification: carbamidomethyl
(C); variable modifications: oxidation (M), deamination (N, Q) and acetylation (N-ter); false discovery rate (FDR)
of 1%, automatic mass tolerance, isotope filter of 2; Human UniprotKB/Swissprot database (UP000002494 -
Release 2022_02; https://www.uniprot.org/) concatenated with the sequence of the internal standard
(ENO1_YEAST, P00924). Identification of proteins was done by considering a 1% FDR (False discovery rate) with
at least one unique peptide. Quantification of proteins was considered for proteins with at least two unique
peptides and one peptide when the molecular weight was lower than 15 000 kDa. Proteins were considered
significantly deregulated when P-values (ANOVA) were < 0.05 with a fold change between each group
compared = 1.5-2. The fold change threshold is defined according to volcano plots of related quantitative data.
A visualization of deregulated proteins is done through heatmap by using FunRich software (version 3.1.3)
(Pathan et al. 2015). A gene ontology (GO) enrichment analysis of cellular compartments, biological processes
and related diseases of quantified and deregulated proteins was performed by using David bioinformatics
Resources (2022) and human database as the background of the analysis (Sherman et al. 2022). Networks of
deregulated proteins were generated by using Cytoscape software (version 3.9.0) with String tool (version

1.7.0) and Omics Visualizer (version 1.3.0).

Results & discussion

I.  Determination of effect concentrations
A first assessment of the toxicity of furosemide (FUR), pyridinium of furosemide (PYR), saluamine (SAL), furfural
(FRF) and their mixture (MIX) was performed through an acute toxicity test (MTT). The tests were carried out
initially for FUR at 24, 48, 72 and 96 h and the most contrasted responses appear at 96 h, which will be the
exposure time used for all the exposures thereafter. The dose response curves obtained after SH-SY5Y, HEK 293
and Hep-G2 exposed 96 h to FUR, PYR, SAL, FRF and MIX are presented in figure 1.
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Figure 1. Dose response curves of SH-SY5Y (A), HEK 293 (B) and Hep-G2 (C) exposed for 96 h to FUR, PYR, SAL,
FRF and MIX. The dose-response curves were drawn using the R software with the drm function. The quality of
the models was verified according to the definition of the slope, the high limit and the low limit. The EC50 were
determined from the dose response curves. Each point represented the average value of 3 replicates for each
cell line. Standard errors are not shown for clarity.

Dose-response curves were determined for all compounds. DMSO had little effects on the three cell lines (not
shown). Thus, effective concentrations for 50% of the cells (EC50) values for each compound and each cell line
were normalized by the effect of DMSO (presented in table 1). For SH-SY5Y cells, the curves were well-defined.
EC50 for FUR, PYR and SAL were close to each other around 140 uM but FRF EC50 was twice lower than FUR
EC50, indicating lower toxicity to human neuroblastoma cells. However, the mixture (MIX) of the 4 compounds

had an EC50 that was five times lower than the one observed for FUR, PYR, or SAL individually, indicating a



greater toxicity through a synergistic or at least additive effect of the compounds. In SH-SY5Y cells, Laurencé et
al. (2019) also observed significant mortality after 96 h of exposure to PYR between 50 and 1000uM, but
relatively little effect before 96 h. The authors hypothesized that the intracellular penetration of pyridinium
occurs slowly because it is a polar molecule. Laurencé et al. (2019) observed a 30% effect at the highest tested
concentrations of FUR (1 mM), while we observed a greater effect (> 75%) in our conditions, probably due to
the different experimental settings (24-well plates, 80,000 cells/mL, different serum). A less pronounced
toxicity was also observed for FRF, which was therefore the least lethal molecule on the three cell lines used in
this study. In SH-SY5Y and HEK 293 cells, the EC50 values for the different compounds were generally quite
similar. Unlike SH-SY5Y cells, the mixtures do not appear to be much more toxic than the individual compounds
for Hep-G2 and HEK 293 cells. At the tested concentrations, no complete cell death was observed, especially
for Hep-G2 cells, whose survival did not drop below 20%. It is possible that detoxification processes, which are

typically located in the liver, are activated.

Table 1. Effect concentrations (LM) and robustness of dose-response models on cell lines.

Cell line Exposure EC50 sd EC10 sd model p-value
SH-SY5Y FUR 160.28 14.86 107.11 14.79 2.71e-15 ***
PYR 141.52 14.38 56.39 16.27 4.67e-14 ***
SAL 124.84 14.51 35.73 9.21 5.29e-12 ***
FRF 309.42 42.70 103.63 33.70 1.81e-09 ***
MIX 29.37 1.96 20.04 1.90 2.20e-16 ***
HEK 293 FUR 145.73 10.35 58.94 13.37 2.20e-16 ***
PYR 135.96 16.72 24.40 5.36 2.36e-12 ***
SAL 143.70 19.85 26.47 6.15 1.55e-10 ***
FRF 283.67 56.85 49.45 14.45 2.36e-06 ***
MIX 131.35 15.75 39.78 13.82 3.24e-11 ***
Hep-G2 FUR 109.95 17.28 33.42 9.06 9.31e-09 ***
PYR 298.79 225.17 11.59 3.96 0.1873
SAL 208.95 96.85 19.16 4.88 0.03376 *
FRF 276.09 80.44 55.33 13.02 0.0010452 **
MIX 219.39 27.10 100.92 20.02 7.84e-11 ***

EC50 = Effect concentration 50%; EC10 = Effect concentration 10%. Each value was normalized by DMSO response. The
quality of the models was verified according to the high limit, the low limit and the definition of the slope (model p-value
column) ; Signif. codes: 0 “***’ 0.001 “**’ 0.01 “*’ 0.05.

In the literature, FUR has already been reported as cytotoxic. Indeed, Lu et al. (2018) defined an EC50 of 17.6
UM after 24 hours of exposure to human astrocytes. However, we obtained much higher values after 96 hours
of exposure, indicating less toxicity on our cell lines than on human astrocytes. The impact of furosemide has
also been tested on hepatic rat cells, with EC50 between 1591 uM and 6048 uM (Fautrel et al. 1991, Biagini et
al. 2006). These values are much higher than those we obtained on human liver cells. FUR has also been tested
on fish cells, with 24-hour EC50 of 3420 uM on Oncorhynchus mykiss cell lines and 7789 uM on Poeciliopsis
lucida cell lines (Caminada et al. 2006, Christensen et al. 2009).



The dose-response curves allowed us to choose the effective concentrations for the proteomics studies. Dose
response models for SH-SY5Y and HEK 293 cells were well-defined (p-values <0.05), but for Hep-G2 cells, the
models were less accurate for the by-products, and the EC50 of PYR in particular is very uncertain. The
standard error was also generally higher for FRF. On the other hand, working concentrations at the EC10
instead of EC50 allowed for more precise values in the models while avoiding massive cell apoptosis which

would partly mask other ongoing processes and strongly biased the proteome analysis results.

1. Proteomic study

We performed a proteomics study in the human cells that were exposed to furosemide and its degradation
products. This approach enables the identification of expressed proteins and their relative quantities (under- or
over-expressed). Proteomics can be used to shed light on the biological mechanisms involved in physiological
or pathological processes, and to identify disease biomarkers or potential therapeutic targets. In this section,
we aimed to identify which proteins may be involved in the observed toxicity on human cells, as well as the

potential effects of the studied compounds.

The proteins from cells, exposed for 96 hours to the EC10 of FUR, PYR, SAL, FRF, and MIX (see above), were
analyzed. For the HEK 293 cell line, 801 proteins were identified, of which 624 were quantified. For the SH-SY5Y
cell line, 362 proteins were identified, of which 306 were quantified. Finally, for the Hep-G2 cell line, 1692
proteins were identified, and 1379 were quantified, making it the cell line with the largest number of

exploitable proteins. In the following part of this study, we focused on the Hep-G2 cell line (figure 2).

Among the quantified proteins in the Hep-G2 cell line, 71 deregulated proteins were identified after exposure
to FUR, 101 after exposure to PYR, 138 after exposure to SAL, 205 after exposure to FRF, and only 34 after

exposure to the mixture (figure 2).
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Figure 2. Distribution of deregulated proteins following exposure to FUR, PYR, SAL, FRF and to the mixture. The
down-regulated proteins are shown in blue on the heatmap, while the up-regulated ones are shown in red. DEP
= deregulated protein. FUR = Furosemide ; PYR = Pyridinium of furosemide; SAL = Saluamine, FRF = Furfural;
MIX= Mixture of all 4 compounds.

The deregulated proteins were mostly up-regulated except for the mixture, where the opposite was observed.
For each condition, the three replicates produced reproducible results. Among these proteins, the most robust
ones (i.e. with more than two unique peptides and p-value <0.05) were compared (Table SL.I). Ultimately, few
responses related to apoptosis were observed and a significant number of deregulated proteins were

identified, which confirmed the choice of EC10 for the exposures.

A. Deregulated protein by FUR exposure

Based on the list of deregulated proteins, a gene ontology enrichment analysis of biological processes and
related diseases was conducted using the David Bioinformatics Resources. For FUR, no relevant disease was
identified, suggesting that the drug did not induce major deleterious effects on liver cells at the tested
concentration. However, several metabolic processes were activated and numerous proteins potentially

associated with them were deregulated.

Among the proteins dysregulated due to exposure to FUR (see Table Sl.1), several of them have been associated
with endocrine disruption. For instance, Estradiol 17-beta-dehydrogenase 11 is an enzyme involved in the

metabolism of steroid hormones, particularly in the biosynthesis and inactivation of estrogen and androgen



(Corbould et al. 1997; Chai et al. 2003; Mindnich et al 2004). Underexpression of the associated protein could
reduce the organism's ability to efficiently metabolize these compounds, which could disrupt hormones
homeostasis. Also underexpressed, sulfotransferase 1A2, mainly expressed in the liver, as well as
sulfotransferase 1A3, are enzymes involved in the metabolism of many chemicals, including drugs, and steroid
hormones such as dehydroepiandrosterone (DHEA) and androsterone (Paul et al. 2012). Under-regulation of
sulfotransferase 1A2 can lead to a decrease in the organism's ability to metabolize xenobiotics, which could
result in deleterious effects, and may also lead to a decrease in the sulfation of DHEA, a precursor hormone for
the synthesis of testosterone and estrogen (Traish et al. 2011), which can reduce the availability of these
hormones and have effects on sexual function. DHEA is also involved in aging and neurological development
(Greaves et al. 2018). Moreover, several proteins involved in the regulation of hormonal signaling
(serine/threonine-protein phosphatase 2A catalytic subunit beta isoform (PP2A), Annexin A7, and progranulin)
are also downregulated after exposure to FUR. Processes of hormonal signaling regulation include the
production and release of hormones by endocrine glands, the transport of hormones in the blood, their
binding to receptors on target cells, and the resulting intracellular signaling (Keen et al. 2005, Alauddin et al.
2020, Suzuki et al. 2009). PP2A also controls the cell cycle and cell death. It is considered as a tumor suppressor
and is often functionally inactivated in cancer (Seshacharyulu et al 2013). The underexpression of these
proteins can have negative health consequences, particularly regarding the regulation of growth and
development, the regulation of sexual function, immune response and cancer onset. Moreover, these results
appear to be consistent with the scientific literature. Indeed, Isidori et al. (2009) and Fent et al. (2006) showed
a strong estrogenic potential of furosemide with the YES-assay on Saccharomyces cerevisiae with an EC50 of
0.99 mg/L and 469 mg/L, respectively, also showing that furosemide binds to the human estrogen receptor.

This is consistent with an endocrine disruption caused by FUR.

Furthermore, several down-regulated proteins are involved in the regulation of cellular signaling and the
response to cellular stress. For example, Nucleolysin TIAR, Annexin A7, Serine/threonine-protein phosphatase
2A catalytic subunit beta isoform, and Dual specificity protein phosphatase 9 are known to play a role in the
response to oxidative stress (Laura et al. 2021, Alauddin et al. 2020, Sommer et al. 2002, Chen et al. 2019).
However, the underexpression of these proteins appears to contradict the findings of Lahet et al. (2003) and
our previous work (Sandre et al. 2058 tox) which suggested an antioxidant effect of furosemide. Oxidative
stress is a complex process, and there are numerous molecular mechanisms involved in its regulation. The
antioxidant effect could also be due to the overexpression of thioredoxin reductase (observed after exposure
to FUR, but not the other compounds), an enzyme that can reduce organic and inorganic peroxides, thereby
acting as an antioxidant (Choi et al. 2011). Sulfotransferases 1A2 and 1A3 are involved in the metabolism of
xenobiotics and also have a role in defense against oxidative stress (Paul et al. 2012), as do proteins that
regulate the production of transcription factors such as G-rich sequence factor 1, which may be involved in
regulating genes that code for antioxidant enzymes (Noh et al. 2019). A more in-depth analysis of the study or
experimental situation is necessary to establish a clear link between the mentioned protein regulations and the

antioxidant effect.



B. PYR, SAL and FRF-induced protein dysregulation and associated diseases

Several identified proteins are linked to liver toxicity after exposure to PYR, SAL and FRF, which is consistent in
the context of the study. In addition, liver damage has already been reported in the literature for FRF exposure
(Shimizu et al. 1989).

The enrichment analysis on the proteins dysregulated after exposure to PYR indicates that some have been
reported in several diseases (table SL1l), such as the development of cancer or inflammatory diseases. Others,
such as hermaphroditism, sex differentiation disorders, ambiguous genitalia, intersex conditions,
pseudohermaphroditism, polycystic ovary syndrome and sclerocystic ovaries can be linked to endocrine
disruption. It is therefore possible that the dysregulated proteins implicated in endocrine disruption observed
for FUR (see previous section) may also be observed for PYR, which has a close molecular structure. Indeed,
Sulfotransferase 1A2 expression, was modified in both conditions, although in opposite manner, (upregulated

for FUR and downregulated in the case of PYR).

PYR is also associated with modification of cognitive traits and aging/telomere length (table SIVI). Some
cognitive traits may be related to neurological diseases and neurodegeneration, for example, Alzheimer's
disease is characterized by progressive loss of memory and other cognitive functions (Joe & Ringman 2019),
while Parkinson's disease can affect cognition, working memory, attention, and spatial perception (Balestrino &
Schapira 2019). Studies have shown that telomere length shortening may be associated with an increased risk
of neurological diseases such as Alzheimer's disease (Yu et al. 2021), but remain inconclusive to date for
Parkinson’s disease. Nevertheless, correlation has been made between telomere attrition and numerous age
related disorders and chronic diseases (cardiovascular diseases, hypertension, arthritis, osteoporosis, diabetes,
cancer) and neurological disorders (reviewed in Levstek et al. 2020), in association with oxidative stress or
inflammation. These studies reinforce our previous study which suggested that PYR could be a potential
inducer of neurodegenerative disease because it causes inhibition of the mitochondrial respiratory chain in the
striatum, accumulation of phosphorylated alpha-synuclein at Serinel29, a decrease in tyrosine hydroxylase in
the striatum, and an accumulation of Tau in the hippocampus (Laurencé et al. 2019). The inhibition of the
mitochondrial respiratory chain in the striatum can be influenced by several proteins on the list, including
Citrate synthase, Cytochrome c oxidase subunit 4, ATP synthase subunit alpha, and NADH-cytochrome b5
reductase 3, all of which are involved in energy production in mitochondria (Annesley & Fisher 2019). The
accumulation of phospho-Serine129 alpha-synuclein can be influenced by Eukaryotic translation initiation
factor 3 subunit G, which is involved in alpha-synuclein regulation (Weng et al. 2015). Finally, the accumulation
of Tau in the hippocampus may be related to Calmodulin-3, which is involved in the regulation of calcium
signaling (Balshaw et al. 2002). Studies have suggested that the accumulation of Tau protein in the
hippocampus may be associated with an alteration in the regulation of calcium, which is an important process

for the normal functioning of neurons (Esteras & Abramov 2020)

For SAL, several diseases were associated with deregulated genes quantified in our study (Table SLlIII),
particularly numerous neurological diseases (Table SI.VII). The quantified proteins also appeared to be strongly
involved in cancer. Although this observation is of interest, it should be kept in mind that the Hep-G2 cell line
was isolated from an hepatocellular carcinoma, thus already presenting dysregulated cancer-related pathways.

Some cardiovascular pathologies were also associated and a large number of diseases were linked to



genotoxicity. However, very few diseases potentially related to endocrine disruption seem to be linked to
exposure to SAL. It is possible that its small size does not allow it to bind to estrogen receptors, unlike FUR. To
our knowledge, only one article studied toxicity saluamine toxicity in literature. According to Al-Omar et al.
(2009), saluamine causes glucose metabolism disturbances and hepatic inflammation, with an increase of
aspartate and alanine aminotransferases and congestion in mice. The observed inflammatory response could
involve Interleukin enhancer-binding factor 3 (ILF3) protein, which has possible roles in various pathologies like
stroke, cancer, inflammation and dyslipidemia, although these roles remain poorly understood to date (Xie et
al 2021).

The largest number of proteins identified was observed with exposure to FRF, but there were not many
diseases directly associated with it based on the enrichment analysis. However, as for PYR and SAL, numerous
identified proteins have been potentially linked to cancers, and a few with neurodegenerative diseases

(Parkinson disease, cognitive trait, aging/telomere length).

C. MiX-induced protein dysregulation and associated diseases

Unexpectedly, exposure to the mixture of our four compounds led to significantly fewer deregulated proteins
than for exposures to the compounds alone, suggesting the occurrence of compensatory or antagonistic
effects. In addition, the enrichment analysis did not show any proteins linked with neurodegenerative diseases,
whereas the exposures to single compounds did. On the other hand, several listed diseases are related to
cardiovascular problems (Table SI.IX). However, as FUR has long been prescribed successfully to patients with
heart failure and hypertension, it seems unlikely that the occurrence of these complications could have gone
unnoticed for such a long time. Thus, it seems more realistic that the mix of compounds, at the concentrations
used in the experiment, affects the expression of proteins involved in these pathologies, keeping in mind that
nothing is known to date about PYR, SAL and FRF concentrations and pharmacology in the patients bodies. This
gap of knowledge highlights the need for pharmacological studies of these metabolites, as well as on their long

term effects at very low doses exposures in animal models.

Conclusion

Taken together, our results show close EC50 for FUR and its degradation products PYR and SAL on human cells,
and a slightly lower toxicity with FRF. The mixture was found to be much more toxic than the single compounds
on SH-SY5Y cells, which was not as marked on the two other cell lines HepG2 and HEK293. The proteins from
the three cell types exposed to EC10 were extracted. Proteomic analysis was carried out on Hep-G2 cells, which
showed a much larger number of deregulated proteins. Enrichment analysis revealed a few diseases that could
be associated with the deregulated proteins following exposure to FUR, supporting the hypothesis of low
toxicity of this commonly used drug. However, the same analysis revealed possible links with
neurodegenerative diseases, endocrine disruption, cancer and oxidative stress after exposure to PYR, SAL, and
FRF. For the mixture, fewer proteins were identified, and the diseases previously associated with the
deregulated proteins by FUR metabolites were not retrieved, suggesting possible antagonistic effects. Finally,
this study provides important preliminary data to improve the current understanding of furosemide impacts, as
well as those of its by-products and their mixture on human cells. The identification of several deregulated
proteins puts forward valuable leads to investigate potential mechanisms of action associated with observed

toxic responses, with respect to organ specificities. Beyond the case of furosemide, our work further highlights



the urgent need to better take into account drug by-products during toxicological risk assessment, as they

could have major deleterious impacts due to a potentially higher toxicity than their parent molecules.
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Supplementary informations :

Table Sl.I. Furosemide deregulated proteins

40S ribosomal protein S21

UDP-glucose 4-epimerase

G-rich sequence factor 1

5'-3' exoribonuclease 2

Transmembrane protease serine 11A

Leukotriene A-4 hydrolase

Nuclear migration protein nudC

Dihydropteridine reductase

Small nuclear ribonucleoprotein E

GTP cyclohydrolase 1 feedback regulatory protein

26S proteasome regulatory subunit 6B
Tetratricopeptide repeat protein 38

26S proteasome regulatory subunit 8
2-hydroxyacyl-CoA lyase 2

NADH-cytochrome b5 reductase 3
Succinate-semialdehyde dehydrogenase_ mitochondrial
Mitochondrial import receptor subunit TOM40 homolog
Keratin_ type Il cytoskeletal 4

Keratin_ type Il cytoskeletal 1b

Leucine-rich repeat-containing protein 59

Trifunctional enzyme subunit beta_ mitochondrial
Hsp90 co-chaperone Cdc37

Cell division control protein 42 homolog

Leukocyte elastase inhibitor

DnaJ homolog subfamily A member 2

Sulfotransferase 1A3

Keratin_ type | cytoskeletal 10
Serine/threonine-protein phosphatase PP1-alpha catalytic
subunit

60S acidic ribosomal protein P1
Barrier-to-autointegration factor
Thioredoxin-dependent peroxide reductase_ mitochondrial
ATP synthase subunit f_ mitochondrial

Kinectin

Partner of Y14 and mago

DnaJ homolog subfamily A member 3_ mitochondrial
Immunoglobulin lambda-like polypeptide 5

Hsp90 co-chaperone Cdc37

Cell division control protein 42 homolog

Leukocyte elastase inhibitor

DnaJ homolog subfamily A member 2

Sulfotransferase 1A3

Keratin_ type | cytoskeletal 10

Serine/threonine-protein phosphatase PP1-alpha catalytic subunit
60S acidic ribosomal protein P1

Barrier-to-autointegration factor

Thioredoxin-dependent peroxide reductase_ mitochondrial
ATP synthase subunit f_ mitochondrial

Kinectin

Partner of Y14 and mago

DnalJ homolog subfamily A member 3_ mitochondrial
Immunoglobulin lambda-like polypeptide 5

40S ribosomal protein S10

Protein SEC13 homolog

Actin-related protein 2/3 complex subunit 2

BolA-like protein 2

Nucleolysin TIAR

Annexin A7

Peptidyl-prolyl cis-trans isomerase A-like 4G
Serine/threonine-protein phosphatase 2A catalytic subunit beta isoform
Dual specificity protein phosphatase 9

Sulfotransferase 1A2

Splicing factor 1

Acyl-coenzyme A thioesterase 1

Aspartate--tRNA ligase_ cytoplasmic

THO complex subunit 4

Alcohol dehydrogenase class-3

Progranulin

Splicing factor 3A subunit 3

Copine-1

60S ribosomal protein L9

Cytochrome c oxidase subunit 4 isoform 1_ mitochondrial
Sialic acid synthase



Protein S100-A9

Immunoglobulin kappa variable 1D-13
Spermidine synthase

ADP-ribosylation factor-like protein 8B
D-dopachrome decarboxylase

Protein S100-A9

Immunoglobulin kappa variable 1D-13
Spermidine synthase

ADP-ribosylation factor-like protein 8B
D-dopachrome decarboxylase

Red= Up-regulated protein; Blue =down-regulated protein; only protein with P-value < 0.05 and fold change = 1.75 are

presented

Ras GTPase-activating-like protein IQGAP2
14-3-3 protein eta

Lymphokine-activated killer T-cell-originated protein kinase
Estradiol 17-beta-dehydrogenase 11

Fatty acid-binding protein_ liver

Transcription intermediary factor 1-beta

Aldehyde dehydrogenase family 1 member A3

Large neutral amino acids transporter small subunit 1
Cell division cycle 5-like protein

Table SLIL. Pyridinium of furosemide deregulated proteins

Beta-enolase

Elongation factor 1-gamma

Cofilin-2

GTP:AMP phosphotransferase AK3_ mitochondrial
E3 ubiquitin-protein ligase LRSAM1

60S ribosomal protein L3

60S ribosomal protein L28
Sodium/potassium-transporting ATPase subunit alpha-1
Ras-related protein Rab-37

40S ribosomal protein SA

Keratin_ type Il cytoskeletal 8
Fructose-bisphosphate aldolase A

40S ribosomal protein S23

40S ribosomal protein S13

GTP-binding nuclear protein Ran

Ubiquitin carboxyl-terminal hydrolase 7
THO complex subunit 4

Phosphoserine aminotransferase

Minor histocompatibility antigen H13
ATP-citrate synthase

Heterogeneous nuclear ribonucleoprotein M
Nucleosome assembly protein 1-like 1
Vimentin

Glutathione S-transferase omega-1
Phosphoglycerate kinase 1

Proteasome subunit alpha type-5
Neutrophil defensin 1

Gamma-enolase

Chloride intracellular channel protein 1
Serpin B6

Putative heat shock protein HSP 90-alpha A5

2_4-dienoyl-CoA reductase [(3E)-enoyl-CoA-producing]_

mitochondrial
Histone H1.1
Leucine-rich repeat-containing protein 59

Lymphokine-activated killer T-cell-originated protein kinase

Calmodulin-3
Acyl-CoA-binding protein
Agmatinase_ mitochondrial
Protein DEK

Peroxiredoxin-6

NHP2-like protein 1

Citrate synthase_ mitochondrial
Cytochrome c oxidase subunit 4 isoform 1_ mitochondrial
Putative protein FAM86JP

60S ribosomal protein L5

Purine nucleoside phosphorylase
UDP-glucose 6-dehydrogenase

60S ribosomal protein L27a

40S ribosomal protein S4_ X isoform

60S ribosomal protein L36

Zinc finger HIT domain-containing protein 2
Neutral alpha-glucosidase AB

Sialic acid synthase

Serine/arginine-rich splicing factor 1
Myosin light chain 6B

Zinc finger and SCAN domain-containing protein 26
Retinal dehydrogenase 2

Alpha-actinin-1

High mobility group protein B1

4F2 cell-surface antigen heavy chain
Atlastin-2

Fascin

Transferrin receptor protein 1
NADH-cytochrome b5 reductase 3
Serine/arginine-rich splicing factor 4
Eukaryotic initiation factor 4A-III

Non-POU domain-containing octamer-binding protein
60S ribosomal protein L23a

Heat shock-related 70 kDa protein 2

Heat shock protein 75 kDa_ mitochondrial

Aldo-keto reductase family 1 member C1

Aldo-keto reductase family 1 member C2
Tumor protein D54

X-ray repair cross-complementing protein 6
Prothymosin alpha

Ras-related protein Rab-1A

ELAV-like protein 1

60S ribosomal protein L11



60S ribosomal protein L27 Pyruvate carboxylase_ mitochondrial

Prelamin-A/C L-xylulose reductase

Ribonucleoside-diphosphate reductase subunit M2 ATP synthase subunit alpha_ mitochondrial
Malonate--CoA ligase ACSF3_ mitochondrial Eukaryotic translation initiation factor 3 subunit G
Heat shock 70 kDa protein 6 Pyrroline-5-carboxylate reductase 2
Ubiquitin-conjugating enzyme E2 variant 2 Galectin-7

60S ribosomal protein L23 Malectin

Polymeric immunoglobulin receptor Peroxiredoxin-5_ mitochondrial

Aldehyde dehydrogenase family 1 member A3 Na(+)/H(+) exchange regulatory cofactor NHE-RF1

Dolichyl-diphosphooligosaccharide--protein .
. Core histone macro-H2A.2

glycosyltransferase subunit DAD1

Sulfotransferase 1A2 Alanine aminotransferase 1

26S proteasome non-ATPase regulatory subunit 4

Red= Up-regulated protein; Blue =down-regulated protein; only protein with P-value < 0.05 and fold change = 1.75 are

presented

Table SLIII. Saluamine deregulated proteins.

Heterogeneous nuclear ribonucleoprotein U Peptidyl-prolyl cis-trans isomerase B

ATP synthase subunit beta, mitochondrial 60S ribosomal protein L6

Heterogeneous nuclear ribonucleoprotein R Histone H2B type 1-O

40S ribosomal protein S27-like Galactokinase

Coronin-1C Endoplasmic reticulum resident protein 29
Basigin Glycerol kinase

14-3-3 protein eta Cytosol aminopeptidase

60S ribosomal protein L7a Poly [ADP-ribose] polymerase 1
Dolichyl-diphosphooligosaccharide--protein

glycosyltransferase subunit 1 Polypyrimidine tract-binding protein 1
Galectin-1 Interleukin enhancer-binding factor 3
Keratin, type Il cytoskeletal 2 oral Lamin-B1

Elongation factor 2 Alpha-2-macroglobulin
Phosphoenolpyruvate carboxykinase, cytosolic [GTP] T-complex protein 1 subunit beta
Vomeronasal type-1 receptor 5 NADH-ubiquinone oxidoreductase 75 kDa subunit, mitochondrial
60S ribosomal protein L18 60S ribosomal protein L10a

Thiosulfate sulfurtransferase Large structural phosphoprotein

Red= Up-regulated protein; Blue =down-regulated protein; only protein with P-value < 0.05 and fold change = 1.75 are
presented

Table SLIV. Furfural deregulated proteins

Peroxiredoxin-1 Keratin_ type | cytoskeletal 14
Parkinson disease protein 7 Keratin_ type | cuticular Haé
Interferon-inducible double-stranded RNA-dependent protein

. . DNA replication licensing factor MCM7
kinase activator A

Keratin_ type | cytoskeletal 13 Cofilin-2

Protein disulfide-isomerase Histone H1.10

Vomeronasal type-1 receptor 5 Peptidyl-prolyl cis-trans isomerase FKBP1A
Keratin_ type | cytoskeletal 10 Tubulin alpha-1B chain
Hydroxyacyl-coenzyme A dehydrogenase_ mitochondrial Tubulin alpha-1C chain

Serine hydroxymethyltransferase_ mitochondrial Tubulin alpha-1A chain

Keratin_ type | cytoskeletal 18 Cytochrome b-c1 complex subunit 7
Beta-enolase Keratin_ type Il cytoskeletal 1
Methionine--tRNA ligase_ cytoplasmic Prelamin-A/C

Constitutive coactivator of PPAR-gamma-like protein 1 ATP-citrate synthase

Histone H2B type 1-D Leucine-rich PPR motif-containing protein_ mitochondrial

Heat shock 70 kDa protein 1B GTP-binding nuclear protein Ran



Asparagine--tRNA ligase_ cytoplasmic
Heterogeneous nuclear ribonucleoprotein Al
Lactotransferrin

GDP-mannose 4_6 dehydratase
Peptidyl-prolyl cis-trans isomerase B
Tyrosine--tRNA ligase_ mitochondrial
Putative 40S ribosomal protein S26-like 1
40S ribosomal protein S26

WD repeat-containing protein 1
Probable phosphoglycerate mutase 4
40S ribosomal protein S3a
Phosphoglycerate mutase 1
Phosphoglycerate kinase 2

40S ribosomal protein S9
Serine/arginine-rich splicing factor 8
Tubulin alpha-3C chain

Proliferating cell nuclear antigen

Malate dehydrogenase_ mitochondrial
60S ribosomal protein L18a

Ras-related protein Rab-37

Nucleosome assembly protein 1-like 1
40S ribosomal protein S18

Probable ATP-dependent RNA helicase DDX17

Trifunctional purine biosynthetic protein adenosine-3

Immunoglobulin heavy constant alpha 1
Serine/arginine-rich splicing factor 4

Cytochrome c oxidase subunit 5B_ mitochondrial

Histone H1t

40S ribosomal protein S8

40S ribosomal protein S23
UDP-glucose:glycoprotein glucosyltransferase 1
Heterogeneous nuclear ribonucleoprotein DO
14-3-3 protein theta

Transmembrane 9 superfamily member 4
Rootletin

Heat shock protein 75 kDa_ mitochondrial
Clathrin heavy chain 2

Heterogeneous nuclear ribonucleoprotein F
Sulfotransferase 2A1

40S ribosomal protein SA

Receptor of activated protein C kinase 1

40S ribosomal protein S5

Zinc finger HIT domain-containing protein 2

Poly(rC)-binding protein 1

Aldo-keto reductase family 1 member C3

Ras-related protein Rab-11A

Ras-related C3 botulinum toxin substrate 1
NADH-cytochrome b5 reductase 3

NADH-ubiquinone oxidoreductase 75 kDa subunit_ mitochondrial
Glutaredoxin-1

Heterogeneous nuclear ribonucleoprotein C-like 3
60S ribosomal protein L19

Purine nucleoside phosphorylase

2_4-dienoyl-CoA reductase [(3E)-enoyl-CoA-producing]_ mitochondrial
Aldo-keto reductase family 1 member B15
Monocarboxylate transporter 4

Transketolase

60S ribosomal protein L23

Sialidase-1

Enoyl-CoA delta isomerase 2

Sialic acid synthase

Keratin_ type | cytoskeletal 27

39S ribosomal protein L12_ mitochondrial

Splicing factor_ proline- and glutamine-rich

Heat shock 70 kDa protein 6

Tumor protein D54

Protein S100-A9

Lipocalin-1

Low molecular weight phosphotyrosine protein phosphatase
Histone H2AV

Malonate--CoA ligase ACSF3_ mitochondrial
Glutathione S-transferase omega-1

40S ribosomal protein S21

L-xylulose reductase

T-complex protein 1 subunit zeta-2
Lymphokine-activated killer T-cell-originated protein kinase
Ubiquitin thioesterase OTUB1

Heterogeneous nuclear ribonucleoprotein M
Complement component C9

Ras-related protein Rab-8B

Agmatinase_ mitochondrial

Dnal homolog subfamily A member 3_ mitochondrial
Aspartyl/asparaginyl beta-hydroxylase

Dnal homolog subfamily A member 2

Tubulin beta-4B chain

Putative heat shock protein HSP 90-alpha A5

Solute carrier family 2 facilitated glucose transporter member 1 Acyl-CoA synthetase short-chain family member 3_ mitochondrial

Lysozyme C
Aspartate aminotransferase_ cytoplasmic
40S ribosomal protein S27-like

Adipocyte plasma membrane-associated protein

Aldo-keto reductase family 1 member B10
Neutrophil defensin 1

Far upstream element-binding protein 1
60S ribosomal protein L27

Glutaminase kidney isoform_ mitochondrial
Endoplasmin

Putative tubulin-like protein alpha-4B

Phosphoserine aminotransferase

Eukaryotic translation initiation factor 3 subunit E

AP-2 complex subunit mu

ATP synthase membrane subunit DAPIT_ mitochondrial
60S ribosomal protein L23a

Cofilin-1

Phosphoglycerate kinase 1

60S ribosomal protein L3

Eukaryotic translation initiation factor 3 subunit H
Serine/threonine-protein phosphatase 4 regulatory subunit 4
Heterogeneous nuclear ribonucleoprotein K



Ninein 26S proteasome non-ATPase regulatory subunit 11

Transaldolase Voltage-dependent anion-selective channel protein 3
26S proteasome non-ATPase regulatory subunit 4 Histone H1.1

Eukaryotic initiation factor 4A-I Lamin-B2

Ubiquitin-conjugating enzyme E2 L3 Ribonucleoside-diphosphate reductase subunit M2
Potassium voltage-gated channel subfamily H member 5 Zinc finger and SCAN domain-containing protein 26
Eukaryotic initiation factor 4A-II Calmodulin-3

ATP synthase subunit alpha_ mitochondrial Acyl-CoA-binding protein

Opioid growth factor receptor 28S ribosomal protein S27_ mitochondrial
Fructose-bisphosphate aldolase A Endothelial differentiation-related factor 1

Delta-1-pyrroline-5-carboxylate dehydrogenase_ mitochondrial Pyridoxal kinase

Fatty acid-binding protein_ liver Enoyl-CoA hydratase_ mitochondrial
Ras-related protein Rab-8A Putative heat shock protein HSP 90-beta-3
Mitogen-activated protein kinase kinase kinase 1 Septin-2

Aldo-keto reductase family 1 member C4 60S ribosomal protein L14

Citrate synthase_ mitochondrial Elongation factor 1-delta

Large neutral amino acids transporter small subunit 1 3-ketoacyl-CoA thiolase_ peroxisomal

Dolichyl-diphosphooligosaccharide--protein glycosyltransferase o .
Calmodulin-like protein 5

subunit 1

Alpha-actinin-1 Exportin-2

Cytochrome b-c1 complex subunit 1_ mitochondrial Zinc-alpha-2-glycoprotein

Myosin light polypeptide 6 Guanine nucleotide-binding protein G(t) subunit alpha-1
Pseudouridine-5'-phosphatase Tricarboxylate transport protein_ mitochondrial
ATP-dependent DNA helicase DDX11 Keratin_ type Il cytoskeletal 79

Leucine-rich repeat-containing protein 59 60S ribosomal protein L10a

Spindlin-2A Heat shock protein HSP 90-alpha A2

Differentially expressed in FDCP 6 homolog 3-mercaptopyruvate sulfurtransferase
ATP-dependent RNA helicase DDX55 Interleukin enhancer-binding factor 3

Shutoff protein 26S proteasome non-ATPase regulatory subunit 12
Pro-Pol polyprotein Serpin H1

Aldehyde dehydrogenase family 1 member A3 Clathrin heavy chain 1

NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit . . .
4 Alanine--tRNA ligase_ cytoplasmic

Syntaxin-7 Histone H1.0
Serpin B6

Red= Up-regulated protein; Blue =down-regulated protein; only protein with P-value < 0.05 and fold change = 1.75 are
presented

Table SLV. Mixture deregulated proteins

Tubulin beta-2A chain Spermidine synthase
Phosphatidylethanolamine-binding protein 1 Protein SCO1 homolog_ mitochondrial

Nucleolin Insulin-like growth factor 2 mRNA-binding protein 3
60S acidic ribosomal protein P1 Cytochrome c1_ heme protein_ mitochondrial
Heterogeneous nuclear ribonucleoprotein K Ras-related C3 botulinum toxin substrate 1
Lamin-B1 Heat shock 70 kDa protein 1-like

Cofilin-1 Putative heat shock protein HSP 90-alpha A4
Nucleoside diphosphate kinase A Early E3A 11.6 kDa glycoprotein

Liver carboxylesterase 1 Gelsolin

Protein Wiz Metaxin-2

Phosphoenolpyruvate carboxykinase_ cytosolic [GTP] Mannose-P-dolichol utilization defect 1 protein
Pro-Pol polyprotein ATP-binding cassette sub-family A member 9
Nucleoside diphosphate kinase B Sarcoplasmic/endoplasmic reticulum calcium ATPase 1
Adenomatous polyposis coli protein 2 Developmentally-regulated GTP-binding protein 2

40S ribosomal protein S20 3-ketoacyl-CoA thiolase_ peroxisomal



Heat shock protein 75 kDa_ mitochondrial Heterogeneous nuclear ribonucleoprotein H3
Insulin-like growth factor 2 mRNA-binding protein 1 Heterogeneous nuclear ribonucleoproteins C1/C2

Red= Up-regulated protein; Blue =down-regulated protein; only protein with P-value < 0.05 and fold change = 1.75 are
presented

Table SLVI. Diseases related to deregulated proteins induced by PYR exposure

Category Term Count P-value
Disruption of endocrine functions Hermaphroditism 2 3,80E-02
Sex Differentiation Disorders 2 3,80E-02
Ambiguous Genitalia 2 3,80E-02
Intersex Conditions 2 3,80E-02
Pseudohermaphroditism 2 3,80E-02
Polycystic Ovary Syndrome 6 4,80E-03
Sclerocystic Ovaries 6 4,80E-03
Neurological diseases cognitive trait 5 3,10E-03
Aging/ Telomere Length 5 3,20E-03
Cancer Adenocarcinoma of lung (disorder) 7 4,80E-03
Neoplastic Cell Transformation 5 2,10E-02
Neoplasms, Hormone-Dependent 2 2,30E-02
prostate cancer 8 1,50E-02
liver diseases or injuries Drug-Induced Acute Liver Injury 8 3,40E-02
Chemically-Induced Liver Toxicity 8 3,40E-02
Chemical and Drug Induced Liver Injury 8 3,40E-02
Drug-Induced Liver Disease 8 3,40E-02
Hepatitis, Drug-Induced 8 3,40E-02
Hepatitis, Toxic 8 3,40E-02
inflammatory and autoimmune diseases Degenerative polyarthritis 7 7,20E-05
Osteoarthrosis Deformans 7 7,20E-05
Anemia, Diamond-Blackfan 5 7,40E-05
Acquired Immunodeficiency Syndrome 12 5,90E-03
Diamond-Blackfan anemia 2 3,00E-02
Cardiological diseases Myocardial Ischemia 6 1,10E-02
Other Thumb deformity 2 1,50E-02
Glycogen Storage Disease 3 1,80E-02
Keloid 3 2,90E-02
Table SLVIIL. Diseases related to deregulated proteins induced by SAL exposure
Category Term Count P-value
Cancer leukemia, acute myeloid 3 2,00E-03
brain cancer 4 4,80E-03
esophageal cancer 4 7,90E-03
Multiple Myeloma 4 8,40E-03
Carcinoma, Squamous Cell, Esophageal Neoplasms 3 9,90E-03
Myeloid Leukemia 3 9,90E-03
Lung Neoplasms 3 9,90E-03
Lymphoma, Non-Hodgkin 5 1,00E-02



Bladder Neoplasm 6 1,30E-02
Malignant neoplasm of urinary bladder 6 1,30E-02
Carcinoma, Squamous Cell, Head and Neck Neoplasms 3 1,80E-02
Adenocarcinoma 5 2,90E-02
Adenocarcinoma, Basal Cell 5 2,90E-02
Adenocarcinoma, Oxyphilic 5 2,90E-02
Adenocarcinoma, Tubular 5 2,90E-02
Carcinoma, Cribriform 5 2,90E-02
Carcinoma, Granular Cell 5 2,90E-02
Adenoma, Carcinoma, Colorectal Neoplasms 2 3,00E-02
Carcinoma, Hepatocellular, Hepatitis B, Chronic, Hepatitis 2 3,00E-02
C, Chronic, Liver Neoplasms
Liver carcinoma 11 3,00E-02
breast cancer 10 3,40E-02
Carcinoma, Squamous Cell, Head and Neck Neoplasms, 3 3,50E-02
Squamous cell carcinoma
esophageal carcinoma 2 3,70E-02
Leukemia, Myeloid, Acute, Precursor Cell Lymphoblastic 2 3,70E-02
Leukemia-Lymphoma, Recurrence
Leukemia, myelodysplastic (TRLIMDS) 2 3,70E-02
Leukemia|Prenatal Exposure Delayed Effects 2 3,70E-02
malignant mesothelioma 2 3,70E-02
Cecal Neoplasms 2 3,90E-02
Malignant neoplasm of cecum 2 3,90E-02
prostate cancer 9 3,90E-02
Carcinoma, Hepatocellular|Liver Neoplasms 3 4,00E-02
breast cancer 9 4,30E-02
myelodysplastic syndrome 2 4,50E-02
Cardiological diseases Arterial Fatty Streak 2 4,90E-02
Atheroma 2 4,90E-02
Fibroatheroma 2 4,90E-02
Plaque, Atherosclerotic 2 4,90E-02
Endocrine functions Infertility, Male | Varicocele 2 3,00E-02
preterm delivery 3 3,40E-02
Genotoxicity Micronuclei, Chromosome-Defective 4 8,80E-05
Benzene toxicity 4 2,30E-03
1-hydroxypyrene, urinary 3 3,60E-03
DNA adducts 3 3,60E-03
DNA Damage| 3 4,90E-03
cytogenetic studies 3 2,20E-02
1-hydroxypyrene, DNA adducts, aromatic; mutagenicity 2 3,00E-02
1,3-butadiene 2 3,00E-02
2-hydroxyethyl mercapturic acid 2 3,00E-02
Acrylamide 2 3,70E-02
exposure to 1,3-butadiene 2 3,70E-02



Aneuploidy, Chromosome Aberrations, Chromosome 2 4,50E-02

abnormality, Trisomy

Chromosome Aberrations, Chromosome abnormality, 2 4,50E-02
DNA Damage
DNA damage, biomarkers 2 4,50E-02
styrene toxicity 2 4,50E-02
Black carbon exposure 2 4,50E-02
liver diseases or injuries liver injury, drug-induced 2 3,00E-02
Neurological diseases Cognitive trait 6 2,00E-03
Aging/ Telomere Length 6 2,10E-03
Neuropathy 3 2,50E-03
Autosomal Dominant Juvenile Parkinson Disease 4 2,60E-03
Autosomal Dominant Parkinsonism 4 2,60E-03
Autosomal Recessive Parkinsonism 4 2,60E-03
Familial Juvenile Parkinsonism 4 2,60E-03
Parkinson disease 2, autosomal recessive juvenile 4 2,60E-03
Parkinsonism, Experimental 4 2,60E-03
Ramsay Hunt Paralysis Syndrome 4 2,60E-03
Parkinsonian Disorders 4 3,20E-03
Parkinsonism, Juvenile 4 3,20E-03
Spinocerebellar ataxia 17 3 3,40E-03
Parkinson's disease 6 1,90E-02
Alzheimer's disease 6 3,50E-02
Anterior Horn Cell Disease 2 3,90E-02
Familial Motor Neuron Disease 2 3,90E-02
Motor Neuron Disease 2 3,90E-02
Motor Neuron Disease, Lower 2 3,90E-02
Motor Neuron Disease, Secondary 2 3,90E-02
Motor Neuron Disease, Upper 2 3,90E-02
Encephalopathy, solvent-induced 2 4,50E-02
Lateral Sclerosis 2 4,90E-02
inflammatory and lymphoma; Hodgkin's disease 3 1,20E-03
autoimmune diseases aplastic anemia, acquired 3 5,60E-03
HIV Coinfection 5 2,00E-02
HIV Infections 5 2,00E-02
Diabetes Mellitus, Experimental 5 2,30E-02
Contact Dermatitis 4 3,40E-02
Contact hypersensitivity 4 3,40E-02
Atrophy | Helicobacter Infections 2 3,70E-02
Degenerative polyarthritis 6 2,30E-03
Osteoarthrosis Deformans 6 2,30E-03
manganism, susceptibility to occupational chronic 2 4,50E-02
Other Acquired Immunodeficiency Syndrome 21 1,30E-05
lung function 3 1,90E-02
Alloxan Diabetes 5 2,30E-02
Streptozotocin Diabetes 5 2,30E-02



schizophrenia 10 2,70E-02
Pulmonary Disease, Chronic Obstructive 4 2,80E-02
Protein Deficiency 2 3,00E-02
Balkan Nephropathy 2 3,70E-02
Occupational Diseases|Respiratory Tract Diseases 2 3,70E-02
Ureteral Calculi 2 3,90E-02
bronchitis; pneumonia 2 4,50E-02
Hodgkin's disease; non-Hodgkin's lymphoma 2 4,50E-02
Table SLVIIL. Diseases related to deregulated proteins induced by FRF exposure
Category Term Count P-value
Cancer Adenocarcinoma of lung (disorder) 10 2,00E-03
Squamous cell carcinoma of esophagus 6 9,40E-03
Animal Mammary Neoplasms 7 1,30E-02
Mammary Carcinoma, Animal 1,30E-02
Hereditary Diffuse Gastric Cancer 10 1,80E-02
Mammary Neoplasms, Experimental 7 1,90E-02
Stomach Neoplasms 10 2,00E-02
Malignant neoplasm of stomach 10 2,10E-02
Carcinoma, Spindle-Cell 7 2,40E-02
Carcinomatosis 7 2,40E-02
Anaplastic carcinoma 7 2,40E-02
Undifferentiated carcinoma 7 2,40E-02
Carcinoma 7 2,40E-02
Liver carcinoma 13 4,30E-02
Disruption of endocrine .
. Abortion, Spontaneous 5 2,50E-02
functions
Liver diseases or injuries Chemically-Induced Liver Toxicity 12 2,20E-02
Hepatitis, Toxic 12 2,20E-02
Drug-Induced Acute Liver Injury 12 2,20E-02
Hepatitis, Drug-Induced 12 2,20E-02
Drug-Induced Liver Disease 12 2,20E-02
Chemical and Drug Induced Liver Injury 12 2,20E-02
Neurological diseases Parkinson Disease 5 2,80E-02
cognitive trait 6 7,20E-03
Aging/ Telomere Length 6 7,40E-03
Degenerative diseases Degenerative polyarthritis 5 3,80E-02
Post-Traumatic Osteoporosis 6 1,40E-03
Osteoporosis, Age-Related 6 1,40E-03
Osteoporosis, Senile 6 1,40E-03
Osteoporosis 6 1,60E-03
Dermatological pathologies Keratoderma, Palmoplantar 3 1,90E-02
Congenital reticular ichthyosiform erythroderma 2 2,70E-02
Erythrokeratoderma, Reticular 2 2,70E-02
Ichthyosis, Cyclic, with Epidermolytic Hyperkeratosis 2 2,70E-02
Other Anemia, Diamond-Blackfan 4 7,60E-03
Osteoarthrosis Deformans 5 3,80E-02
Acquired Immunodeficiency Syndrome | Disease
37 7,10E-13

Progression




Table SLIX. Diseases related to deregulated proteins induced by MIX exposure

Category Term Count P-value
Cardiological diseases Heart Failure, Right-Sided 4 2,10E-03
Myocardial Failure 4 2,10E-03
Left-Sided Heart Failure 4 2,10E-03
Heart failure 4 2,10E-03
Heart Decompensation 4 2,10E-03
Congestive heart failure 4 2,10E-03
Cancer Colorectal Neoplasms 4 2,70E-02
Liver carcinoma 5 3,00E-02
Colorectal Carcinoma 5 8,00E-02
Adenocarcinoma of lung (disorder) 3 8,50E-02
Neoplasm Metastasis 3 9,30E-02
Mesothelioma 2 9,30E-02
Other Acquired Immunodeficiency Syndrome 9 2,90E-04
inflammatory and Diabetes mellitus type I, Metabolic Syndrome X | Obesity 2 6,00E-03
autoimmune diseases Type 2 Diabetes| edema | rosiglitazone 9 6,10E-02
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Les premiers résultats de notre étude montrent que le FUR et ses produits de dégradation (PYR et SAL) ont
une toxicité proche sur les cellules humaines, tandis que le FRF est |égerement moins toxique. Le mélange
de ces composés est beaucoup plus toxique que les composés individuels sur les cellules SH-SY5Y, mais pas
autant sur les cellules HepG2 et HEK293. L'analyse protéomique des cellules exposées a des
concentrations faibles révele que le furosémide seul n'a qu'une faible toxicité, mais que les produits de
dégradation sont potentiellement liés a des maladies neurodégénératives, a des perturbations
endocriniennes, a des cancers et au stress oxydatif. En outre, cette étude souligne l'importance de prendre
en compte les produits de dégradation des médicaments dans I'évaluation du risque toxicologique, car ils
peuvent avoir des impacts majeurs et potentiellement plus toxiques que leurs molécules parentes. Les
résultats de l'analyse protéomique sur les cellules SH-SY5Y et HEK 293 (en cours de traitement)
permettront de compléter nos observations sur les Hep-G2 en révélant les effets communs mais aussi et

surtout les spécificités cellulaires des impacts du FUR et ses métabolites.
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Conclusion générale & perspectives

Au cours de ce travail, nous avons dégagé plusieurs axes de réflexions autours des différents chapitres.

Dans le Chapitre | : Le furosémide, un polluant d'intérét émergent, nous avons documenté plusieurs

aspects du furosémide au travers d’une revue.
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C’est le diurétique le plus vendu dans le monde et il est prescrit en Europe entre 1 a 26 tonnes par
an mais sa consommation est amenée a augmenter dans le futur en raison du vieillissement de la

population et de I'augmentation des maladies cardiovasculaires.

Il est présent en forte concentration dans les rejets des établissements médicalisés, les eaux usées
non traitées et les boues de STEU qui représentent les principales sources dues a la consommation
humaine. Il est en partie éliminé par les STEU, ce qui entraine une concentration plus faible dans
les eaux usées traitées mais il est malgré tout rejeté dans I'environnement et se retrouve dans les

rivieres et les sédiments. On en trouve en revanche peu dans les eaux souterraines et potables.

Il peut étre métabolisé (principalement par le foie et les reins) et dégradé par différents procédés
de traitement des eaux usées et par des processus naturels (photodégradation, biodégradation,
hydrolyse). Sa dégradation est donc possible dans le milieu récepteur. Environ 45 produits de

transformation ont été identifiés.

La toxicité aigué du furosémide n'est pas trés importante, avec des PNEC assez élevées pour de
nombreux organismes. Cependant, il a montré des propriétés génotoxiques, cytotoxiques et
hépatotoxiques sur des modéles animaux ainsi qu’une activité oestrogénique. De plus, certains
produits de transformation peuvent étre plus toxiques que le furosémide lui-méme, tels que le
pyridinium du furosémide, un hydroxykétone et un photoproduit, mais il y a peu d'informations

sur la toxicité globale de ces produits.

Cette premiere approche nous a permis de mieux comprendre I'ampleur de la contamination par le

furosémide, qui est tres présent et tres consommé, et de mieux cerner les informations manquantes sur

lui et ses produits de dégradation. La saluamine et le pyridinium du furosemide en particulier ont été

identifiés comme métabolites, produits de photodégradation, et produits d’oxydation.

Dans le Chapitre |l : Origine et devenir du furosémide et de ses produits de dégradation dans le milieu

aquatique, nous avons discuté plus en détail du devenir du furosémide et de ses produits de dégradation,

au travers d’un article de recherche et d’'une étude sur le bassin de la Seine-Normandie.
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La présence de PYR et SAL a des concentrations de plusieurs milliers de ng/L dans les eaux de
rejets des EHPAD, mais également a des concentrations proches dans des eaux usées urbaines a

été relevée pour la premiere fois.
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Une bonne élimination de FUR (70%), SAL (80%) et PYR (90%) a été constatée dans la STEU
Seine-centre. Cependant, plusieurs centaines de ng/L de ces substances sont tout de méme

rejetées dans le milieu aquatique.

L'ozonation et la chloration étaient particulierement efficaces pour éliminer le furosémide et le
pyridinium, mais ont produit de la saluamine. L'UV/H,0, était bien moins efficace. Deux nouveaux

sous-produits d’oxydation sont également apparus.

La contamination du bassin versant Seine-Normandie par le FUR est assez diffuse avec moins de
20% des sites échantillonnés présentant une concentration supérieure a 20 ng/L. Cependant, des
concentrations de plus de 100 ng/L ont été relevées a proximité de sources ponctuelles liées a
['activité humaine (présence de STEU a proximité des EHPAD, hopitaux, etc.). Le FUR contribue de
maniére non négligeable au flux de polluants dans la Seine au niveau de la station de Poissy (650
kg/an).

D’apres les données extraites de la base de données OPENMEDIC, environ 30 tonnes de FUR ont
été prescrites en France en 2019, 2020 et 2021, ce qui est relativement important par rapport aux

autres pays Européens.

Des concentrations importantes de FUR et de SAL ont été mesurées dans les urines de festivaliers,
probablement liées a la consommation de drogues récréatives, ce qui représente une nouvelle

source de contamination jusqu’alors non prise en compte.

Ce chapitre nous a permis de mieux comprendre l'origine des produits de dégradation du furosémide,

leurs concentrations environnementales, et de dresser un portrait "chimique" plus complet du furosémide.

Nous avons également eu un apergu de la contamination des riviéres frangaises, en particulier sur le bassin

versant Seine-Normandie.

Le Chapitre lll : Evaluation de I’écotoxicité par une approche multi-modeéle, visait a mieux caractériser la

toxicité de FUR, PYR et SAL pour lesquels peu d’informations sont disponibles et d’estimer le risque que

représentent les trois composés pour le milieu récepteur.
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La toxicité aigué (tests d'immobilisation sur D. magna et A. salina) de PYR est du méme ordre de
grandeur que celle de FUR tandis que la SAL a montré une toxicité deux fois plus importante sur
les deux modeles. Il a été constaté que le FUR peut traverser le chorion des ceufs de poissons

zebre engendrant ainsi une exposition dés les stades trés précoces du développement.

Les concentrations dans la Seine en amont et en aval de l'agglomération parisienne ont été
mesurées et sont comprises entre 30 et 250 ng/L, donnant un ordre de grandeur pour les

concentrations dites “environnementales”.

Les trois composés ont provoqué des effets déléteres sur la mobilité, la fréquence cardiaque et le
stress oxydant de D. rerio et D. magna et sur la mobilité, la vitesse de croissance, la mobilité et la

taille de C. reinhardtii.



< Les concentrations sans effet prédites (PNEC) pour les 3 composés sont estimées a 0,5 ng/L. Ces
valeurs sont trés basses car elles sont basées sur des tests sensibles au ng/L. Les Quotients de
Risques (RQ) calculés sont systématiquement supérieur a 1 pour les trois composés indiquant un
risque important pour I'environnement. Des scores de toxicité basés sur le pourcentage et les
concentrations d’effets ont montré une toxicité plus importante de SAL, puis de PYR et enfin de
FUR.

% Le mélange des 3 composés présente des effets synergiques a fortes concentrations mais
antagonistes a concentrations environnementales. Ces expériences ont souligné le caractere
imprévisible des mélanges et montre la nécessité de développer des nouveaux outils pour leur

étude.

< La daphnie s’est révélée étre un modele particulierement intéressant car elle est sensible, les
expériences sont répétables et elle est facile a maintenir en laboratoire. Les tests de
comportement ont montré des résultats dés les plus basses concentrations testées (50 ng/L) pour

les trois composés.

% Limportance de I'approche multi-modeéle pour I'’évaluation du risque environnemental a bien été
confirmée car elle prend en compte la sensibilité de plusieurs organismes appartements a
différents niveaux trophiques et occupant différentes fonctions pour I'écosystéme. Les fonctions
écosystémiques des organismes étudiées (régulation de la chaine trophique, recyclage de I'eau,

production de nourriture, stockage de carbone, ...) peuvent étre altérées par FUR, PYR et SAL.

Dans ce chapitre, nous avons montré des effets délétéres des trois composés testés a des concentrations
environnementales sur différents organismes et nous avons notamment relevé une toxicité plus

importante du pyridinium du furosémide, mais surtout de la saluamine sur plusieurs parameétres suivis.

Finalement, dans le Chapitre IV : Impact sur les cellules humaines, nous avons mené une premiere

approche pour étudier la toxicité de ces métabolites humains sur les cellules humaines.

% La toxicité aigué de FUR, PYR, SAL, FRF et leur mélange a été déterminée sur des lignées cellulaires
humaines de foie, de rein et de neuroblastome. LUEC50 de FUR est assez proche de celle de ses
sous produits excepté le furfural qui montre une toxicité moins importante. Le mélange des trois

composés est cinq fois plus toxique que les composés seuls sur les cellules de neuroblastome.

2

% Lors de I'étude protéomique, un nombre plus important de protéines dérégulées a été identifié
pour la lignée cellulaire de foie et en particulier pour les produits de dégradation. Ces protéines
sont impliquées dans la perturbation endocrinienne, les maladies neurodégénératives et le cancer.
Moins de protéines dérégulées ont été relevées apres I'exposition au mélange mais ces protéines

sont liées a des pathologies cardiaques.

Ce dernier chapitre nous a permis de suspecter certaines cibles d’action des composés et de leur mélange

au travers de I'expression de protéines dérégulées.



Cette these met en avant la nécessité d'adopter une approche plus sensible et multi-modeéles pour mieux
comprendre l'impact des polluants pharmaceutiques sur I'environnement et de développer des stratégies
de traitement plus efficaces et durables pour limiter leur présence dans les eaux usées et les rejets
industriels. Nous avons également contribué a caractériser des polluants encore peu étudiés. Les résultats

fournis lors des différents chapitres nous permettent de répondre a la problématique initiale :

Est-ce le furosémide et ses produits de dégradation présentent un risque pour I’écosystéme aquatique, a

des concentrations pertinentes dans I’environnement ?

En plus des rares études dans la littérature scientifigue montrant la génotoxicité et/ou la cytotoxicité du
furosémide sur des organismes aquatiques (Rocco et al. 2010 et Isidori et al. 2006), nous ajoutons un
impact sur le coeur et sur le comportement de la daphnie et du poisson zebre ainsi que sur la croissance et
la mobilité de chlamydomonas, aux concentrations trouvées dans I'environnement. La PNEC (trés basse) et
le Quotient de Risque (supérieur a 1) obtenus dans cette étude confirment également le risque important

gue représente le furosémide sur I'environnement aquatique.

Le pyridinium du furosémide a montré des effets similaires. De plus, les précédents travaux réalisés sur ce
composé avaient montré le développement de marqueurs précoces caractéristiques de maladies
neurodégénératives ainsi qu’une inhibition de la chaine respiratoire mitochondriales (Laurencé et al.
2019). Ces résultats pourraient étre en lien avec I'effet observé sur le comportement mais a concentrations
environnementales cette fois ce qui pourrait étre largement problématique pour les organismes

aquatiques.

Enfin, la saluamine est classée comme le composé le plus toxique dans cette these avec une EC50 deux
fois plus basse que le furosémide sur les tests de toxicité aigué sur les crustacés et une toxicité plus
marquée sur plusieurs parametres en concentrations environnementales. De plus, a forte concentration,
les mélanges présentant les effets synergiques les plus importants étaient ceux contenant de la saluamine.
La saluamine s'est également montrée persistante; d’une part, elle n’est pas complétement dégradée par
les STEU, mais en plus elle peut étre produite par la dégradation du furosémide et du pyridinium du
furosémide (a la fois dans les STEU, mais aussi dans l'environnement par photodégradation ou
bioconversion), ce qui en fait le composé le plus probable dans I'environnement parmi ceux étudiés. Elle
pourrait également étre accumulée dans les sédiments au vu de son coefficient de partage important (kd)
dans la phase particulaire des échantillons d’EHPAD mais une étude sur les sédiments serait nécessaire

pour confirmer cette hypothese.

Il semblerait que le furosémide et ses sous-produits, et en particulier la saluamine, soient en effet

problématiques.

Notre étude présente quelques limites, notamment le faible nombre d'échantillons environnementaux
analysés, ce qui peut entrainer une approximation importante des concentrations environnementales.
Réaliser davantage d'analyses pourrait cependant facilement résoudre ce probleme. De plus, les modeles

d'étude choisis ne sont pas nécessairement les plus représentatifs de I'environnement étudié. Des études



sur des organismes tels que le gammare, plus cohérent dans les riviéres, ou des especes de poissons
présents dans la Seine seraient intéressants pour rapprocher les conditions expérimentales des conditions
réelles. Enfin, des études mécanistiques seraient également nécessaires pour comprendre les mécanismes
de toxicité impliqués dans les réponses observées, pour lesquels nous avons pu émettre des hypotheses,
notamment a l'aide d'approches telles que les AOP. Enfin, nous avons identifié ces composés comme étant
problématiques, il serait maintenant intéressant d’engager la réflexion sur les solutions potentielles pour
maitriser le transfert de ce type de polluants dans les milieux aquatiques.

Au niveau réglementaire, nous avions précédemment discuté de certaines mesures mises en place
concernant les composés pharmaceutiques. On retrouve notamment le plan national sur les
micropolluants qui vise a réduire les émissions (a la source) de toutes les molécules susceptibles de polluer
les ressources en eau en accord avec les objectifs fixés par la DCE. Il est cependant difficilement applicable
pour les composés pharmaceutiques, di a leur fonction thérapeutique indispensable pour la santé
humaine. Nous avions également parlé de l'autorisation de mise sur le marché, obligatoire pour tous les
médicaments, et comprenant depuis 2005, une évaluation du Risque Environnemental également basé sur
des Quotients de Risque. Cependant, cette évaluation n’est pas prise en compte lors de la
commercialisation de la molécule et contraint seulement a préciser les conditions de stockage et
d’élimination des composés. De plus, les évaluations ne prennent pas en compte les produits de
dégradation. La prise en compte de ces évaluations pourrait déja représenter un pas vers des pratiques
plus respectueuses de I'environnement. |l serait également intéressant de suivre I'évolution de ces
molécules dans les milieux récepteurs en les incluant aux listes de polluants suivis sur les bassins
versants. Le furosémide est par exemple déja suivi sur le bassin Rhéne-Méditerranée, il pourrait étre

justifié d’inclure la saluamine.

Avec une méthodologie assez proche de notre étude, le projet européen REMPHARMAWATER (2000-2003)
avait pour objectif de mieux comprendre l'impact de certains résidus de médicaments dans |'eau
(ibuproféene, naproxéne, diclofénac, propranolol, aténolol, fluoxétine, sertraline, carbamazépine,
gabapentine, losartan, valsartan, sulfaméthoxazole, triméthoprime, éthinylestradiol, estrone,
levonorgestrel, iopromide, iomeprol) sur la santé humaine et I'environnement. Ses auteurs ont mis en
évidence la présence de ces médicaments, ainsi que de leurs métabolites, dans les eaux usées et dans les
eaux de surface. Ills ont montré que ces composés peuvent affecter le développement et le comportement
des organismes aquatiques, ainsi que leurs systemes endocrinien et immunitaire et que ces substances
pouvaient persister dans I'environnement. Ils en avaient conclu que les effluents de station de traitement
des eaux usées doivent étre mieux traités avant d'étre rejetés dans I'environnement pour réduire leur
impact environnemental. Depuis la fin du projet en 2003, il y a eu quelques améliorations dans le
traitement des eaux usées:
- En 2006, la directive européenne sur les eaux résiduaires urbaines® a été modifiée, obligeant les
Etats membres a collecter et traiter les eaux usées urbaines de maniére adéquate en exigeant la
réduction des substances dangereuses (certains métaux lourds, composés organiques toxiques,

pesticides et détergents).

37 Circulaire du 8 décembre 2006 relative a la mise en conformité de la collecte et du traitement des eaux usées des
communes en application de la directive n° 91/271/CEE du 21 mai 1991



- En 2008, la Commission européenne a publié une recommandation sur la surveillance et le
contréle des substances dangereuses dans les eaux®. Cette recommandation a conduit a
I'adoption de normes de qualité environnementale pour les eaux de surface en Europe, qui
incluent des criteres de qualité pour certains polluants.

Cependant, 20 ans plus tard, nous constatons que les eaux usées ne sont toujours pas suffisamment

traitées et que les composés pharmaceutiques ne sont pas pris en compte.

En revanche, les procédés de traitement des eaux usées dans les STEU ont connu des améliorations
significatives au cours des derniéres années, notamment grace a l'utilisation de procédés de traitement
biologique plus efficaces pour dégrader les matieres organiques, la mise en ceuvre de systemes de
traitement des eaux usées a faible consommation d'énergie et la mise en place de systéemes de
surveillance en temps réel pour contréler la qualité de I'eau traitée et ajuster les processus de traitement
(zejda et al. 2020, Ching et al. 2021, Cardoso et al. 2021). De plus, des méthodes telles que la MBR
(membrane bioreactor), I'ozonation ou I'oxydation par I'acide performique, qui sont généralement
utilisées pour la désinfection, ont émergé dans le but d'éliminer les micropolluants (Kosek et al. 2020,
Programme OPUR?®). Cependant, bien que de nouveaux procédés soient intéressants a tester, il est
important d'identifier et d'évaluer les sous-produits qu’ils engendrent. De ce fait, certains processus
pourraient étre plus avantageux car ils retiennent les composés au lieu de les dégrader. L'ultrafiltration par
exemple est un procédé efficace sur les micropolluants, mais son co(t et son entretien pour le
remplacement et le nettoyage des membranes peuvent étre élevés (Ajo et al. 2018, Kosec et al. 2020). Le
charbon actif est également pertinent car il est capable d’adsorber les molécules, mais il faut recycler le
charbon une fois saturé (Guillossou, 2019). D’autres pistes peuvent également étre intéressantes pour les
nouveaux médicaments. Le projet EDIFIS, par exemple, vise a développer une méthode pour rendre les
médicaments plus respectueux de l'environnement. Pour cela, ses auteurs cherchent a créer des
médicaments qui se désintégrent facilement dans la nature une fois qu'ils ont été éliminés. Cette meilleure
biodégradabilité est recherchée en modifiant la structure des médicaments. Le défi ici est de maintenir

leur efficacité thérapeutique.

A l'issue de cette thése, plusieurs questions se posent sur nos trois composés : Quelle est la fraction
disponible pour les organismes aquatiques ? Est-ce qu’ils peuvent se bioaccumuler ? Est-ce qu’ils auraient
des propriétés de perturbateurs endocriniens comme cela a été montré in vitro pour le furosémide ?
(Isidori et al. 2009, Fent et al. 2006). A quelle vitesse se dégrade la saluamine en conditions
environnementales? Il serait pertinent de confirmer I'affinité de la saluamine avec les sédiments et si c’est
le cas d’étudier I'impact sur des organismes vivants sur/dans ces sédiments. Il serait également intéressant
d’étudier la stabilité, puis la toxicité des autres sous-produits du furosémide, identifiés dans le premier
chapitre. Cependant les standards ne sont pas disponibles sur le marché, comme pour le pyridinium du
furosémide, il faut réussir a les synthétiser. L'analyse dirigée par I'effet (EDA) serait un outil intéressant
pour étudier la toxicité des produits de dégradation d'une molécule, car elle permettrait d'identifier les
composants responsables des effets toxiques observés dans des échantillons environnementaux

complexes. Nous pourrions aussi limiter I'expérimentation animale pour étudier ces composés en

3 Directive 2013/39/UE du parlement européen et du conseil du 12 ao(it 2013 modifiant les directives 2000/60/CE et
2008/105/CE en ce qui concerne les substances prioritaires pour la politique dans le domaine de I'eau
3 https://www.leesu.fr/opur/



employant des approches in silico. Les QSAR (Quantitative Structure-Activity Relationships) par exemple,
sont des modeles mathématiques utilisés pour prédire I'activité biologique d'une molécule, sa toxicité, sa
solubilité, son coefficient de partage octanol/eau et de nombreux autres paramétres. Ces modéles se sont

montrés efficaces sur des familles de composés (Gramatica, 2020).

Enfin, nous avons montré au travers de notre étude protéomique, un impact sur les cellules humaines. De
nombreuses protéines dérégulées sont impliquées dans des maladies neurodégénératives. Nos premiers
résultats indiquent clairement qu’il est nécessaire d’étudier le risque des produits de dégradation du
furosémide en exposition chronique sur I’'Homme. Ce travail de these s’insere dans une stratégie compléte
d’évaluation du furosémide et de ses métabolites, comportant également I'étude de leur
pharmacocinétique urinaire chez une cohorte de patients traités par ce médicament. De plus, en absence
d’information sur la bioaccumulation du pyridinium du furosémide dans le corps humain, il est important
de déterminer si une exposition chronique au furosémide peut augmenter le risque de maladies
d’Alzheimer et de Parkinson, par une étude épidémiologique. Ce modeéle furosémide/métabolites, qui
combine des approches en santé environnementale et humaine, permet de prendre en compte I'ensemble
des systemes biologiques impactés par l'utilisation de ce médicament. Cette approche systématique
“OneHealth” de I'étude d’un médicament de sa consommation par le patient jusqu’a I'environnement, via
les réseaux d’assainissement, forme la base d’une stratégie intégrée transférable a d’autres polluants

émergents.
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Annexe 1. Photographies d'ceufs et de larves de poissons zebres a différents stades de développement

présentant des déformations.
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Annexe 2. Inhibition de la chaine respiratoire mitochondriale aprées exposition a différentes concentrations

de Pyridinium du furosémide.
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