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Graphical abstract

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-Sørensen et al. 1997; Heberer 2002;

Kümmerer 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; Kümmer 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 (Świacka 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 DB00695). 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 C03CA01 PubChem

Molecular Weight (g/mol) 330,744 PubChem

Formula C12H11ClN2O5S 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 (Ivaova & 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

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 ¼ 5th percentile effect concentration; MC95 ¼ 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.

Denmark Germany Sweden Iceland Portugal Finland
United
Kingdom

Nether-
lands

Czech
Republic Canada Spain

Slovak
Republic Hungary Italy

83,2 69,6 61,9 54 51,8 51,7 50,3 48,9 48,1 44,1 43,3 42,9 40,6 38,7

Belgium Chile Slovenia Norway
Luxem-
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 18,5 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 (C03) is separated into several categories defined by the World Health Organization

(WHO). Categories C03A 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 C03E 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 (C03C) 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 Year Population
Mass sold

(kg)

Mass prescribed

(kg)

Mass consumed

(kg)

Mass per inhabitant

(mg)

Poland 2013 38 040 000 6 604 a - - 173.6

181.9Poland 2014 38 010 000 6 915 a - -

Hungary 2014 - 2018* 9 817 400* 1 013 b - - 110.3

Denmark 2000 5 349 217 3 812L 712.6

Sweden 2002 8 925 000 6 960 c - - 526.9

Sweden 2011 9 449 000 - 4 979 d - 779.8

Germany 1999 82 100 000 - 25 334 e - 308.6

Germany 2000 82 210 000 - 26 098 e - 317.5

United-Kingdom (Wales) 2006 2 977 000 - 1 298 f - 436.0

Italy 2001 56 970 000 - 6 400 e - 112.3

Italy 2010 59 280 000 - - 18 606 h 313.9

Italy 2013 60 230 000 - - 20 000 i 332.1

United-Kingdom 2009 62 280 000 - - 20 872 j 335.1

France 2014 66 310 000 - - 21 288 k 321.0

*Average sales and average population between 2014 and 2018 a Giebułtowicz et al. 2016, b Krakko et al. 2019, c Carlsson et al. 2006, d

Lindim et al. 2016, e Huschek et al. 2004, f Kasprzyk-Hordern et al. 2008b, g Calamari et al. 2003, h Al Aukidy et al. 2012, i Riva et al. 2015,
j Boxall et al. 2014, k Chiffre et al. 2016, L Kjølholt 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).



Figure 2. Furosemide concentration in WWTP effluents and influents (µg/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; Mackuľak 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 µg/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).

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; Kjølholt et al. 2003; France: Sandre et al. 2023; Norway: Møskeland et al. 2006; Germany: Schröder et al. 2010; Greece:
Papageorgiou et al. 2019; Dasenaki & Thomaidis 2015; Papageorgiou et al. 2019; Papageorgiou et al. 2016; Iceland: Huber et al. 2016;
Ireland: Lacey 2008; Lacey et al. 2012; Lacey et al. 2008; Italy: 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:
Ibanez 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; Čelić et al. 2019; Klamerth et al. 2013; Sweden: Gros et al.
2016; Kim 2018; Falås 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

Onšov. 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 (Schröder 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).

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; Iceland: Huber et al. 2016; Ireland: 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: Møskeland et al. 2006; Poland: Kot-Wasik et al. 2016; Giebułtowicz 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; Acuña et al. 2015; Čelić 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; Falås 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; Kjølholt 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 (1 300 000 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.

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. Björklund 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 A2O 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.



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; Köck-Schulmeyer et al. 2011; Ferreira Da Silva et al. 2011;

Lopez-Serna et al. 2012; Lopez-Serna et al. 2011; Acuña 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; Italy: 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 :

Møskeland et al. 2006; Denmark: Matamoros et al. 2012; Björklund 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 Mälaren 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 π−π) interactions (Bäuerlein 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, Björklund 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 284 1

Poble Sec District 22.8 1

Llobregat delta 138 2

Barcelona 218 3

Llobregat delta 8 4

Llobregat delta 17 4

France Normandie 14 5

Aubepierre 189 6

Basse-normandie 29 6

Tarzy 12 6

Aubergenville 8 6

Sweden Åre municipality 26 7

Stockholm detected 8

1 Lopez-Serna et al. 2013, 2 Teijon et al. 2010, 3 Candela et al. 2016, 4 Cabeza et al. 2012, 5 Tracol & Duchemin 2007, 6 Blum et al. 2011, 7

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 (Giebułtowicz 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 Còmez-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-González 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 (A2O), 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-H2O2 process on the other hand shows good

efficiency because the addition of H2O2 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).



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; Ikonen 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;

Llorens-Blanch et al. 2015; Machado et al. 2017; Machado et al. 2020; Munoz et al. 2009; Nielsen et al. 2013; Park et al. 2017; Reungoat et

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; Kjølholt 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.

N° Structure Mass Name and formula Reference

Furosemide and furosemide-like structures

1 330.7

Furosemide

C12H11ClN2O5S

2 312.3

Photodegradation product

C12H12N2O6S

Yagi et al. 1991

Mizuma et al. 1998

Jakimska et al. 2014

Katsura et al. 2015

Sandre et al. 2023



3 296.3

Photodegradation product

C12H12N2O5S

Jakimska et al. 2014

4 286.7

Photodegradation product

C11H11ClN2O3S

Vargas et al. 1998

5 330.7

Photodegradation product

C12H11ClN2O5S

Carda-Broch et al. 2000

6 302.7

Photodegradation product

C11H11ClN2O4S

Vargas et al. 1998

7 391.4

Photodegradation product

C17H17N3O6S

Carda-Broch et al. 2000

8 346.7

Metabolization or anodic oxidation product

C12H11ClN2O6S

Mitchell et al. 1976

Laurencé et al. 2011

9 328.7

Anodic oxidation product

C12H9ClN2O5S

Laurencé et al. 2011

Bukkitgar & Shetti 2016

Saluamine and saluamine-like structures

10 250.7

Saluamine

Acid catalyzed hydrolysis, Electro-Fenton,

metabolization, photodegradation product

C7H7ClN2O4S

Beyers et al. 2000
Carda-Broch et al. 2000

Williams et al. 2007
Baranowska et al. 2010

Laurencé et al. 2011
Peterson 2013

Laurencé et al. 2014
Jakimska et al. 2014

Li et al. 2014
Katsura et al. 2015
Almaqdi et al. 2019



11 270.1

Photodegradation product

C7H5Cl2NO4S

Carda-Broch et al. 2000

12 216.2

Photodegradation product

C7H8N2O4S

Jakimska et al. 2014

13 137.1

Photodegradation product

C7H7NO2

Carda-Broch et al. 2000

14 232.2

Photodegradation product

(The position of the hydroxyl group can vary on the ring)

C7H8N2O5S

Jakimska et al. 2014

15 264.7

Ozonation product

C8H9ClN2O4S

Tsilikilis et al. 2016

Zoumpouli et al. 2021

16 266.7

Ozonation product

C7H7ClN2O5S

Zoumpouli et al. 2021

17 308.7

Ozonation product

C9H9ClN2O6S

Zoumpouli et al. 2021

18 278.7

Ozonation product

C8H7ClN2O5S

Tsilikilis et al. 2016

Zoumpouli et al. 2021



19 362.7

Ozonation product

C12H11ClN2O7S

Zoumpouli et al. 2021

20 280.7

Chlorination product

C8H9ClN2O5S

Sandre et al. 2023

21 346.7

Anodic oxidation product

C12H11ClN2O6S

Laurencé et al. 2011

22 346.7

Anodic oxidation, Metabolization,

Biotransformation, Ozonation product

C12H11ClN2O6S

Williams et al. 2007

Olvera-Vargas et al. 2016

Peterson 2013

Zoumpouli et al. 2021

23 364.8

Metabolization product

C12H13ClN2O7S

Bukkitgar & Shetti 2016

Williams et al. 2007

Peterson 2013

Pyridinium and pyridinium-like structures

24 329.7

Pyridinium of furosemide

Chemical, enzymatic oxidation, bioconversion,

photodegradation product

C12H10ClN2O5S

Chen & Burka 2007

Laurencé et al. 2011

Peterson 2013

Laurencé et al. 2014

Laurencé et al. 2019

25 345.7

Bioconversion product

C12H10ClN2O6S

Laurencé et al. 2014



26 282.7

Bioconversion product

(The position of the hydroxyl group can vary on the

pyridin ring)

C12H9ClNO5

Laurencé et al. 2014

27 316.7

Bioconversion product

(The position of the hydroxyl group can vary on the

pyridin ring)

C11H9ClN2O5S

Laurencé et al. 2014

28 328.7

Ozonation product

C12H9ClN2O5S

Zoumpouli et al. 2021

Dimer, glucuronide form and other structures

29 96.1

Furfural

Anodic oxidation, photodegradation product

C5H4O2

Carda-Broch et al. 2000

Laurencé et al. 2014

30 622.6

Photodegradation product

C24H22N4O12S2

Dellagreca et al. 2004

Isidori et al. 2006

31 - 352

Photodegradation product

C14H14N3O6S

Katsura et al. 2015

32 - 555

Photodegradation product

C20H19N4O11S2

Katsura et al. 2015



33 506.9

Furosemide glucuronide

Metabolization product

C18H19ClN2O11S

Mizuma et al. 1998

Williams et al. 2007

Peterson 2013

34 328.7

Metabolization product

C12H9ClN2O5S

Peterson 2013

35 636.1

Metabolization product

C23H28ClN4O11S2

Williams et al. 2007

Peterson 2013

36 682.2

Metabolization product

C24H32ClN5O10S3

Williams et al. 2007

Peterson 2013

37 344.7

Chemical and enzymatic oxidation

C12H9ClN2O6S

Chen & Burka 2007

38 248.7
Ozonation product

C7H5ClN2O4S

Tsilikilis et al. 2016



39 360.7

Ozonation product

C12H9ClN2O7S

Tsilikilis et al. 2016

40 - 276 Ozonation product Aalizadeh et al. 2018

41 - 288 Ozonation product Aalizadeh et al. 2018

42 - 198 Ozonation product Tsilikilis et al. 2016

43 116.1

Thermal decomposition

C5H8O3

Carda-Broch et al. 2000

44 - 205 Peroxidase product Almaqdi et al. 2019

45 - 118 Peroxidase product Almaqdi et al. 2019

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 β-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 1 131 Experimental Christensen et al. 2009

Poeciliopsis lucida hepatoma EC50 24H 2 576 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 µg/L

and 1,56 µg/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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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Pyridinium of furosemide and salu
amine were quantified for the first time 
in wastewater samples. 

• Seine-Centre WWTP shows a good 
removal of furosemide and its degrada
tion products. 

• Ozonation and chlorination completely 
degrade furosemide but may produce 
saluamine. 

• New chlorination and UV/H2O2 degra
dation products of furosemide were 
identified.  
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A B S T R A C T   

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 
all, studied. In this context, we studied the occurrence and degradation of furosemide, a very frequently detected 
diuretic, along with its known degradation products in several types of wastewater. Influent and effluent from the 
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 μg.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− 1 to μg.L− 1 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-Morató 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 H2O2 because it is 
much less energy-consuming and expensive than with O3, 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 (Stefán et al., 
2019; Mazhar et al., 2020). Many products are also generated during 
UV-H2O2 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 in rivers (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 (Laurencé 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− 1 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 (ozonation, 
UV/H2O2) 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 m2 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 μm pore size) and then 
on GF/F filters (0.7 μm 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. 

2.3. Oxidation assays 

Furosemide degradation kinetics experiments were performed in 
ultrapure water spiked with 1 mg.L− 1 of furosemide. UV/H2O2 and 
ozonation were applied at high doses or exposure as described below, 
and chlorination was also conducted at high dose (35 mgCl2.L− 1) 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 H2O2. The sample was 
placed in a beaker, under a UV lamp at 254 nm (UV–C; 0.34 mW/cm2) 
with stirring. To establish degradation kinetics of furosemide in ultra
pure water, 1 mg.L− 1 of H2O2 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 H2O2 dose was determined ac
cording to the DOC value by using 0.375 mg of H2O2 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 (O2 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 O3) and diluted in the furosemide 
samples at the required ozone concentrations, determined according to 
the DOC concentration of the sample (Equation (1)). 

[O3]
(
mgO3.L− 1)= 2 x DOC

(
mgC.L− 1) (1) 

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 O2 flow to the ozonator of 2 L 
h− 1. 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 μm, 
2.1 × 100 mm) with a 15 min gradient elution from 90:10 ultra-pure 

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 TW1 TW2 RCH1 RCH2 RCH3 

DOC (mgC.L− 1) NA NA <8 <8 113.0 429.0 135.8 
COD (mgO2.L− 1) 485 500 26 26 749 1844 640 
BOD5 (mgO2.L− 1) 189 189 5 5 416 894 329 
SM (mg.L− 1) 231 246 4 5 320 400 150 
TKN (mgN.L− 1) 54.6 57.8 1.9 1.9 37 50 24 
ammoniacal N 

(mgN.L− 1) 
43.8 45.5 0.3 0.3 6 16 7 

organic N (mgN. 
L− 1) 

10.8 12.3 1.6 1.6 31 38 2  
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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 min− 1). 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 (Kd value) was calculated according to 
equation (2) (Park et al., 2017), where Kd is the solid-water distribution 
coefficient in L.kg− 1, Cs is the concentration of furosemide, saluamine or 
pyridinium of furosemide adsorbed onto MES ng.L− 1 and Cw is the 
concentration on furosemide, saluamine or pyridinium of furosemide in 
the liquid phase in ng.L− 1, and SS is that of suspended matter in the 
mixture in mg.L− 1. 

Kd =
Cs

SS x Cw
× 106 (2)  

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 μm, 2.1 × 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 UNIFI, 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− 1 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 μg.L− 1 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− 1 in Greece (Papageorgiou 
et al., 2019), 1901 ng.L− 1 and 3410 ng.L− 1 in Spain (Collado et al., 2014; 
Celic et al. 2019), 4577 ng.L− 1 in Portugal (Santos et al., 2013), 1652 ng. 

L− 1 in 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 Gómez-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− 1 

(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 

Table 2 
Concentrations (ng.L− 1) 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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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 μg.L− 1 were even found in a few studies (22 300 ng.L− 1 in 
UNESCO (2017), 26 000 ng.L− 1 in Vymazal et al. (2017), and 11 000 ng. 
L− 1 in 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 
RCH3 which also has the lowest number of beds. On the other hand, 
Gómez-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- 

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. 

Table 3 
Concentrations (in ng.L− 1) of furosemide in WWTP effluents.  

Francea Spainb Portugalc Italyd Polande Denmarkf Swedeng Czech Republich Greecei Canadaj Mexicok Tunisial Japanm Malaysian 

2622 1604 2214 903 2670 612 410 1250 9965 1940 80 67 184 819  

a Tracol and Duchemin, 2016. 
b Celic et al. 2019 
c Santos et al., (2013). 
d Castiglioni et al., (2018). 
e Giebułtowicz et al., (2016). 
f Huber et al., (2016). 
g Frieberg, 2018. 
h Diaz-Sosa et al., (2020). 
i Papageorgiou et al., (2016). 
j Kleywegt et al., 2016. 
k Estrada-Arriaga et al., (2016). 
l Afsa et al., 2020. 
m Hanamoto et al., (2018). 
n Al-Odaini et al., (2013). 
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treated effluents of RCH. Gómez-Canela et al. (2019) reported concen
trations up to 3200 ng.L− 1 and 3400 ng.L− 1 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− 1 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− 1) 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− 1 were 
reported (Ferreira da Silva et al. (2011), Ferrari et al. (2011), and 
Björklund 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− 1 (Huber et al., 2016) and 3602 ng g− 1 

(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− 1 

respectively. Jelic et al. (2012) found a Kd of 43 L 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, Björklund et al. (2016) found a 
Kd of 2517 L kg− 1 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− 1) and digested sludge (110 L kg− 1). In a Membrane 
BioReactor (MBR) or Anaerobic-Anoxic-Aerobic system (A2O) -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− 1) was quite close to the 
one of furosemide, but was much lower in RCH2 (0.36 L kg− 1), 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/H2O2 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/H2O2 experiment, pyridinium of furosemide did not seem to 
be degraded by the ozone treatment. Pyridinium of furosemide was also 

Table 4 
Concentration of furosemide, saluamine and pyridinium of furosemide in residential care homes wastewater in dissolved and particulate phases.   

RCH1 RCH2 RCH3 

Dissolved phase 
(ng.L-1) 

Particulate phase 
(ng.g-1) 

particulate phase 
related to SM (ng.L-1) 

Dissolved phase 
(ng.L-1) 

Particulate phase 
(ng.g-1) 

particulate phase 
related to SM (ng.L-1) 

Dissolved phase 
(ng.L-1) 

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 

Furosemide 
4070 260 29.5 274 10 2.1 1280  

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

Time (min) Concentration (μg.L− 1) Conversion (%) 

UV/H2O2 210 15.05 1.5 
300 58.43 5.8 

Ozonation (3 mg.L− 1) 1 35.84 1.2 
2 58.17 1.9 
4 95.61 3.2 
10 93.29 3.1  
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detected after chlorination (35 mgCl2.L− 1) of furosemide (3 mg.L− 1), 
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 

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. 
Muñoz et al. (2009) showed a 100% removal of furosemide and Gómez 
et al. (2008) a removal of 99% for both O3 and O3 with H2O2 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 O3.L− 1. Experiments 
combining ozonation with other treatments such as biological activated 
carbon (Reungoat et al., 2012) or ultrasonication (Ibáñez 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/H2O2 was between 70 and 80% for all 

Fig. 2. Effectiveness of a) UV/H2O2 and b) 
ozonation on residential care home (RCH) 
discharge water. The bars represent removal 
efficiency in percentage calculated from 
initial concentration for each compound 
(dark grey = furosemide, medium grey =
saluamine, light grey = Pyridinium of furo
semide). Error bars represent standard error. 
For Ozonation, the samples were exposed for 
1.5 h with 2 L.h¡1 O3. For UV/H2O2, the 
samples were exposed for 5H to (0.375xCOD 
value)mg.L− 1 H2O2.   
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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/H2O2 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/H2O2, 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/cm2). The efficiency of furosemide degradation by 
UV/H2O2 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/H2O2 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/H2O2 oxidation has already been observed as a photodegradation 
product of furosemide after exposure to fluorescent lamps, and its 
structure was identified with 1H 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 

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 H2O2 
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/H2O2 treatment, but they did not remain 
stable after H2O2 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/H2O2 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 mgO3/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− 1 were found after treatment and are released into the 
aquatic environment. These concentrations sometimes exceed 10 μg.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/H2O2, 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/H2O2 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. 

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/H2O2 by product m/z 311.03. 
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de Lourdes Rivera-Huerta, Ma, Ramírez-Camperos, E., Montellano-Palacios, L., 
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Supplementary informations:

Text S1. Methodology for chlorination experiment. The Cl2  concentration of a commercial solution
was measured with a spectrophotometer at a wavelength of λ = 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-1 furosemide and chlorine
was added at a concentration of 35 mgCl2.L-1. 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 µL of 1.7 M acetic acid and 750 µL of 1 M potassium

iodide. 

A is the absorbance measured at λ = 351 nm, ε is the molar extinction coefficient (ε = 26 900 M-1.cm-1)
and d is the dilution factor of the reaction medium to make the measurement. Residual chlorine was
quenched by adding sodium thiosulfate in excess.

Figure S1. Furosemide degradation under UV-Light with hydrogen peroxide

Figure S2. Furosemide degradation by ozonation and ozone consumption. (COLOR FIGURE)



Figure S3. Furosemide degradation by chlorination

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 (µg.L-1) conversion (%)

2 41.20 1.4

Chlorination
5 8.73 0.3

During  chlorination,  the  pyridinium  production  seemed  faster  than  with  UV/H2O2,  with  a  1.4%
furosemide conversion rate and a concentration of 41.2 µg.L-1 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

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-1 (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 (S3). 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/H2O2 (product f.)



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 (g.mol
-1)

Mass of the 
analyzed 
ionic 
fragment 
(m/z)

Electrospray Cone 
tension 
(V)

Collision 
energy 
(eV)

RT 
(min)

LOD 
instr 
(µg.L-1)

LOQ 
instr 
(µg.L-1)

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
Furosemide

328,72 249,02 + 50 40 0.9 0.270 0.899
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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 II), 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, Kołecka 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 (Świacka 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® IQ 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 CaCl2; 4.07 g MgSO4, for 1L), reconstituted water for daphnia (11.76 g CaCl2; 4.93 g MgSO4; 2.59 g



NaHCO3; 0.23 g KCl) and artemia (+NaCl for 3. 5%) and TAP medium for green algae (54 mg K2HPO4; 28 mg

KH2PO4; 200 mg NH4Cl; 50 mg MgSO4; 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 III 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).

II. 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 tübingen 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.

III. 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 µm 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 µm, 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 20µL 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 µL 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 µL

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 200µL 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 (H2DCFDA,

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 μL 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 H2O2.

Plates were placed in the incubator at 26°C for 5 days. In the control wells, 100 μL of medium was removed

and replaced with 100μL of H2O2 to a final concentration of 1.5 g/L, and the plates were further incubated 15

min. After incubation, 20 μL of a 10 μg/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 λexcitation = 485 nm, λemission = 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-qPCR 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 III Ultra-Fast SYBR Green qPCR

Master Mix kit (see qPCR and Melting-Curve in SI.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.

F 5’-3’ R 5’-3’ Reference

actb1 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 ΔΔCt 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:

𝑇𝑜𝑥𝑖𝑐𝑖𝑡𝑦 𝑠𝑐𝑜𝑟𝑒 = % 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑒𝑓𝑓𝑒𝑐𝑡
𝐿𝑜𝑔(𝐸𝑓𝑓𝑒𝑐𝑡 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛) × 𝐼𝑚𝑝𝑎𝑐𝑡 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡

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, ...).

VII. 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 µM 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 I inhibition. After in vivo per-os exposure at high dose in mice, PYR induces

the development of characteristic markers of neurodegenerative diseases (α-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.

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 ISO 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 SI.II). On the other hand, hemorrhages appeared around 350 mg/L at 72 h of exposure to furosemide

(figure 2A).

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.

II. 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
(Juvisy-sur-Orge)

Downstream
(Triel-sur-Seine)

WWTP
(Seine-centre) 1

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
1 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.

III. 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 H2DCFDA probe (figure 3).

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 H202 and

exposures to DMSO were also performed (results in SI.III). 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 5.10-6% 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 H2DCFDA 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 (O2
-) as well as a 68% decrease in the enzyme aconitase

(inhibited in the presence of ROS) upon exposure to 1 μM 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 μM (329 µg/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 (sod1 :

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 O2
- by sod1 and H2O2 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).

Figure 4. Expression of three enzymes involved in oxidative stress, superoxide dismutase (sod1), glutathione

peroxidase (gpx) and catalase (cat), measured by RT-qPCR 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 H2O2 to reduce

it to H2O and O2. For PYR, the antioxidant effect observed with H2DCFDA also appeared to be related to the

significant increase in the expression of sod1, 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 & Köhler (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 SI.V).



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.

IV. 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).



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.



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 Reinhardtii. 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 µg/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. reinhardtii Growth kinetics Environmental and

high concentrations

700 ng/L 700 ng/L 50 ng/L

Size (area) Environmental and

high concentrations

700 ng/L 50 ng/L 200 ng/L

Mobility Environmental and

high concentrations

700 ng/L 200 ng/L 200 ng/L

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

high concentrations

225 mg/L 300 mg/L 70 mg/L

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

high concentrations

- 10 mg/L 100 ng/L

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 µg/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

µg/L and 45.15 µg/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



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

stronger effect is clearly observed for the

degradation products. For FUR, as in the LOEC

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

oxidative stress in fish, with an 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

Behavioral Stress Indicator (BSI) to evaluate

chemicals that have an effect on behavior

(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 García 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.

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 SI.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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Supplementary Informations :

SI. figure S1. THERMAL PROFILE: qPCR and Melting-Curve

SI. figure S3. H2O2 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.



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.

SI. figure S4. Fluorescence emitted by D. rerio larvae following acute exposure to high (A) and environmental

(B) concentrations. Fluorescence emitted by zebrafish larvae following acute exposure to high (0 - 0,1 - 1 - 10 - 100 - 250 mg/L)

normalized to the acute DMSO control and environmental (1 - 10 - 100 - 500 - 1000 ng/L) concentrations of FUR, PYR, and SAL reported

as percent of control; Controls in gray; Furosemide in blue; Furosemide pyridinium in green; Saluamine in yellow; Bars are standard

error; Numbers in bars are numbers; Kruskall-Wallis test; *: p-value < 0.05, **: p-value < 0.01, ***: p-value < 0.001



SI. figure S5. Evaluation of heart rate modification of D. magna after 24 h exposure to furosemide, pyridinium

of furosemide and saluamine. At the exposure concentrations, an effect of DMSO (used to solubilize the compounds) was

observed. The number of Heart Beats Per Minute (BPM) is normalized to the effect of DMSO. Heartbeats were counted manually over

15 seconds; Control = reconstituted water; number of individuals = 14 per condition. * = p-value < 0.05; ** = p-value < 0.01; *** =

0.001 (non-parametric Kruskal-Wallis test).

SI. figure S6. Effect of FUR-PYR, FUR-SAL, PYR-SAL mixtures at high (A) and low (B) concentrations with the

LOEWE 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).
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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 I 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 Sedivěc 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 I, 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

I. 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 1.106 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 µm 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 µm (Waters).

II. 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 µL 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 µL 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 µL 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.

III. 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. 300µL 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 µg of proteins, dry them with a Speed Vacuum, store them at -20°C.

The protein digestion was performed as follows on 30 µg 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-/HDMSE method and a reverse phase nano-liquid chromatography. In more

details, samples were loaded on a ACQUITY UPLC peptide BEH130 C18 nanoACQUITYTM column, 100 μm x 100

mm with 1.7 μm diameter (Waters) at a flow rate of 0.45 μL/min. Peptides were separated with a gradient

increasing from 1% Buffer B (acetonitrile with 0.1% formic acid)/99% Buffer A (H2O 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/HDMSE method included 120 min of

acquisition time, positive polarity, MSE 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

QI (Waters) with the algorithm Ion 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.



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 µM 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 1000µM, 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 (µM) 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

µM 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 µM and 6048 µM (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 µM on Oncorhynchus mykiss cell lines and 7789 µM 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.

II. 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).



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 SI.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 SI.I), 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 SI.II), 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 SI.VI). 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 Serine129, 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 SI.III),

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 SI.I. Furosemide deregulated proteins

40S ribosomal protein S21 Hsp90 co-chaperone Cdc37

UDP-glucose 4-epimerase Cell division control protein 42 homolog

G-rich sequence factor 1 Leukocyte elastase inhibitor

5'-3' exoribonuclease 2 DnaJ homolog subfamily A member 2

Transmembrane protease serine 11A Sulfotransferase 1A3

Leukotriene A-4 hydrolase Keratin_ type I cytoskeletal 10

Nuclear migration protein nudC Serine/threonine-protein phosphatase PP1-alpha catalytic subunit

Dihydropteridine reductase 60S acidic ribosomal protein P1

Small nuclear ribonucleoprotein E Barrier-to-autointegration factor

GTP cyclohydrolase 1 feedback regulatory protein Thioredoxin-dependent peroxide reductase_ mitochondrial

26S proteasome regulatory subunit 6B ATP synthase subunit f_ mitochondrial

Tetratricopeptide repeat protein 38 Kinectin

26S proteasome regulatory subunit 8 Partner of Y14 and mago

2-hydroxyacyl-CoA lyase 2 DnaJ homolog subfamily A member 3_ mitochondrial

NADH-cytochrome b5 reductase 3 Immunoglobulin lambda-like polypeptide 5

Succinate-semialdehyde dehydrogenase_ mitochondrial 40S ribosomal protein S10

Mitochondrial import receptor subunit TOM40 homolog Protein SEC13 homolog

Keratin_ type II cytoskeletal 4 Actin-related protein 2/3 complex subunit 2

Keratin_ type II cytoskeletal 1b BolA-like protein 2

Leucine-rich repeat-containing protein 59 Nucleolysin TIAR

Trifunctional enzyme subunit beta_ mitochondrial Annexin A7

Hsp90 co-chaperone Cdc37 Peptidyl-prolyl cis-trans isomerase A-like 4G

Cell division control protein 42 homolog Serine/threonine-protein phosphatase 2A catalytic subunit beta isoform

Leukocyte elastase inhibitor Dual specificity protein phosphatase 9

DnaJ homolog subfamily A member 2 Sulfotransferase 1A2

Sulfotransferase 1A3 Splicing factor 1

Keratin_ type I cytoskeletal 10 Acyl-coenzyme A thioesterase 1

Serine/threonine-protein phosphatase PP1-alpha catalytic

subunit
Aspartate--tRNA ligase_ cytoplasmic

60S acidic ribosomal protein P1 THO complex subunit 4

Barrier-to-autointegration factor Alcohol dehydrogenase class-3

Thioredoxin-dependent peroxide reductase_ mitochondrial Progranulin

ATP synthase subunit f_ mitochondrial Splicing factor 3A subunit 3

Kinectin Copine-1

Partner of Y14 and mago 60S ribosomal protein L9

DnaJ homolog subfamily A member 3_ mitochondrial Cytochrome c oxidase subunit 4 isoform 1_ mitochondrial

Immunoglobulin lambda-like polypeptide 5 Sialic acid synthase



Protein S100-A9 Ras GTPase-activating-like protein IQGAP2

Immunoglobulin kappa variable 1D-13 14-3-3 protein eta

Spermidine synthase Lymphokine-activated killer T-cell-originated protein kinase

ADP-ribosylation factor-like protein 8B Estradiol 17-beta-dehydrogenase 11

D-dopachrome decarboxylase Fatty acid-binding protein_ liver

Protein S100-A9 Transcription intermediary factor 1-beta

Immunoglobulin kappa variable 1D-13 Aldehyde dehydrogenase family 1 member A3

Spermidine synthase Large neutral amino acids transporter small subunit 1

ADP-ribosylation factor-like protein 8B Cell division cycle 5-like protein

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

Table SI.II. Pyridinium of furosemide deregulated proteins

Beta-enolase Peroxiredoxin-6

Elongation factor 1-gamma NHP2-like protein 1

Cofilin-2 Citrate synthase_ mitochondrial

GTP:AMP phosphotransferase AK3_ mitochondrial Cytochrome c oxidase subunit 4 isoform 1_ mitochondrial

E3 ubiquitin-protein ligase LRSAM1 Putative protein FAM86JP

60S ribosomal protein L3 60S ribosomal protein L5

60S ribosomal protein L28 Purine nucleoside phosphorylase

Sodium/potassium-transporting ATPase subunit alpha-1 UDP-glucose 6-dehydrogenase

Ras-related protein Rab-37 60S ribosomal protein L27a

40S ribosomal protein SA 40S ribosomal protein S4_ X isoform

Keratin_ type II cytoskeletal 8 60S ribosomal protein L36

Fructose-bisphosphate aldolase A Zinc finger HIT domain-containing protein 2

40S ribosomal protein S23 Neutral alpha-glucosidase AB

40S ribosomal protein S13 Sialic acid synthase

GTP-binding nuclear protein Ran Serine/arginine-rich splicing factor 1

Ubiquitin carboxyl-terminal hydrolase 7 Myosin light chain 6B

THO complex subunit 4 Zinc finger and SCAN domain-containing protein 26

Phosphoserine aminotransferase Retinal dehydrogenase 2

Minor histocompatibility antigen H13 Alpha-actinin-1

ATP-citrate synthase High mobility group protein B1

Heterogeneous nuclear ribonucleoprotein M 4F2 cell-surface antigen heavy chain

Nucleosome assembly protein 1-like 1 Atlastin-2

Vimentin Fascin

Glutathione S-transferase omega-1 Transferrin receptor protein 1

Phosphoglycerate kinase 1 NADH-cytochrome b5 reductase 3

Proteasome subunit alpha type-5 Serine/arginine-rich splicing factor 4

Neutrophil defensin 1 Eukaryotic initiation factor 4A-III

Gamma-enolase Non-POU domain-containing octamer-binding protein

Chloride intracellular channel protein 1 60S ribosomal protein L23a

Serpin B6 Heat shock-related 70 kDa protein 2

Putative heat shock protein HSP 90-alpha A5 Heat shock protein 75 kDa_ mitochondrial

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

mitochondrial
Aldo-keto reductase family 1 member C1

Histone H1.1 Aldo-keto reductase family 1 member C2

Leucine-rich repeat-containing protein 59 Tumor protein D54

Lymphokine-activated killer T-cell-originated protein kinase X-ray repair cross-complementing protein 6

Calmodulin-3 Prothymosin alpha

Acyl-CoA-binding protein Ras-related protein Rab-1A

Agmatinase_ mitochondrial ELAV-like protein 1

Protein DEK 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

glycosyltransferase subunit DAD1
Core histone macro-H2A.2

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 SI.III. 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 II 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 SI.IV. Furfural deregulated proteins

Peroxiredoxin-1 Keratin_ type I cytoskeletal 14

Parkinson disease protein 7 Keratin_ type I cuticular Ha6

Interferon-inducible double-stranded RNA-dependent protein

kinase activator A
DNA replication licensing factor MCM7

Keratin_ type I cytoskeletal 13 Cofilin-2

Protein disulfide-isomerase Histone H1.10

Vomeronasal type-1 receptor 5 Peptidyl-prolyl cis-trans isomerase FKBP1A

Keratin_ type I cytoskeletal 10 Tubulin alpha-1B chain

Hydroxyacyl-coenzyme A dehydrogenase_ mitochondrial Tubulin alpha-1C chain

Serine hydroxymethyltransferase_ mitochondrial Tubulin alpha-1A chain

Keratin_ type I cytoskeletal 18 Cytochrome b-c1 complex subunit 7

Beta-enolase Keratin_ type II 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 Poly(rC)-binding protein 1

Heterogeneous nuclear ribonucleoprotein A1 Aldo-keto reductase family 1 member C3

Lactotransferrin Ras-related protein Rab-11A

GDP-mannose 4_6 dehydratase Ras-related C3 botulinum toxin substrate 1

Peptidyl-prolyl cis-trans isomerase B NADH-cytochrome b5 reductase 3

Tyrosine--tRNA ligase_ mitochondrial NADH-ubiquinone oxidoreductase 75 kDa subunit_ mitochondrial

Putative 40S ribosomal protein S26-like 1 Glutaredoxin-1

40S ribosomal protein S26 Heterogeneous nuclear ribonucleoprotein C-like 3

WD repeat-containing protein 1 60S ribosomal protein L19

Probable phosphoglycerate mutase 4 Purine nucleoside phosphorylase

40S ribosomal protein S3a 2_4-dienoyl-CoA reductase [(3E)-enoyl-CoA-producing]_ mitochondrial

Phosphoglycerate mutase 1 Aldo-keto reductase family 1 member B15

Phosphoglycerate kinase 2 Monocarboxylate transporter 4

40S ribosomal protein S9 Transketolase

Serine/arginine-rich splicing factor 8 60S ribosomal protein L23

Tubulin alpha-3C chain Sialidase-1

Proliferating cell nuclear antigen Enoyl-CoA delta isomerase 2

Malate dehydrogenase_ mitochondrial Sialic acid synthase

60S ribosomal protein L18a Keratin_ type I cytoskeletal 27

Ras-related protein Rab-37 39S ribosomal protein L12_ mitochondrial

Nucleosome assembly protein 1-like 1 Splicing factor_ proline- and glutamine-rich

40S ribosomal protein S18 Heat shock 70 kDa protein 6

Probable ATP-dependent RNA helicase DDX17 Tumor protein D54

Trifunctional purine biosynthetic protein adenosine-3 Protein S100-A9

Immunoglobulin heavy constant alpha 1 Lipocalin-1

Serine/arginine-rich splicing factor 4 Low molecular weight phosphotyrosine protein phosphatase

Cytochrome c oxidase subunit 5B_ mitochondrial Histone H2A.V

Histone H1t Malonate--CoA ligase ACSF3_ mitochondrial

40S ribosomal protein S8 Glutathione S-transferase omega-1

40S ribosomal protein S23 40S ribosomal protein S21

UDP-glucose:glycoprotein glucosyltransferase 1 L-xylulose reductase

Heterogeneous nuclear ribonucleoprotein D0 T-complex protein 1 subunit zeta-2

14-3-3 protein theta Lymphokine-activated killer T-cell-originated protein kinase

Transmembrane 9 superfamily member 4 Ubiquitin thioesterase OTUB1

Rootletin Heterogeneous nuclear ribonucleoprotein M

Heat shock protein 75 kDa_ mitochondrial Complement component C9

Clathrin heavy chain 2 Ras-related protein Rab-8B

Heterogeneous nuclear ribonucleoprotein F Agmatinase_ mitochondrial

Sulfotransferase 2A1 DnaJ homolog subfamily A member 3_ mitochondrial

40S ribosomal protein SA Aspartyl/asparaginyl beta-hydroxylase

Receptor of activated protein C kinase 1 DnaJ homolog subfamily A member 2

40S ribosomal protein S5 Tubulin beta-4B chain

Zinc finger HIT domain-containing protein 2 Putative heat shock protein HSP 90-alpha A5

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

Lysozyme C Phosphoserine aminotransferase

Aspartate aminotransferase_ cytoplasmic Eukaryotic translation initiation factor 3 subunit E

40S ribosomal protein S27-like AP-2 complex subunit mu

Adipocyte plasma membrane-associated protein ATP synthase membrane subunit DAPIT_ mitochondrial

Aldo-keto reductase family 1 member B10 60S ribosomal protein L23a

Neutrophil defensin 1 Cofilin-1

Far upstream element-binding protein 1 Phosphoglycerate kinase 1

60S ribosomal protein L27 60S ribosomal protein L3

Glutaminase kidney isoform_ mitochondrial Eukaryotic translation initiation factor 3 subunit H

Endoplasmin Serine/threonine-protein phosphatase 4 regulatory subunit 4

Putative tubulin-like protein alpha-4B 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

subunit 1
Calmodulin-like protein 5

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 II 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 SI.V. 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 SI.VI. 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 SI.VII. 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

C, Chronic, Liver Neoplasms

2 3,00E-02

Liver carcinoma 11 3,00E-02

breast cancer 10 3,40E-02

Carcinoma, Squamous Cell, Head and Neck Neoplasms,

Squamous cell carcinoma

3 3,50E-02

esophageal carcinoma 2 3,70E-02

Leukemia, Myeloid, Acute, Precursor Cell Lymphoblastic

Leukemia-Lymphoma, Recurrence

2 3,70E-02

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

abnormality, Trisomy

2 4,50E-02

Chromosome Aberrations, Chromosome abnormality,

DNA Damage

2 4,50E-02

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 SI.VIII. 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 7 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

functions
Abortion, Spontaneous 5 2,50E-02

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

Progression
37 7,10E-13



Table SI.IX. 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 II, Metabolic Syndrome X|Obesity 2 6,00E-03

autoimmune diseases Type 2 Diabetes| edema | rosiglitazone 9 6,10E-02
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