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Abstract Some widely prescribed drugs are sparsely metab-
olized and end up in the environment. They can thus be a focal
point of ecotoxicity, either themselves or their environmental
transformation products. In this context, we present a study
concerning furosemide, a diuretic, which is mainly excreted
unchanged. We investigated its biotransformation by two en-
vironmental fungi, Aspergillus candidus and Cunninghamella
echinulata. The assessment of its ecotoxicity and that of its
metabolites was performed using the Microtox test (ISO
11348-3) with Vibrio fischeri marine bacteria. Three metabo-
lites were identified bymeans of HPLC-MS and 1H/13C NMR
analysis: saluamine, a known pyridinium derivative and a
hydroxy-ketone product, the latter having not been previously
described. This hydroxy-ketone metabolite was obtained with
C. echinulata and was further slowly transformed into
saluamine. The pyridinium derivative was obtained in low
amount with both strains. Metabolites, excepting saluamine,
exhibited higher toxicity than furosemide, being the
pyridinium structure the one with the most elevated toxic

levels (EC50 = 34.40 ± 6.84 mg L−1). These results demon-
strate that biotic environmental transformation products may
present a higher environmental risk than the starting drug,
hence highlighting the importance of boosting toxicological
risk assessment related to the impact of pharmaceutical waste.
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Introduction

Pharmaceuticals, which are substances designed to possess
biological effects, are able to affect any function of the body
of man or animals and they are used in diagnosis, prevention
or cure of diseases. They are produced and used in large ton-
nage, and their presence in the environment as hazardous con-
taminants is now well recognized (Agerstrand et al. 2015;
Khetan and Collins 2007). Several reports have shown their
presence in effluents of sewage treatment plants (STPs) (Loos
et al. 2013). Indeed, most pharmaceuticals enter municipal
STPs via domestic and hospital sewages or through industrial
discharges, part of them escaping degradation (Al Aukidy
et al. 2014; Frederic and Yves 2014). They have been un-
equivocally detected in surface, ground and, in some cases,
even in drinking water. Despite their low concentration levels,
their continuous release into the environment makes them
pseudo-persistent and hence a focal point of toxicity risk
(Fent et al. 2006).

Once in the environment, pharmaceuticals undergo conver-
sion processes that can induce the formation of a great variety
of transformation products (TPs). They can be metabolized by
different microorganisms (biotic transformations) and/or un-
dergo photolysis, hydrolysis or chemical oxidation (abiotic
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transformations). In like manner, drugs can be transformed
during sewage and drinking water treatment, resulting in the
generation of different biologically and chemically trans-
formed products (Fatta-Kassinos et al. 2011). These TPs
may have similar activity to the parent compound or may be
biologically more active and/or more toxic (Dirany et al. 2011;
Khetan and Collins 2007; Morais et al. 2014). Additionally,
they are commonly present as complex mixtures, whose com-
bined toxicity may exceed that of each isolated compounds
(Backhaus and Karlsson 2014). Consequently, the presence of
pharmaceuticals and their TPs in environmental water sources
represent a substantial toxicological risk for living organisms
and humans (Celiz et al. 2009; de Jesus Gaffney et al. 2015).
Determining the toxicity and ecotoxicity of these persistent
micropollutants and their TPs is thus fundamental and a pre-
requisite for thorough risk assessment aiming at a comprehen-
sive protection of the environment.

Microorganisms possess multiple-enzyme systems
allowing them to metabolize xenobiotics into a wide range
of transformation products. Accordingly, several active micro-
bial strains, especially fungi, have been used as a competitive
and ecologically effective approach for the preparation of di-
verse metabolites for different purposes, including drug me-
tabolism studies (Azerad 1999; Marvalin and Azerad 2011).
Aspergillus species have been widely used for the preparation
of several potentially bioactive derivatives, whence evidenc-
ing its ability to biotransform a variety of chemicals (Adelin
et al. 2011; Arakawa et al. 2013; Parshikov et al. 2015).
Similarly, Cunninghamella species, a filamentous fungus
found in soi l and plant mater ia l , part icularly at
Mediterranean and subtropical zones, are able to perform bio-
transformations using both, phase I (oxidative) and phase II
(conjugative) bio-mechanisms, imitating mammalian metabo-
lism. In fact, they have P450 monooxygenase systems com-
parable to those inmammals and enzymes conducting phase II
metabolism of drugs (Asha and Vidyavathi 2009; Felczak
et al. 2016). In this way, microbial metabolism of xenobiotics
is widely used as a model for mammalian metabolism studies.
Paradoxically, the use of isolated wild strains in the investiga-
tion of the fate of drugs in the environment is not widespread
(Murphy 2016), in spite of the potentiality of biotransforma-
tions as a very useful tool for the preparation of drugs’ trans-
formation metabolites, aiming to strengthen and support pre-
dictive modelling and analysis on ecotoxicity and risk
assessment.

Furosemide (FRSM), a widely prescribed loop diuretic, has
been unambiguously detected in aquatic environments (Besse
and Garric 2008; Mendoza et al. 2015; Oliveira et al. 2015)
and it has been classified by the European Medicine Agency
as one of the highest risk pharmaceuticals based on its expo-
sure criteria (Huschek et al. 2004). It has been reported to
cause side effects on some species, mainly hepatotoxicity
and ototoxicity. Furthermore, its carcinogenic and genotoxic

potential has also been suggested (Bucher et al. 1990; Mondal
et al. 2012). These toxicological effects have been associated
with the formation of toxic metabolites, which are capable of
disrupting cellular functions by binding relevant cell macro-
molecules. A metabolite, under the form of an electrophilic
epoxide, has been reported to be highly cytotoxic to liver
hepatocytes (Williams et al. 2007). Moreover, FRSM alone
or in mixture with other pharmaceuticals was reported to show
estrogenic activity, mixtures having synergistic effects (Fent
et al. 2006). Recently, we reported the microbial biotransfor-
mation of FRSM by selected bacteria and fungi, which were
able to metabolize FRSM into saluamine (SLMN), a
pyridinium derivative (PRDN) and another product. The
pyridinium derivative was reported to be more toxic than the
parent drug (Laurencé et al. 2014). Moreover, both metabo-
lites, SLMN and PRDN, were as well detected during electro-
chemical oxidation of the drug by electro-Fenton (EF) process
(Olvera-Vargas et al. 2015), whence suggesting their high
probability to be generated as environmental transformation
products.

The significant progress on the ongoing regulation
concerning pharmaceutical residues witnesses the increasing
preoccupancy about this environmental problem. In fact, three
pharmaceuticals have been included in the Bwatch list^ of
emerging pollutants within the European Water Framework
Directive (Directive 2013/39/EU) (Kuster and Adler 2014;
Ribeiro et al. 2015). However, data related to toxicological
effects of medicines and their TPs in the environment is still
scarce and sometimes ambiguous; thereby, it is of primordial
importance to reinforce environmental risk assessment
through ecotoxicological approaches aiming at stablishing
the most appropriate strategies for environmental manage-
ment and monitoring regarding pharmaceutical waste. The
present work investigates the bioconversion of FRSM by the
environmental fungi Aspergillus candidus and Cunning
hamella echinulata for toxicological evaluation. Three main
metabolites were formed: SLMN, PRDN derivative, and a
hydroxy-ketone (HK), the latter being described for the first
time. A mechanistic pathway for the metabolism of FRSM by
C. echinulata is proposed and ecotoxicological assays using
V. fischeri bacteria revealed that PRDN and HK metabolites
possess higher toxicological levels than FRSM itself.

Materials and methods

Chemicals and analysis methods

Furosemide (purity >98 %), trifluoroacetic acid and formic
acid were of reagent grade from Fluka. PRDNwas synthetized
as described (Laurencé et al. 2011). Gradient grade
HiPersSolv acetonitrile from VWR was used.
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HPLC analysis was performed on Gilson system (pump
305, pump 306, gradient dynamic mixer 811B and
autoinjector 234) with a Supelcosil LC-18, 3 μm
(75 mm × 4.6 mm) column. The system was controlled and
the results were analysed by Unipoint Gilson software.
Column was eluted with an appropriate solvent system at a
flow of 1.0 mL/min: (solvent A: water, 0.1 % trifluoroacetic
acid; solvent B: 50 % water/50 % acetonitrile, 0.1 %
trifluoroacetic acid) 0–5 min (isocratic 90/10), 5–8 min (gra-
dient up to 50/50), 8–15 min (gradient up to 20/80), 15–
20 min (isocratic 20/80). The detection was at 240 nm using
an UV detector.

LC-MS analyses were performed on Nexera UHPLC chro-
matographer coupled with a MS2020 simple quadrupole mass
spectrometer from Shimadzu, using atmospheric pressure
chemical ionization (APCI). One microlitre of sample solu-
tions was injected through a Nexera autosampler. A Kinetex
column, 2.7 μm, C18 100 Å, 100 × 2.1 mm, from
Phenomenex, was used, and a 10-min program was developed
for these analyses using a binary A/B solvent system at a flow
rate of 0.5 mL/min (solvent A: methanol, 0.01 % formic acid;
solvent B: water, 0.01 % formic acid): 0–2 min (isocratic
5/95), 2–7 min (gradient up to 80/20), 7–8 min (isocratic 80/
20). Eluted compounds were detected between m/z 50 and
600. Optimal MS settings were fixed as follows: drying gas:
nitrogen, 15 L min−1; nebulizing gas: nitrogen, 1.5 L min−1;
Qarray RF: 60 V; Qarray DC: 0 V; DL voltage and tempera-
ture: 0 Vand 250 °C; detector voltage: 1.1 kV; APCI interface
voltage: +4.5 kV; event time: 200 ms.

Preparative HPLC was performed on an Agilent system,
using an Agilent PrepHT XDB-C18 column (21.2 × 150 mm;
5 μm; USA). Sample was injected and separated using the
same gradient program for HPLC analysis. Three main peaks
were obtained and collected in separated fractions.

Mass spectra data were recorded using an electrospray time
of flight mass spectrometer (ESI-TOF-MS) operating in pos-
itive and negative modes (QSTAR Pulsar I of Applied
Biosystems). NMR experiments were recorded on Bruker
Avance III HD 400 MHz spectrometers (Wissembourg,
France) equipped with a BBFO Plus Smartprobe.

Microorganisms and culture conditions

Fungal strains were obtained from the American Type Culture
Collection (C. echinulataATCC 9245, and A. candidusATCC
20023). Cultures were maintained on agar slants (containing
in g L−1: bactopeptones 5, yeast extract 5, malt extract 5,
glucose 20 and agar 20) and stored at 4 °C. Liquid culture
media containing (g L−1) glucose 16, yeast extract 4, malt
extract 10, and soybean peptones 5 (YMSmedium) were ster-
ilized without glucose at 120 °C for 20 min. Separately steril-
ized glucose solution (40 %) was added afterwards. Flasks
(100 mL) containing 50 mL of YMS culture medium were

inoculated with glycerol suspension of microorganisms and
incubated at 30 °C and 200 rpm (orbital shaker) for 60 h.

Biotransformations

For time-course studies of biotransformation, biomass was
filtered, suspended in citrate or phosphate buffer and substrate
was added in DMF solution for a final concentration of
0.4 g L−1. Biotransformations were performed in light.
Samples were taken at regular intervals of time: 200 μL of
methanol were added to 800 μL of biomass-containing sam-
ple, which was further stirred, sonicated and centrifuged prior
to injection. A control experiment without biomass addition
was conducted under the same conditions. No decrease in the
concentration of FRSMwas observed after 24 h, showing that
photolysis of the drug is not significant.

Production of hydroxy-ketone and saluamine

C. echinulataATTC 9245was cultured in YMSmedium (2 L)
as described above. Biomass (300 g) was harvested by filtra-
tion and suspended in citrate buffer (0.5 L, 0.1 M pH 5).
Furosemide was added (200 mg) in DMF solution, final con-
centration 0.4 g L−1. Incubation was performed under an air
atmosphere at 27 °C and 200 rpm for 72 h. Cell suspension
was filtered and incubation medium was extracted with ethyl
acetate (3 times). Crude extract was re-dissolved in methanol
and purified by preparative HPLC, giving SLMN (64 mg) in
42 % yield and HK (34 mg) in 17 % yield.

HK: HRMS (ESI-TOF) M-H+: m/z calc mass for
C12H14ClNO6S 349.0261 g mol−1, found 349.0141 g mol−1.
1H NMR (400 MHz, DMSO-d6) δ (ppm): 8.69 (t, J = 4.8 Hz,
1H, N-H), 8.38 (s, 1H, H-10), 6.82 (s, 1H, H-7), 4.3 (d, J = 4.8,
2H, H-5), 3.39 (t, j = 6.4 Hz, 2H, H-1), 2.53 (t, J = 7.3 Hz, 2H,
H-3), 1.68 (m, 2H, H-2). 13C NMR (100 MHz, DMSO-d6) δ
(ppm): 206.04 (C-4), 168.8 (C-12), 152.4 (C-6), 136.7 (C-8),
133.7 (C-10), 127.1 (C-9), 114.4 (C-7), 108.4 (C-11), 60.5
(C-1), 52.4 (C-5), 36.7 (C-3), 27.03 (C-2).

Ecotoxicological tests

Toxicity tests were conducted with the photo-luminescent
bacteria V. fischeri. The bioassay measures the decrease in
bioluminescence induced in the cell metabolism by the
presence of chemicals and it was performed in accordance
with ISO 11348-3 procedure (Microtox@). The bacteria
and the activation reagent, LCK 487 LUMISTOX, were
provided by Hach Lange France SAS. A dilution series of
the standard solutions of furosemide and the isolated me-
tabolites: pyrimidium derivative, saluamine and hydroxyl-
ketone, were prepared in 2 % NaCl and pH was adjusted
to a value of 7. Bioluminescence intensity was measured
using a luminometer Berthold™ Autolumat Plus LB 953,

Environ Sci Pollut Res (2016) 23:22691–22700 22693



at time zero and after 15 min of exposure to the samples
at 15 °C and compared to the measured value of the con-
trol solution (NaCl 2 %). Concentration of the toxicants
produces a dose-response relationship from which the re-
sults as the 50 and 20 % inhibition effective concentration
(EC20 and EC50, respectively) were deduced by nonlin-
ear regression curves with variable Hill slope. Reported
toxicity values are the average of 3 replicates of each
sample with 95 % confidence limits. Phenol was tested
as a control and it was found to be within the Microtox@

set parameters, EC50 between 13 and 26 mg L−1.

Results

Identification of furosemide metabolites

Biotransformation of FRSM by C. echinulata was con-
duc ted in p repa ra t ive sca l e du r ing 72 h . The

chromatograms obtained by HPLC analysis showed the
presence of two peaks apart from that of FRSM
(Fig. 1a). The corresponding products were purified by
preparative chromatography and analysed by LC-MS
(Fig. 2). The MS spectrum in negative mode of the more
polar compound M1 (Rt = 4.0 min) showed a molecular
ion m/z 249, corresponding to the [M-H+]− ion (Fig. 2b,
d). Along with the 1H NMR analysis, where protons from
the furan ring were not observed, this product was iden-
tified as SLMN, whose formation by this fungus was
confirmed.

The MS spectrum in negative mode of the second com-
pound M2 (Rt = 5.01 min) showed a molecular ion [M-
H+]− at m/z 349 (Fig. 2c, e) corresponding to an increase
of 20 u compared to furosemide, which resulted from the
addition of one oxygen and four hydrogen atoms. The
presence of the chlorine atom in this metabolite was con-
firmed by the fact that the MS spectrum showed three
peaks at m/z 349.0141, 351.0120 and 353.018 with rela-
tive intensity of 100, 30 and 10, respectively (Fig. S1).
Additionally, the interpretation of the 1H NMR and 13C
NMR spectra (Figs. S2 and S3), along with the two di-
mensional COSY, HSQS and HMBC spectra, allowed the
unambiguous identification of the HK product with a mo-
lecular mass of 350.77 g mol−1. The MS/MS daughter ion
spectrum (negative ion) showed two main fragmentation
ions: at m/z 305 (loss of 44 u, CO2) and m/z 227 (loss of
35 + 87 u), the latter indicating the loss of chlorine and
the COCH2CH2CH2OH group, which corresponds to
cleavage of the bound next to the keto group. This frag-
mentation pattern is consistent with the metabolic trans-
formation of the furan ring giving the γ-hydroxy-ketone.
Moreover, the MS spectrum in negative mode of the HK
solubilized in methanol revealed a protonated molecular
ion m/z 363.0105 (Fig. S4), which corresponds to the
ketal adduct resulting from intramolecular cyclization
and addition of one molecule of methanol.
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Fig . 1 Represen ta t ive HPLC chromatograms of FRSM
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Fig. 2 Biotransformation of
furosemide by C. echinulata. LC-
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(c) and mass spectra of peak at
Rt = 4 min (d) and at Rt = 5 min
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Regarding the biotransformation of FRSM by A. candidus,
the chromatograms obtained in HPLC analysis during incuba-
tion also showed the presence of two peaks apart from that of
FRSM (Fig. 1b), one of them having the same retention time
of SLMN. The presence of the latter was confirmed by LC-
MS analysis since an m/z peak of 249 in negative mode was
observed (Fig. 3c, e). Compound M3 showed a Rt of 1.2 min
and an m/z peak of 329 in positive mode in LC-MS, which
corresponded to PRDN (Fig. 3b, c). Its formation was con-
firmed by the HRMS spectrum of the brut extract, which
showed a peak at m/z 328.9975.

Effect of incubation conditions

The time courses of the bioconversion of FRSM were
investigated in two different buffers, 0.1 M citrate buffer
pH 5 and 0.1 M phosphate buffer pH 7. The results were
illustrated in Figs. 4 and 5 for representative biotransfor-
mation. Figure 4 shows the evolution of FRSM and its
metabolites SLMN and HK in terms of the percentage of
peak area, assuming that all metabolites have a similar
molar absorption coefficient. The evolution of PRDN,
which was formed in much lesser amounts, is given in
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Fig. 3 Biotransformation of
furosemide by A. candidus. LC-
MS ion-current chromatogram of
m/z 329 in negative mode (a), of
m/z 329 in positive mode (b) and
of m/z 249 in negative mode (c)
and masse spectra of peak at
Rt = 6 min (d) and at Rt = 1.1 min
(e)
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Fig. 5. It can be seen from Fig. 4a that FRSM was almost
completely metabolized by C. echinulata when incubation
was performed in phosphate buffer, while during incuba-
tions with A. candidus (Fig. 4b), only 50 % of FRSM was
converted into SLMN as the main product. HK was the
main metabolite produced by C. echinulata; however, its
disappearance was observed after a long incubation time,
as it was progressively transformed into SLMN. This fact
was verified by incubation of purified HK with
C. echinulata, which resulted in the formation of SLMN
(Fig. S5). A control experiment was carried out in the
absence of biomass, in which no significant decay on
the concentration of HK was perceived, hence confirming
that HK was not altered by abiotic factors. Moreover, an
increase in the pH of the solution was observed during
biotransformation (Figs. 4 and 5), especially for the incu-
bations carried out in citrate buffer. In all cases, pH
reached a value of 8 after 168 h of incubation, which
can be attributed to the progressive metabolism of citrate
by the microorganism. It may be noted that this increase
of pH coincided with the appearance of SLMN.

Concerning PRDN (Fig. 5), this metabolite was produced
by both microorganisms in all conditions, but in greater
amount when using A. candidus. It is noteworthy that for both
strains, PRDN appeared until the medium reached a pH value
of 6 (Fig. 5) when citrate buffer was utilized (pH 5), thus
suggesting that its formation is pH dependent, also taking into
account that it was generated from the first stages of incuba-
tion when phosphate buffer (pH 7) was used. Finally, the
influence of PRDN on FRSM biotransformation by
A. candidus was assessed. The addition of PRDN in the incu-
bation medium was found to entail inhibition of FRSM me-
tabolism; hence, formation of SLMN did not take place.

Ecotoxicological assessment

Toxicity evaluation was carried out by means of the V. fischeri
bioluminescence acute test. Toxicity values are expressed in
terms of the effective concentration (EC50 and EC20), which

represents the concentration causing 50 and 20% of inhibition
of luminescence, respectively (Fig. 6). These values were de-
termined by fitting the experimental data to dose-response
curves with variable Hill slope. The concentration-response
curves are depicted in Fig. 7. Toxicity of FRSM and HK
product are only expressed as EC20 being that they did not
provoke more than 30 and 50 % of luminescence inhibition,
respectively, at the tested concentrations. Only the data at 15-
min contact were considered, as negligible difference was
observed between the other exposure times.

The most remarkable issue is that metabolites HK and
PRDN presented the highest toxicity levels, with
E C 5 0 = 3 4 . 4 0 ± 6 . 8 4 m g L − 1 a n d
EC2 0 = 18 . 94 ± 3 . 81 mg L − 1 f o r PRDN, and
EC20 = 37.42 ± 7.96 mg L−1 for HK.

Discussion

Biotransformation

Three metabolites have been observed during the biotransfor-
mations of FRSM, whose identification allowed proposing the
metabolic pathway described in Scheme 1. SLMN was
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formed by both microorganisms and it resulted from FRSM
N-dealkylation, which occurs through hydroxylation in the α-
position of the amino group involving monooxygenase like
cytochrome P450 enzyme, followed by hydrolysis of the

hemiaminal intermediate (Hezari and Davis 1992; Williams
et al. 2007). SLMN has also been detected as stable metabolite
during the incubation of FRSM in the presence of river sedi-
ments (Li et al. 2014). These findings demonstrate that the use
of microorganisms for the synthesis of TPs from pharmaceu-
ticals is a potential approach for assessing the fate of drugs in
environmental organisms.

HK, formed by C. echinulata, resulted from the oxidation
of the furan ring. Such oxidation reactions involving cyto-
chromes P450 have been reported through the formation of a
cis-enedicarbonyl intermediate. Two mechanisms have been
proposed: the formation of an epoxide followed by hydrolysis,
or direct formation of cis-enedicarbonyl compound through
the addition of the high valent iron (IV)-oxospecies to the π-
system of the furan ring (Guengerich 2003). The double bond
and the aldehyde group of the resulting cis-enedicarbonyl
compound can be further reduced to form HK (Scheme 1).
Indeed, it has been reported that aldehydes can be either re-
duced into the corresponding alcohol by microorganisms or
oxidized into the corresponding carboxylic acid in animals
(Lacroix et al. 1997). Interestingly, Antoine et al. detected a
similar compound as one of the major biliary metabolites of
FRSM in rats, a γ-keto-carboxylic acid derivative (Antoine
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Scheme 1 Proposed pathway for
biotransformation of furosemide
by C. echinulata ATCC 9245
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et al. 2007). This γ-keto-carboxylic acid compound was also
found during the electrochemical degradation of FRSM by
means of the EF process (Olvera-Vargas et al. 2015).

Regarding PRDN, it was first reported by Chen et al. (Chen
and Burka 2007), who explained its formation through intra-
molecular condensation of the amino group with the aldehyde
of the generated cis-enedicarbonyl intermediate, this interme-
diate being common in the formation route of both, HK and
PRDN metabolites (Scheme 1). In the case of C. echinulata,
reduction of the aldehyde group resulted to be faster than its
condensation with the amino group, hence mostly generating
HK. Laurencé et al. (Laurencé et al. 2014) also described the
generation of this compound during both, the microbial bio-
conversion of FRSM and its electrochemical oxidation.

The dependency of FRSM’s bioconversion on pH is an
important fact being as it suggests that environmental condi-
tions play a relevant role on the biodegradation of drugs. It is
thus important to take into consideration these factors when
assessing ecotoxocological and environmental risk.

Ecotoxicological aspects

Ecotoxicity assessment of furosemide and its microbial me-
tabolites was carried out, firstly because furosemide and its
metabolites have been described as having toxicological ef-
fects towards different organisms (Peterson 2013), and sec-
ondly because its occurrence in the environment with its con-
comitant biotic transformation (Jakimska et al. 2014) may
degenerate into potential ecotoxic metabolites such as the
PRDN derivative.

A low tox i c i t y va lue was found fo r FRSM,
EC20 = 72.29 mg L−1, evidencing its limited acute toxicity
on V. fischeri. This result slightly differs from that found by
Isidori et al. (Isidori et al. 2006), who reported no lethal risk
for the same marine bacterium, and for the rotifers Brachionus
calyciflorus. Similarly, a toxicological assessment conducted
on this drug employing cnidarian Hydra vulgaris deployed an
absent toxicity at concentrations up to 1 mg L−1 (Pascoe et al.
2003). Likewise, in a recent study, a moderate environmental
risk was reported for FRSM, which was associated principally
to its persistence and bioaccumulation, rather than to its tox-
icity (Mendoza et al. 2015). Nonetheless, these results contrast
with the toxicological evaluation conducted on rodents and
fish, which demonstrated the elevated hazard represented by
this diuretic drug. Furthermore, FRSM was recently reported
to present high toxicological risk for invertebrates and moder-
ate risk for fish, according to its risk quotient (RQ)
(Papageorgiou et al. 2016).

On the other hand, results demonstrate that the TPs
resulting from the biotransformation of FRSM are more toxic
that FRSM itself, a fact that has been previously suggested by
some authors as discussed below.

PRDN gave the g rea t e s t eco tox ic i ty va lues ,
EC50 = 34.40 ± 6.84 mg L−1. Furthermore, its inhibitory ef-
fects on fungal oxidative enzymes were demonstrated since its
presence hindered FRSM’s metabolism. This detrimental ef-
fect could also cause ecotoxicity as formerly described for
other drugs (Barra Caracciolo et al. 2015). Previous toxico-
logical evaluation reports also revealed PRDN’s noxious ef-
fects with an EC50 = 973 ± 46 μM according to the MTT test,
as well as induction of cell death by the caspase-3 assay.
Moreover, its use to induce symptoms associated to
Parkinson’s disease for a chemical model of this neurodegen-
erative disorder has been recently patented (Martens et al.
2014).

Regarding HK derivative, which has not hitherto been
identified, it exhibited higher ecotoxicity than the parent drug
(EC20 = 36.60 mg L−1), however being less toxic than PRDN.
HK is a reactive intermediate resulting from the oxidation of
FRSM’s furan ring, whose progressive enzymatic oxidation
was found to yield SLMN. The latter did not show any effect
towards V. fischeri bacteria, which is in agreement with a
previous toxicity study on SLMN that also evidenced a lack
of hazardous effects (Laurencé et al. 2014). These findings
suggest that toxicological effects can be attributed mainly to
the highly active aromatic moieties: the furan and pyridinium
rings.

Toxicity values indicate that the formed metabolites have a
restricted acute toxicity on bacteria V. fischeri even at concen-
tration ranges above the environmental levels. Nevertheless,
the identification of metabolites having higher adverse effects
than the parent drug denotes the necessity of investigating not
only parent compounds but also potential TPs when assessing
environmental impact, mostly taking into account that these
hazardous compounds represent a potential risk for aquatic
life by the long-term at low-level exposure, causing more
subtle effects in growth, fertility, sex ratios or reproductive
anomalies (Khetan and Collins 2007). Therefore, these find-
ings point out the urgency of intensifying toxicological assess-
ment facing the increasingly worrying ecological and health
risk posed by pharmaceutical residues and their TPs.

Conclusion

It has been confirmed that the environmental fungi
C. echinulata and A. candidus are capable of metabolizing
FRSM into three main transformation products: saluamine, a
pyridinium derivative and a hydroxy-ketone product, the latter
having been described for the first time. Toxicity acute essays
demonstrated that pyridinium and hydroxy-ketone metabo-
lites have higher toxicity levels towards V. fischeri bacteria
than FRSM. These results highlight the capacity of different
microorganisms to transform pharmaceutical residues into sta-
ble metabolites, which are highly probable to be found in
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environmental water sources, therefore representing an eco-
toxicological risk for both, ecosystems and human beings, as
some of them can be even more toxic that the departing drug.
Accordingly, this integral work gives a general perspective of
the fate of drugs and their pernicious effects in the environ-
ment, which is essential for assessing environmental risk with
the goal of developing the most convenient strategies for en-
vironmental management, including water control.
Furthermore, this study can be regarded as a tool for the as-
sessment of biotic transformation products from pharmaceu-
tical pollutants, in response to the urgent necessity of reinforc-
ing the evaluation of environmental hazard. Moreover, it con-
tributes with valuable information with respect to the effects
of drugs on environmental microbial communities, which is
crucial for the comprehension of the biodegradation mecha-
nisms drugs suffer in natural environments, as well as the
harmful impacts on microbes.
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