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Pharmaceuticals and their
human metabolites in Lake

Geneva:

occurrence, fate and
ecotoxicological relevance

Florence BONVIN', Nathalie CHEVRE?, Rebecca RUTLER? and Tamar KOHN#*

I Abstract

Ms. received the 9th August 2012, accepted 30th November 2012

This study assesses the presence, fate and effects of five environmentally relevant pharmaceuticals and eight of their
corresponding human metabolites in Lake Geneva. Over a 10-month period, lake samples were taken at various depths
and locations in the Vidy Bay. Among the targeted metabolites, six were detected with concentrations ranging from 5 to >
100 ng- L. The highest concentrations were detected above the wastewater treatment plant outfall, supporting the
assumption that wastewater represents the main source of human metabolites to the lake. The metabolites were less recal-
citrant to environmental degradation than their parent. Nevertheless, their presence in the aquatic environment may lead to
an increase of the ecotoxicological risk.

Keywords: human metabolites, lake, ecotoxicological risk, wastewater plume, sulfamethoxazole, diclofenac, clarithromycin,

carbamazepin

IIntroduction

Micropollutants in the aquatic environment

Over the past two decades, an increasing number of
studies have documented the presence of low con-
centrations (ng-L! range) of various anthropogenic
organic substances, or micropollutants, in surface
and groundwaters (Daughton and Ternes 1999;
Heberer 2002; Kolpin et al. 1998; Kolpin et al. 2002;
Schwarzenbach et al. 2006). Anthropogenic microp-
ollutants include pharmaceuticals, personal care
products, pesticides, xenoestrogens, biocides and
other substances of human origin. These substances
can enter the aquatic environment via runoff from

agriculture and urban landscapes, atmospheric depo-
sition, and industrial and municipal wastewater
streams. Despite the abundance of occurrence data,
less is known about the fate of micropollutants once
they reach the environment. Main degradation path-
ways in surface waters are believed to include pho-
tolytic degradation or biodegradation (Boreen et al.
2003; Kagle et al. 2009), but knowledge of the corre-
sponding transformation rates and products is
incomplete. Information is even scarcer regarding
the effects that these individual substances or their
mixtures exert on the ecosystem. Some studies
report shifts in microbial populations (Johnson et al.
2009), feminization of fish (Sumpter 1995) or of frogs
(Hayes et al. 2002). However, much remains to be
understood regarding the mechanisms of action
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underlying these effects. As such, micropollutants in
the environment have emerged as one of the preemi-
nent research fields in water quality.

Micropollutants in Lake Geneva

In Europe, approximately 50 new substances are
authorized for use in commercial and industrial mar-
kets every year, adding to the 100’000 of compounds
already in use (Gebel et al. 2009). Through point-
source and disperse pollution sources, many of these
compounds are expected to enter rivers and lakes. In
Lake Geneva, a large selection of micropollutants has
effectively been detected on a regular basis through-
out the water column, within the framework of the
International Commission for the Protection of Lake
Geneva (Edder et al. 2006; Edder et al. 2007; Edder
et al. 2008), as well as in other studies (Bonvin et al.
2011; Morasch et al. 2010). The range of detected
compounds includes a suite of pesticides and bio-
cides, several classes of pharmaceuticals, X-ray con-
trast media, corrosion inhibitors and endocrine dis-
ruptors. Pesticides mainly originated from diffuse
sources, such as runoff from land. The presence of
some pharmaceuticals could be related to industrial
discharge into the Rhone River, the main tributary of
Lake Geneva. However, most pharmaceuticals, corro-
sion inhibitors and selected biocides were found to be
associated with wastewater discharge into the lake.
Recent work has shown that during the summer
stratification period of the lake, the discharged
wastewater does not readily mix with the surround-
ing water column, but instead forms a plume of signif-
icant spatial extent below the thermocline (Bonvin et
al. 2011). Within this plume, the concentrations of
several micropollutants exceeded the predicted no-
effect concentrations (PNEC), indicating a potential
ecotoxicological risk to the environment. Thus, the
practice of direct discharge of wastewater into the
lake is of particular concern with respect to ecotoxi-
cological effects of micropollutants.

Pharmaceuticals and their human metabolites

Among the different micropollutant classes detected
in Lake Geneva and worldwide, pharmaceuticals are
of exceptional interest. Because they are designed to
fulfill a specific biological function, they are prone to
exert undesired biological effects in the environment.
In particular antibiotics have been a priority, as they
may not only exert ecotoxicologial effects, but may
also promote antibiotic resistance in the environment
(Kummerer 2009).

An important route of pharmaceuticals into the envi-
ronment is the ingestion by humans and subsequent
excretion into the sewage system (Ternes and Joss
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2006). After intake by humans, pharmaceuticals are
metabolized to various extents. Thus, a variable frac-
tion of the active pharmaceutical, along with its
metabolites, is released via urine and feces into raw
wastewater. Due to incomplete removal during
wastewater treatment (Oulton et al. 2010), many
pharmaceuticals are ultimately discharged into
receiving waters. Therefore, centralized sewage
treatment plants represent an important point source
for pharmaceuticals and their metabolites into the
aquatic environment.

The presence of metabolites in the environment has
received little attention to date. Nevertheless, avail-
able data show that metabolites are present in
wastewater effluent in concentrations comparable to
or higher than their parent compound (Diaz-Cruz et
al. 2008; Gobel et al. 2004; Hummel et al. 2006; la
Farre et al. 2008; Miao et al. 2005; Perez and Barcelo
2008a; Stulten et al. 2008). Leclercq et al. found 2-5
times higher concentrations of the main metabolite of
carbamazepine (10,11-dihydro-10,11-trans-dihydro-
xXycarbamazepine) in wastewater of three different
treatment plants, in addition to other metabolites of
this antiepileptic drug (Leclercq et al. 2009). Hilton
reported high concentrations of N4-acetylsul-
famethoxazole, a metabolite of sulfamethoxazole, in
treated sewage (Hilton and Thomas 2003). Human
metabolites were not only detected in wastewaters,
but also in the receiving environment, though data
remain scarce. Trace concentrations of human
metabolites were found in streams receiving wastew-
ater effluent, in drinking water (the main metabolite
of carbamazepine) and even in bottled water (Diaz-
Cruz et al. 2008; Hummel et al. 2006).

Human metabolites of pharmaceuticals are generally
more polar and less biologically active than their par-
ent substance, though some metabolites are known
to retain biological function (Debska et al. 2004;
Trovo et al. 2009). Furthermore, human metabolites
have been found to back-transform to the parent sub-
stance via both biotic (Radke et al. 2009) and abiotic
processes (Bonvin et al. 2012). Human metabolites
could thus present a source of pharmaceuticals to the
environment. Finally, despite their increased polarity,
some human metabolites have been found to be more
persistent to typical environmental degradation pro-
cesses, such as photolysis, compared to their parent
substance (Bonvin et al. 2012; Boxall et al. 2004).
Combined, these arguments make a compelling case
that human metabolites should be included in the
study of presence, fate and effects of micropollu-
tants.

The goal of this study was to determine the presence
of a selection of human metabolites in Lake Geneva,
to assess their fate with respect to degradation over
time and space, and to evaluate their contribution to
the overall ecotoxicological risk. We have focused our
work on the Vidy Bay, as this area was found to

Arch.Sci. (2012) 65:143-156 |
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exhibit high micropollutant concentrations, likely
due to the discharge of effluent wastewater from the
Vidy treatment plant. In the present study, we focus
on the human metabolites of a selection of pharma-
ceuticals. Specifically, we investigated human
metabolites of three antibiotics (clarithromycin, nor-
floxacin and sulfamethoxazole), one analgesic
(diclofenac) and an anti-epileptic (carbamazepine).
The spatial temporal distribution of the parent com-
pounds was already examined in a previous study;
the first four were found to originate primarily from
wastewater effluent, and were previously reported in
concentrations close to or beyond the PNEC (Bonvin
et al. 2011). Conversely, carbamazepine, though also
present in wastewater effluent, mainly enters the
lake from industrial inputs into the Rhone River.

IMaterials and Methods

Site description and sampling strategy

The study area, Vidy Bay, lies on the northern shore
of Lake Geneva, and represents 0.3% of the lake’s
total volume (Chevre et al. 2011). Aside from lake
currents, 100’000 m? of wastewater effluent are dis-
charged per day into Vidy Bay from Lausanne’s
wastewater treatment plant (WWTP). The WWTP
outfall is located 700 m from shore at -30 m depth.
During rain events the WWTP capacity is rapidly
exceeded, and untreated wastewater is released
directly into the lake (Pote et al. 2009). Other
sources of water to the Bay are the Chamberonne
River and the Flon stormwater outlet.

Florence BONVIN et al. | 145 |

Monthly water samples were collected at various
depths and locations in Vidy Bay between April 2010
and January 2011. The central sampling location
(“WWTP outfall”) was above the discharge point of
the effluent wastewater. The two other sampling sites
were located ca. 1.5 km upstream (“REF up”) and
downstream (“REF down”) of the discharge point
(Fig. 1). They will be considered together and
referred to as reference sites or REF. Between 5 and
9 depths were sampled at each site. Samples were
taken from the R/V “La Licorne” (Forel Institut,
Geneva) equipped with a crane and a rosetta water
sampler (1018 Rosette Sampling System, General
Oceanics Inc.). The rosetta consisted of 11 Niskin
bottles (1.7 L), coupled to a CTD device (OCEAN
SEVEN 316Plus CTD, IDRONAUT Srl) which were
externally powered via a sea cable and yielded instan-
taneous information on temperature and electrical
conductivity. Temperature and electrical conductiv-
ity were processed with REDAS-5 Release 5.40
(IDRONAUT Srl).

Choice of substances

Previous research in Vidy Bay retained a selection of
27 pharmaceuticals as priority pollutants for this area
based on consumption loads, the degree of human
metabolism, removal in the WWTP, previous detec-
tion in the Vidy bay, and — if known - ecotoxicological
relevance (Bonvin et al. 2011, Perazzolo et al. 2010).
A subset of these chemicals, namely carbamazepine
(CBZ), clarithromycin (CLA), diclofenac (DCF), nor-
floxacin (NOR) and sulfamethoxazole (SMX), were
chosen herein for analysis of their human metabo-

Switzerland

O sampling site D WWTP

Vidy Bay

Fig. 1. Situation and map of the Vidy Bay showing the sampling locations WWTP outfall (Swiss coordinates: 534’672/ 151°540 ),
REF-up (Swiss coordinates: 536’000/151°000) and REF down (Swiss coordinates: 533°048/150°920). Coordinates are in Swiss

Grid system with datum CHI1903.
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lites. Deciding factors included their ecotoxicological
impact in Vidy Bay, the commercial availability of
their metabolites, and previous evidence for their
presence in wastewater or surface waters in litera-
ture. The targeted metabolites included: trans-10,11-
dihydro-10,11-dihydroxy carbamazepine (DiOH-
CBZ), carbamazepine 10,11-epoxide (epoxy-CBZ),
10,11-dihydro-10-hydroxy carbamazepine glucuro-
nide (DiOH-CBZ-glu), N-desmethyl clarithromycin
(desm-CLA), 4-hydroxy diclofenac (4-OH-DCF), N-
acetyl norfloxacin (acetyl-NOR), sulfmethoxazole
B-D glucuronide (SMX-glu) and N-acetyl sul-
famethoxazole (acetyl-SMX). The structures of the
selected micropollutants and their corresponding
human metabolites are shown in Fig. 2.

Chemicals and reagents

Most human metabolites were purchased from
Toronto Research Chemicals (Canada). N-acetyl sul-
famethoxazole was obtained from CHEMOS GmbH
(Germany), and carbamazepine 10,11-epoxide from
Sigma Aldrich (Switzerland). Other chemicals and
reagents used in the analytical procedure have been
listed previously (Morasch et al. 2010).

Precursor Collision

ion [m/z]

Fragment Cone
ions [m/z] vl

Retention LoQ*

Name time [min]  [ng-L"]

epoxy -CBZ
acet - 29622 |
SMX -

2538127

acetyl -
o 362.43
NOR
DiOH-CBZ-
glu
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efficiency

-
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2LOQ: limit of quantification; "PNEC (predicted no effect concentration). PNEC of the cor-
responding parent compound was used for human metabolite PNEC (see text for details).
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Sample manipulation

1 L water samples were collected in Niskin bottles
and transferred into amber glass bottles, immediately
acidified to pH 2 with concentrated HCI to inhibit bio-
logical activity, and transported to the laboratory
within 4 hours of sampling, where they were directly
filtered through >1pm glass fiber filters (Whatman).
Before further treatment, all filtrates were spiked
with a set of deuterated standards (final concentra-
tion 120 ng-Li'Y) to account for losses of the parent
compound during extraction, as described previously
(Morasch et al. 2010). As deuterated standards of the
metabolites were not available for spiking at the time
of sampling, their losses during extraction were
determined in experiments using spiked lake water,
as described in the following paragraph. All glassware
used for samples was immersed for 24h in a Contrad
bath, machine-washed and finally rinsed with
methanol and sample water before use

Analytical method

The concentrations of the parent compounds in lake
water samples were analyzed following a previously
developed analytical method involving solid-phase
extraction (SPE) and ultra-perfor-
mance liquid chromatography cou-
pled to a tandem mass spectrometer
(UPLC-MS/MS) (Bonvin et al. 2011,
Morasch et al. 2010). Additionally, an
analytical method for the detection
of human metabolites was devel-
oped. Briefly, the target compounds
were extracted on hand-assembled
6mL cartridges using an automated
SPE system, eluted and evaporated,
under a flux of nitrogen, at 40°C to
200 pL and finally stored at -20°C
until UPLC-MS/MS analysis.
Analytical details regarding the
determination of the parent com-
pound concentration have been
described previously (Bonvin et al.
2011). For analysis of targeted
metabolites, the stored extracts
were diluted 1:6 with UPLC eluent
(A) and analyzed twice by UPLC-
MS/MS. Reported values represent
the average of the two separate
measurements. Compounds were

PNEC®
Ing:L]

Table 1. Details of analytical method for
MS/MS analysis of targeted human
metabolites and PNEC used in risk
assessment.
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Frg. 2. Structures of the targeted pharmaceuticals (blue box) and their selected human metabolites.

I ARcHIVES DES SCIENCESI

Arch.Sci. (2012) 65:143-156 |



1 148 1 Florence BONVIN et al.

separated on a Waters ACQUITY UPLC HSS T3 1.8pm
column. The mobile phases were (A) 95% H,0; 5%
MeOH; 1% Formic acid; 5mM Ammonium formate
and (B) 95% MeOH; 5% H,0; 1% Formic acid; 5mM
Ammonium formate. The first minute the portion of A
decreased from 90 to 60%, followed by a linear gradi-
ent for 7 min to 5% A. Thereafter the initial conditions
were restored and held for 3 minutes. The injection
volume was 10 pl, and the flow rate 0.3 mL-min.
UPLC-MS/MS parameters for our selection of human
metabolites are listed in Table 1; a positive ionization
potential (ESI-mode) was applied for all compounds.
A set of 10 to 13 standards with concentrations
between 1 and 700 ng-L! were analyzed in duplicate
along with the samples. The analytical limit of quan-
tification (LOQ; Table 1) was defined as the concen-
tration of the lowest standard with a signal-to-noise
ratio >10. Human metabolite concentrations in the
sample concentrates were calculated based on cali-
bration curves using at least 6 calibration points clos-
est to the sample concentration. Correlation coeffi-
cients for the calibration curves were typically >
0.990. Extraction recoveries (Table 1) and repeatabil-
ity were determined by a method reproducibility test,
in which 6 replicates of lake water spiked with all
metabolites to 50 ng-L-! were processed by the entire
sample workup procedure. The concentrations in the
original lake water samples were determined taking
into account the extraction efficiencies determined
by this test. The reproducibility of the entire method
was high, resulting in a relative standard deviation of
less than 256% of the calculated concentration.

Risk assessment

For a single compound %, the risk for aquatic organ-
isms is normally evaluated by comparing the meas-
ured environmental concentration (MEC) in the
aquatic system under consideration to either the pre-
dicted no-effect concentration (PNEC; [European-
Commission 2003]) or the hazardous concentration
(HC; [Backhaus et al. 2003b]). In this study, we calcu-
lated the risk based on the PNEC, as not enough data
was available for the compounds under consideration
to determine a HC.

The ratio of MEC, to PNEC, (RQ,, Eq. 1) must be
smaller than one to ensure that a given chemical ¢
presents an acceptable risk to the environment.

= MEC, )
PNEC,

For mixtures of compounds exhibiting a similar mode

of action, the mixture effect can be predicted by the

concept of concentration addition (CA; [Backhaus et

al. 2003a]). As no ecotoxicological information was

available for the metabolites, we assumed that the
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mode of action of a metabolite is similar to that of its
parent compound, and therefore defined the PNEC
of metabolites as equivalent to the PNEC of the par-
ent compound. This assumption will be discussed in
the Results and Discussion section. The risk quotient
for mixtures (RQ,,) of a parent compound and its
metabolites thus corresponds to the sum of the indi-
vidual RQ, (Eq. 2). The RQ,, must remain smaller
than one to ensure that a mixture of chemicals pres-
ents an acceptable risk to the environment:

RQ, =Y.RQ; = MEG,
< PNEC,

<1 (2)

PNECs of the individual parent compounds (and
hence of their metabolites; Table 1) that were used to
calculate RQ have been determined in a previous
study (Bonvin et al. 2011 and references therein).

IResults and discussion

Occurrence of human metabolites in Lake Geneva

Over 140 lake water samples were analyzed for the
presence of five pharmaceuticals along with a selec-
tion of their human metabolites. The frequency of
detection and the observed concentrations varied
with time and compound. Two metabolites, namely
CBZ-glucuronide and N-acetyl NOR, were never
detected over the entire sampling period. SMX-glu-
curonide and 4-OH-DCF showed a relatively low
overall frequency of detection of 9 and 21% respec-
tively. These compounds were mainly detected at the
WWTP outfall sampling site. Higher frequencies of
detection were observed for DiOH-CBZ, desm-CLA,
acetyl-SMX and epoxy-CBZ, which were detected in
96, 89, 50 and 43% of all samples, respectively. Some
difficulties were encountered with the detection of
epoxy-CBZ which was unstable during analysis; thus
the reported detection frequencies and concentra-
tions for this compound may underestimate the
actual occurrence.

Generally, the detected concentrations of human
metabolites were in the same range or below those of
their parent compound (Fig. 3). The absolute range
of concentrations was compound specific: CBZ and
its metabolite epoxy-CBZ showed the highest con-
centrations with a median of 20 ng-L-1. The concen-
trations of all the other compounds and metabolites
were generally below 10 ng-L-l. In a few samples,
namely those obtained in close vicinity to the
wastewater outfall, significantly higher concentra-
tions of up to > 100 ng L' were detected.

Though numerous human metabolites have been
identified for CBZ, the major metabolic route involves
transformation to epoxy-CBZ, which is subsequently

Arch.Sci. (2012) 65:143-156 |
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quently below the limit of quantifica-
tion. To our knowledge, this is the
first report of the occurrence of a
human metabolite of clarithromycin
in wastewater or surface water sam-
ples.

Up to 50% of ingested diclofenac is
excreted as the hydroxylated
metabolite 4-OH-DCF and its corre-
sponding glucuronide, while less
than  10% remains unaltered
(Stierlin et al. 1979). Thus the pres-
ence of the major metabolites in
untreated sewage is to be expected.
Indeed, various studies have found
4-OH-DCF in both influent and efflu-

f=50%

|
DCL_.H]

CBZH wit—
4-OH-DCL

DiOH-CBZ—‘—H]

epoxy-CBZ
SMX

CLA
desm-CLA

=9%
r

ent wastewater, with only partial
removal (<560%) via various wastew-
ater treatment processes (Perez and
Barcelo 2008b; Stulten et al. 2008).

SMX-glu
acetyl-SMX

Fig. 3. Range of concentrations detected at all sampling sites over the entire
sampling period of the parent compounds (shaded box) and their corresponding
human metabolites. The frequency of detection (f) is given for each compound.
Boxes represent 25th percentile, median and 75th percentile. The whiskers are
determined by the 5th and 95th percentiles. Stars show the mean value.

hydrated to DiOH-CBZ. In addition, DiOH-CBZ can be
conjugated with a glucuronide. Therefore DiOH-CBZ
and the corresponding glucuronide are the main
metabolites of CBZ (Bellucci et al. 1987). Several
studies have effectively detected DiOH-CBZ in influ-
ent and effluent wastewater samples, as well as in sur-
face waters in concentrations up to three times those
of the parent compound CBZ (Leclercq et al. 2009;
Miao and Metcalfe 2003; Miao et al. 2005). Conversely,
the present study found significantly lower concen-
trations of DiOH-CBZ than its parent. This was
attributed to the industrial sources of CBZ to Lake
Geneva (Bonvin et al. 2011), which maintain rela-
tively high and stable concentrations of the parent
compound  throughout the water column.
Accordingly, significant differences of detected con-
centrations were observed between the WWTP outfall
and the reference point only for the human metabo-
lites and not CBZ. The other major metabolite, CBZ-
glucuronide has never been reported to date in envi-
ronmental samples, however there is evidence for
cleavage of the glucuronide acid moiety in wastewater
treatment plants (Leclercq et al. 2009 and references
therein). The CBZ-glucuronide standard was highly
unstable in aqueous and organic solutions; hence its
absence from the lake water samples is not surprising.
Concentrations of clarithromycin were relatively low
(<6 ng ') and corresponding metabolite concentra-
tions were significantly lower. Though the desmethy-
lated metabolite of clarithromycin was detected in
many samples, the detected concentrations were fre-
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The concentrations were sometimes
as elevated as those of the parent
compound in effluent samples.
Averaged over all samples (Fig. 3),
the present study found similar con-
centration ranges of 4-OH-DCF and
its parent in the Vidy Bay. More
detailed analysis of individual sample concentrations,
however, show generally higher concentrations of the
metabolite above the WWTP outfall, whereas the
inverse is observed at the reference sites.
Approximately 14% of ingested sulfamethoxazole is
excreted unchanged; the remaining fraction is
metabolized mainly to acetyl-SMX (47%) and SMX-
glucuronide (14%) (Vanderven et al. 1995). Acetyl-
SMX has been detected in wastewater effluent
(Gobel et al. 2004) as well as surface waters at con-
centrations comparable to its parent compound
(Ashton et al. 2004). For SMX-glucuronide, in con-
trast, this is the first evidence of its occurrence in sur-
face waters. Its low frequency of detection (15%) was
expected given the unstable nature of the glu-
curonide bond, which can be microbially cleaved
(Radke et al. 2009). The overall concentrations of
acetyl-SMX detected in this study were significantly
lower than those of SMX. As for DCF, however, a sam-
ple-by-sample analysis revealed that in samples
taken above the WWTP outfall, the metabolite con-
centration was significantly higher than that of the
parent compound.

Peak metabolite concentrations in wastewater plume

The presence of a wastewater plume originating from
the direct discharge of treated (and during high rain
events, also untreated) wastewater into the Vidy Bay

was reported in a recent study (Bonvin et al. 2011).

Arch.Sci. (2012) 65:143-156 |
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Fig. 4. Depth profiles of relative concentrations of the targeted human metabolites (full lines) and their corresponding parent
compound (dashed lines) for a) April, b) August, c¢) October and d) December 2010. Temp: temperature; EC: electrical

conductivity.

Locally high concentrations of pharmaceuticals were
observed above the WWTP outfall site. The plume
depth followed the thermocline during thermal lake
stratification, which moved to lower depths over the
course of the warm seasons. Additionally, a strong
linear correlation between electrical conductivity
and concentrations of wastewater-derived micropol-
lutants was identified. In absence of thermal stratifi-
cation, from November to January, no plume was

observed.

The presence of human metabolites of pharmaceuti-
cals in wastewater has been well-established (Gobel
et al. 2004; Leclercq et al. 2009; Perez and Barcelo
2008b); hence the latter should logically show the
plume feature. Indeed, notably higher concentrations
of our targeted human metabolites were observed in
vicinity to the WWTP outfall in April (Fig. 4a) and
August (Fig. 4b). These high concentrations coin-
cided with an elevated conductivity, which is indica-
tive of wastewater. A slight plume feature could still
be observed at 26 m depth in October (Fig. 4c);
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whereas homogenous concentrations are established
in December (Fig. 4d) when complete mixing of the
water column was restored.

In general, the relative peak concentrations of the
metabolites were more pronounced than their asso-
ciated precursor. This could either be due to faster
degradation of the metabolite with regard to its par-
ent, or to high background concentrations of the par-
ent, which may diminish the peak amplitude. For
example, carbamazepine, which enters the lake with
the Rhone River, showed little to no peak feature in
the wastewater plume. Conversely, its human
metabolite, DIOH-CBZ, showed evident concentra-
tion peaks above the WWTP outfall, in accordance
with the hypothesis that its main source is wastewa-
ter.

The unstable nature of SMX-glucuronide mentioned
earlier was confirmed by a low detection frequency in
the water column. However, it was detected in the
plume in April and August, as well as in other months
(not shown), displaying a strong plume feature.
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(right). The solid line shows the median concentration and shaded area the 25-75% quantile range.

Spatial and temporal variation of metabolite
concentrations in Vidy Bay

During thermal stratification, the locally high con-
centrations of human metabolites associated with
the wastewater plume led to notably elevated
median concentrations at the WWTP outfall site
(Fig. 5). Additionally, the 25-76% quantile ranges
were large due to this plume feature. Conversely,
after mixing of the wastewater with the surrounding
water mass and travel to the reference sites, the
water column concentrations of the targeted human
metabolites were lower and more homogeneous.
These homogeneous conditions, depicted by a nar-
row 25-T5% quantile range in Fig. 5, were also
observed during the cold months (November to
January) at the WWTP outfall site. This can be
explained by enhanced mixing throughout the water
column, as temperature profiles straighten during
the winter.

Generally, metabolite concentration trends at the ref-
erence sites closely tracked those of the wastewater
plume. Among the metabolites considered, only
acetyl-SMX exhibited noticeable concentration dif-
ferences at the reference sites between the warm and
cold seasons, consistent with the higher concentra-
tions in the plume during the same period. Notably,
however, all metabolites appeared to decrease in con-
centration during the month of August.

Degradation within the Vidy Bay

After discharge from the WWTP, and upon dispersion
of the wastewater plume, wastewater-derived
micropollutant concentrations decrease with dis-
tance from the WWTP outlet due to dilution with sur-
rounding water masses. In addition, environmental
degradation processes, such as biodegradation or
photolysis, can decrease micropollutant concentra-
tions in the water column. The substances studied
herein have previously been reported to undergo var-
ious extents of degradation in the Vidy Bay (Bonvin
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et al. 2011; Morasch et al. 2010): The concentrations
of CLA and DCF were found to readily diminish,
whereas SMX was more recalcitrant. As CBZ’s main
source was not the WWTP, no apparent decrease in
concentration was found throughout the Vidy Bay.
Furthermore, CBZ is known to be particularly recalci-
trant to environmental degradation (Tixier et al.
2003).

Compared to their parent compounds, human
metabolites may be more susceptible to environ-
mental degradation processes. For example, in a
laboratory batch reactor, 4-OH-DCF was found
more susceptible to biodegradation than its parent
(Perez and Barcelo 2008b). However, incomplete
removal of this compound during wastewater treat-
ment (Perez and Barcelo 2008b; Stulten et al. 2008)
indicates that biodegradation proceeds at a slow
rate. Furthermore, both acetyl-SMX and SMX-glu-
curonide were reported to undergo biodegradation
back to SMX during wastewater treatment (Gobel et
al. 2005) and in sediment tests (Radke et al. 2009).
Finally, SMX-glucuronide has recently been found
to be more photolabile than SMX, whereas acetyl-
SMX was slightly more photostable (Bonvin et al.
2012).

To assess if human metabolites undergo environ-
mental degradation in the Vidy Bay, and to deter-
mine the relative extent of degradation compared to
the parent substance, we calculated the ratio of
metabolite/parent concentration close to the
wastewater outfall, as well as at the reference points
located 1.5 km up- or downstream (Fig. 6). Both
metabolites and parents are equally affected by dilu-
tion; consequently, the difference in ratio between
the wastewater discharge and the reference indi-
cates the relative propensity of the metabolite to
undergo environmental degradation during passage
through the Vidy Bay. This analysis could only be
conducted for those substances for which both par-
ent and metabolites concentrations were detected at
a high frequency.

As can be seen in Fig. 6, the metabolite/parent ratio
was generally greater for samples taken near the
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Fig. 6. Seasonal and spatial (WWTP-plume vs reference sites) variation of the metabolite/parent compound ratio.

wastewater outlet than in the corresponding refer-
ence samples. The difference was most drastic in
April, where the wastewater sample captured a par-
ticularly pronounced plume feature, and thus con-
sisted of poorly diluted wastewater (Fig. 4).
Correspondingly, metabolites were present at con-
centrations up to 4.5-fold greater than their parent
compound, consistent with the notion that pharma-
ceuticals are mainly excreted into sewage in metab-
olized form. In both April and August, the metabo-
lite/parent ratio dropped off steeply between the
plume and the reference points, indicating that
metabolites underwent more rapid environmental
degradation than their parent compounds. During
the months of October and December, the difference
in ratio was less pronounced. This could be due to
enhanced mixing of the discharged wastewater with
the surrounding water column during the colder
months (Fig. 4). Furthermore, both biodegradation
and photolysis processes are less efficient in fall and
winter. Compared to dilution, the degradation of
metabolites may thus play a smaller role during the
cold period.

Overall, it can be stated that the metabolites consid-
ered herein are less recalcitrant in the environment
than their parent compounds. As it is not fully clari-
fied which products are formed during environmen-
tal degradation, however, it cannot be concluded
that metabolites therefore are of lesser ecotoxicolog-
ical concern. In particular for those metabolites
which can be back-transformed to their parent com-
pound, environmental degradation may lead to an
increase in ecotoxicological risk.

Ecotoxicological risk assessment

Given the presence of metabolites in Lake Geneva,
the important question arises whether these com-
pounds are of ecotoxicologial relevance. Explicitly,
our final goal was to determine if metabolites make
a significant contribution to the ecotoxicological
risk presented by the parent compounds. As was
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determined previously, DCF and SMX both pre-
sented an ecotoxicological risk (i.e., RQ > 1) in sev-
eral plume samples (Bonvin et al. 2011). In contrast,
the detected concentrations of CLA and CBZ were
always below the corresponding PNEC.

Even if metabolites are taken into account, a negli-
gible risk is estimated for all mixtures of parent
compound and metabolites at the reference point.
At the plume, however, a risk is highlighted for DCF
and metabolites in June and for SMX and metabo-
lites in April and June. Taking into account metabo-
lites leads to both a more frequent excess of the RQ
of 1, as well as to higher overall RQs. For SMX, the
RQ reaches a value of 3.3 in June, compared to 2.4
taking into account only the parent compound, sug-
gesting that this pharmaceutical may be of environ-
mental concern. Similarly, for DCF in June, the RQ
only exceeded 1 if metabolites were considered,
whereas it amounted to 0.56 for the parent alone.
Similarly, other studies have reported that the com-
bination of several xenoestrogens led to ecotoxico-
logical effects, even if each individual compound
was present at no effect concentrations (Silva et al.
2002). This highlights the importance of taking into
account not only individual substances, but classes
of compounds with the same mechanisms of action.
To our knowledge, no ecotoxicological information is
available to date on human metabolites of pharma-
ceuticals; therefore it is not possible to determine
accurate PNECs. In this study, we therefore
assumed the PNEC of the metabolites to be similar
to those of the parent compound. This assumption is
supported by the study of Boxall et al. (Boxall et al.
2004), who showed that 81% of the degradates are
less or similarly toxic as the parent compound.
However, one has to note that 29% of the metabo-
lites are more toxic that the parent compound. We
can therefore not exclude that we underestimated
the toxicity of any given metabolite.

Furthermore, by applying the concentration addition
model we assumed that the metabolites have the
same mode of action as the parent compound. To
our knowledge, this was never evaluated in environ-
mental organisms. From a pharmacological point of
view, i.e. in humans, this assumption is correct for
many, but not all metabolites. For example, the
mode of action of 4-hydroxy-tamoxifen is similar to
its parent compound, the anti-cancer drug tamox-
ifen (Dahmane et al. 2010). In contrast, another
metabolite of tamoxifen, endoxifen, has a different
mode of action (Dahmane et al. 2010). Furthermore,
even in humans, the mode of action of pharmaceuti-
cals and metabolites are not always well understood.
The CA approach applied in this study is therefore
used as a worst case scenario, as proposed by
Backhaus et al. (Backhaus et al. 2003a), when the
mode of action of the chemicals in a mixture are not
known.

I ARCHIVES DES SCIENCESI

Florence BONVIN et al. | 1531

I Conclusion

Over a period of 10-months, the concentrations of
five environmentally relevant pharmaceuticals and
eight of their human metabolites were monitored at
several locations and depths in Lake Geneva’s Vidy
Bay. Among the targeted metabolites, six were
detected with variable frequency in the lake water
samples. The highest concentrations were detected
above the WWTP outfall, supporting the assumption
that wastewater effluent represents the main source
of human metabolites to the lake. The concentration
profiles at the WWTP discharge location displayed a
plume-like feature corresponding to the wastewater
plume. On average, the detected concentrations of
human metabolites were similar to, or lower than,
their associated parent compound. Moreover, the
metabolites targeted in this study were found to be
less recalcitrant to typical environmental degrada-
tion processes than their parent. Nevertheless, their
presence in the aquatic environment may still lead to
an increase of the ecotoxicological risk. Assuming a
worst-case scenario, in which pharmaceuticals and
their metabolites present a similar ecotoxicological
impact, we found a critical increase of the environ-
mental risk for two compounds with their metabo-
lites, namely SMX and DCF. The actual PNECs of
human metabolite are still to be determined for a
more precise evaluation of the environmental risk.
However, the precautionary principle and the results
of the present study underline the importance of
including human metabolites of pharmaceuticals in
environmental studies.
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