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General introduction

1. General introduction

Thousands of chemicals are being daily discharged into the sewage. Many of them pass
through municipal wastewater treatment plants (WWTP) and continuously contaminate
surface waters. Endocrine disruptors (EDCs) are a group of environmental contaminants of
special concern. They interfere with endocrine system of resident organisms and may produce
adverse developmental, reproductive, neurological, and immune effects (Ankley et al., 1998;
Colborn et al., 1993; Kidd et al., 2007; Leskinen et al., 2005; Sumpter, 2005). Aquatic biota
face lifelong exposure to multiple EDCs and their joint actions in mixtures (Cwiertny et al.,
2014; King et al., 2016), but the consequences of such an exposure are still mostly unknown.
Therefore, monitoring of the environmental concentrations and hormonal activities of EDCs
in surface waters and their effects on aquatic organisms came into focus of many researchers
worldwide.

1.1. Detection of hormonal activities of pure compounds and in environmental samples

The presence of chemicals in water bodies can be determined by chemical analysis and
then the identified chemicals can be tested for their possible adverse effects using in vivo
toxicological tests. However, it becomes obvious that the steadily increasing number of
chemicals and environmental samples to be tested in eco-toxicological research could not be
processed using conventional in vivo tests because they are laborious, cost-demanding, and
time-consuming. In addition, a high number of testing animals would be suffering. Therefore,
in vitro bioassays might be used for rapid screening of hormonal activities in environmental
samples and identification of the most harmful substances (Escher and Leusch, 2012;
Rehberger et al., 2018). Unlike chemical analysis, in vitro bioassays take into account whole-
sample specific toxicity including known as well as unknown toxicants (Escher and Leusch,
2012) because they estimate the total biological activity of all compounds present in a sample
acting through the same specific mode of action (Garcia-Reyero et al., 2001; Hilscherova et al.,
2000). In vitro bioassays can also be employed to study the toxicity mechanisms (pathways)
of tested substances (Rehberger et al., 2018). However, despite of all the advantages of in
vitro tests, in vivo tests are not fully replaceable as they provide information about effects at
the level of whole organism.

EDCs interfere with biological actions of endogenous hormones directly by binding to
receptors or indirectly by altering synthesis and metabolism of hormones, enzymes, or
receptors (Schug et al.,, 2011) or affect ontogeny by DNA methylation in germ cell lines
(Diamanti-Kandarakis et al., 2009). Regarding receptor binding, EDCs can either activate or
block them, thus, they display either agonistic or antagonistic hormonal activities, respectively.

The effects mediated via receptors can be evaluated using in vitro reporter gene bioassays.
In vitro reporter gene bioassays are typically based on a tumorous cell line that in an ideal
case does not contain any measurable amount of receptors. These cells are transfected with
DNA sequences for receptor of interest (e.g. steroid receptors) and sequences for carrying
so-called hormone response elements (HREs) along with reporter gene. Steroid receptors
act as transcription factors (Evans et al., 1988; Mangelsdorf et al., 1995). Upon binding of
a ligand (e.g. tested endocrine disruptor) to the receptor, this complex (ligand-receptor)
binds the HREs and transactivates the reporter gene. The reporter genes inserted into these
cells encode reporter proteins (e.g. luciferase or B-galactosidase) that after reaction with a
substrate produce a measurable activity (e.g. emission of light or colour change) that reflects
transactivation of the inserted receptor. Such a response can be quantified from these data
and hormonal activity of tested sample can be calculated (Kinnberg, 2003).
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1.2. Progestins

1.2.1. Chemical structure and physico-chemical properties of progestins

The term progestins is sometimes used only for synthetic chemicals but for the purpose
of this thesis | will use the term progestins for both, natural and synthetic compounds,
whereas the terms progestagen and progestagenic will be used for all compounds that have
affinity to progesterone receptor (PR). Progestins (also called by some authors progestagens,
progestogens or gestagens) are hormonally active compounds that share steroid skeleton but
differ in substituents which modulate their affinities to other receptors (Africander et al., 2011;
Besse and Garric, 2009). Progestins are either progesterone (pregnanes or 19-norpregnanes),
testosterone (estranes and gonanes) or spironolactone (progestin drospirenone) derivatives
(Africander et al., 2011; Sitruk-Ware, 2004; Table 1). Synthetic progestins are supposed to be
more persistent than progesterone because they were made to have longer biological half-life
(Besse and Garric 2009). Furthermore, due to the lipophilic nature of progestins with log Kow
values ranging from 2.97 to 5.65 (Table 1), these compounds are anticipated to accumulate in
aquatic biota (Kumar et al., 2015).

Table 1. classification and physico-chemical properties of progestins (adopted from Kumar et al.,
2015; Liu et al., 20171a and USEPA, 2010).

structural Molar ws lo
L compound abb CAS number mass " g
derivation (g-mol™) (mg-17) K.
Progesterone progesterone P4 57-83-0 314.46 5.0 3.67
derivatives dydrogesterone DGT 152-62-5 312.46 3.7 3.45
[}
§ medroxyprogesterone MP 520-85-4 344.49 3.0 3.5
#8)g
% | g Mmedroxyprogesterone 5, 71-58-9 38652 12 4.09
° o2 g acetate
; ;‘g Y cyproterone acetate CPA 427-51-0 416.94 51.7 3.1
g2 19 = chlormadinone
=5 8 CMA 302-22-7 406.94 0.3 3.95
o5 ~ acetate
=>~§ melengestrol acetate  MLGA 2919-66-6 396.53 0.6 4.41
©
R
-
= L9 megestrol acetate MGA 595-33-5 384.52 2.0 4
o3
gg nomegestrol acetate NOMAC 58652-20-3 370.49 3.0 3.55
c
o ulipristal acetate UPA 126784-99-4 475.63 0.1 5.07
o
Sel
= C B
g3 drospirenone DRO 67392-87-4 366.50 1.8 4.02
5% 3
~ ©
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structural Molar ws lo
. compound abb CAS number mass " g
derivation 4y (mg-17) K
(g-mol") ow
lynestrenol LYN 52-76-6 284.45 0.8 4.75
° o norethisterone NET 68-22-4 298.43 7.0 2.97
o ] © .
T, § |G  norethisterone NETA 51-98-9 34047 54  3.99
Bc |8y acetate
o g 2 E dienogest DIE 65928-58-7 311.43 57.9 2.34
%g °s levonorgestrel LNG 797-63-7 312.46 2.1 3.48
é *g"; g L1 w etonogestrel ENG 54048-10-1 324.47 NA 3.16
§ = o'f % gestodene GES 60282-87-3 310.44 8.1 3.26
o - s norgestimate NORG 35189-28-7 369.51 0.04 4.98
© norelgestromin NGMN 53016-31-2 327.47 34 3.98
desogestrel DES 54024-22-5 310.48 0.3 5.65

Abbreviations and description: abb - abbreviation, ws - water solubility, log K - octanol-
water partition coefficient, NA - data not available, structures of progestins are given in
chapter 2 - Golovko et al. (2018).

1.2.2. Use of progestins and their sources in the aquatic environment

Synthetic progestins (around 20 substances) are widely used in human medicine and in the
contraception (State Institute for Drug Control, 2018). During the past few decades, female
oral contraception has become a feature of everyday life and therefore its consumption has
grown considerably. Progestins are also important components of hormone replacement
therapy (Spitz and Chwalisz, 2000; Zeilinger et al., 2009) as well as they are prescribed to
treat some kinds of cancer, endometriosis and dysfunctional uterine bleeding (Spitz and
Chwalisz, 2000), hirsutism (Becker et al., 2001) or in paliative treatment of cancer cachexia
(Maltoni et al., 2011). In human medicine, natural progestin progesterone is used to treat
menstrual cycle disorders, breast cancer, uterine bleeding, to support luteal phase of the
cycle in assisted reproduction techniques and to increase circulating progesterone levels in
women (State Institute for Drug Control, 2018). After administration, some part of progestins
is excreted by human in unchanged form and goes into the sewage. In addition, progesterone
is produced and excreted naturally by human (Shore and Shemesh, 2003) and its amounts
are even higher than those of natural estrogens (Scott et al., 2010). Both, the natural
and synthetic progestins present in raw wastewater are not completely eliminated during
wastewater treatment processing and enter the aquatic environment (Fent, 2015; Kumar et
al., 2015; Orlando and Ellestad, 2014).

Progestins are also broadly used in farm animals as growth promoters (Orlando and Ellestad,
2014; Schiffer etal., 2001) or forinduction, synchronization, delaying and suppression of estrus
(Fent, 2015; Islam, 2011). Farm animals also naturally produce and excrete progesterone.
Surface run-offs from livestock farming are therefore considered as one of the main sources of
progestins for the aquatic environment. Last but no least industrial effluents from processing
of pharmaceuticals can be a source of progestins for the aquatic environment (Creusot et al.,
2014).

Given the broad usage of progestins, their concentration may reach relatively high levels in
aquatic environment (Chang et al., 2009; Kumar et al., 2015).
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1.2.3. Occurrence of progestins in effluents, surface water and groundwater

Despite that several authors attempted to detect progestins in wastewater, surface water
and groundwater (Table 2), there is still insufficient knowledge on occurrence and fate of
progestins in the aquatic environment compared to other classes of steroidal EDCs such
as estrogens or androgens (Zeilinger et al. 2009; Fent, 2015; Kumar et al., 2015). Natural
progestin progesterone and synthetic progestins levonorgestrel and norethisterone are
the most frequently analysed compounds from this class (Kumar et al., 2015; Table 2). The
environmental concentrations of progestins appear to be in most cases at low ng- 1" or lower
levels (Table 2).

Only a few studies have focused on determination of progestins in groundwater. Interestingly,
progestins have been found in ground waters in all those studies (Table 2).

Table 2. Occurrence of selected progestins in effluents, surface waters and ground waters.

Water Analytical Mean .
Compound . Country concentration Reference
matrix method (ng-I")?
GC-MS/MS USA <LOQ Kolodziej et al., 2004
LC-MS/MS Hungary <LOQ Tolgyesi et al., 2010
HPLC-MS/Ms  the Czech <L0Q Macikova et al., 2014
Republic
UHPLC-MS/MS China <LOQ Liu et al., 2015
UHPLC-MS/MS Japan 0.07 Chang et al., 2008
LC-MS/MS Spain 0.88 Kuster et al., 2008
GC-MS/MS Belgium 0.9 Pauwels et al., 2008
UHPLC-MS/MS China 1.5 Shen et al., 2018
LC-MS/MS France 16 Vulliet ang Cren-Olive
Sl RRLC-MS/MS China 2.5 Liu et al., 2011b
UHPLC-MS/MS China 2.5 Liu et al., 2014
LC-MS/MS France 2.6 Vulliet et al., 2008
LC-MS/MS Canada 3.0 Viglino et al., 2008
HPLC-MS/MS Hungary 3.1 Avar et al., 2016
HPLC-MS/MS Switzerland 6.3 Macikova et al., 2014
progesterone HPLC-MS/MS USA 0.72-6.5° Standley et al., 2008
LC-MS/MS Brazil 9.4 Kuster et al., 2009
GC-MS USA 9.4 Velicu and Suri, 2009
LC-MS/MS Brazil 9.5 Torres et al., 2015
GC-MS USA 110¢ Kolpin et al., 2002
LC/LC-MS/MS Canada <LOQ Viglino et al., 2008
HPLC-MS/MS Switzerland <LOQ Macikova et al., 2014
HPLC-Ms/Ms  the Czech <L0Q Macikova et al., 2014
Republic
GC-MS USA 0.50 Soliman et al., 2004
EFF UWPLcMS/MS  china 18 Shen et al., 2018
HPLC-MS/MS France 2.2 Vulliet et al., 2011
GC-MS/MS Belgium 2.5 Pauwels et al., 2008
LC-MS France 10 Vulliet et al., 2007
LC-MS/MS Hong Kong 23 Wu et al., 2017
ow  LoMS/MS France 1.6 Vulliet ar‘z‘éﬁen’o'“’e'
LC-MS/MS France 3.3 Vulliet et al., 2008
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Compound Wate_r
matrix
SW
21-
hydroxyproesterone
EFF
levonorgestrel
EFF
GW
SW
gestodene
EFF
SW
norethisterone
EFF

Analytical
method

HPLC-MS/MS

HPLC-MS/MS
HPLC-MS/MS

HPLC-MS/MS
HPLC-MS

GC-MS

LC-MS/MS
UHPLC-MS/MS
GC-MS/MS
UHPLC-MS/MS
HPLC-MS/MS

LC-MS/MS

UHPLC-MS/MS
LC-MS/MS
HPLC-UV-Vis
RRLC-MS/MS
LC-MS/MS
LC-MS/MS

GC-HRMS

LC-HRMS
HPLC-UV-Vis
ELISA
LC-MS
HPLC-MS/MS
RRLC-MS/MS
HPLC-UV-Vis
LC-MS
LC-MS/MS

LC-MS/MS
LC-MS/MS
HPLC-MS

UHPLC-MS/MS
LC-MS/MS
UHPLC-MS/MS
LC-MS/MS
UHPLC-MS/MS
LC-MS/MS
UHPLC-MS/MS

LC-MS/MS

LC-MS/MS
GC-MS
UHPLC-MS/MS
HPLC-MS/MS

Country

the Czech
Republic
Switzerland
Switzerland
the Czech
Republic
the Czech
Republic

France

Spain
China
Australia
China
Hungary

France

China
France
China
China
Malaysia
Malaysia

Germany

Sweden
China
China
Spain
France
China
China

France

Canada

France

France
the Czech
Republic
China
Serbia
China
Spain
China
Malaysia
China

France

France
USA
China
France

-13 -

Mean

concentration

(ng-I")?
<LOQ

13
<LOQ

2.0
<LOQ

<LOQ

<LOQ

<LOQ

<LOQ
1.14
1.9

3.6

4.77¢
6.2
7.5
22
38

<LOQ

1.0

1.0
1.1
1.3
<LOQ-4.0°
3.5
8.0
8.1
13
30

4.0
9.1
<LOQ

1.6
3.6
1.8
<LOQ
<LOQ
<LOQ
0.48

2.8
48¢
<LOQ
2.0

Reference

Macikova et al., 2014

Macikova et al., 2014
Macikova et al., 2014

Macikova et al., 2014
Matéjicek and Kuban,
2007
Labadie and Budzinski,
2005
Kuster et al., 2008
Sun et al., 2009
Scott et al., 2014
Liu et al,, 2014
Avar et al.,, 2016
Vulliet and Cren-Olivé,
2011
Liu et al., 2015
Vulliet et al., 2008
Qiao et al., 2009
Liu et al., 2011b
Al-Odaini et al., 2010
Al-Odaini et al., 2010
Kuch and Ballschmiter,
2000
Fick et al., 2010
Pu et al., 2008
Pu et al., 2008
Petrovic et al., 2002
Vulliet et al., 2011
Liu et al,, 2011b
Qiao et al,, 2009
Vulliet et al., 2007
Viglino et al., 2008
Vulliet and Cren-Olivé,
2011
Vulliet et al., 2008
Matéjicek and Kuban,
2007
Shen et al., 2018
Neale et al., 2015
Shen et al., 2018
Kuster et al., 2008
Sun et al., 2009
Al-Odaini et al., 2010
Shen et al.,, 2018
Vulliet and Cren-Olivé,
2011
Vulliet et al., 2008
Kolpin et al., 2002
Shen et al.,, 2018
Vulliet et al., 2011



Compound

norethisterone

norethisterone
acetate

medroxyprogester-
one

medroxyprogester-
one acetate

megestrol acetate

cyproterone acetate

melengestrol
acetate

dydrogesterone

dienogest

Water
matrix

EFF

GW

EFF

SW

EFF

SW

EFF

sw
EFF

SW

SW

EFF

SW

EFF

SW

EFF

sw
EFF

Analytical
method

LC-MS/MS
LC-MS
LC-MS

LC-LC-MS/MS

LC-MS/MS

LC-MS/MS
LC-MS/MS
GC-HRMS
UHPLC-MS/MS
GC-MS/MS

LC-MS/MS
UHPLC-MS/MS

GC-MS/MS
HPLC-MS/MS
HPLC-MS/MS

HPLC-MS/MS

GC-MS/MS
UHPLC-MS/MS
UHPLC-MS/MS
UHPLC-MS/MS

LC-MS/MS
UHPLC-MS/MS
UHPLC-MS/MS
UHPLC-MS/MS

LC-MS/MS

HPLC-MS

HPLC-MS/MS
UHPLC-MS/MS
UHPLC-MS/MS

LC-MS/MS

HPLC-MS/MS

UHPLC-MS/MS
LC-MS/MS
LC-MS/MS

UHPLC-MS/MS

UHPLC-MS/MS

UHPLC-MS/MS

HPLC-MS/MS
UHPLC-MS/MS
UHPLC-MS/MS
UHPLC-MS/MS

HPLC-MS/MS
UHPLC-MS/MS

LC-MS/MS
LC-MS/MS

Country

Hong Kong
Spain
France
Canada
Malaysia

France
France
Germany
China
USA

Canada
China
the Czech
Republic
USA
Switzerland
Switzerland
the Czech
Republic
USA
China
China
Japan
China
China
China
China
China
the Czech
Republic
Switzerland
China
China
Germany
Switzerland
China
Germany
USA
China
Japan
China
Switzerland
China
China
China
Switzerland
China
Germany
Germany
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Mean
concentration
(ng-I")*
7.7
8.6
17
53
188

1.9
4.8
<LOQ
<LOQ
<LOQ

<LOQ
<LOQ

<LOQ

1.0
2.7
<LOQ

2.0

<LOQ-15°
<LOQ
<LOQ
0.23
0.46
0.90
0.15
0.14
0.33

<LOQ

<LOQ
<LOQ
0.36
0.82
<LOQ
0.23
2.3
<LOQ
0.60
0.35
1.2
<LOQ
4.4
3.8
9.6
<LOQ
3.1
0.64
29

Reference

Wu et al., 2017
Petrovic et al., 2002
Vulliet et al., 2007
Viglino et al., 2008
Al-Odaini et al., 2010

Vulliet and Cren-Olivé,
2011

Vulliet et al., 2008

Kuch and Ballschmiter,
2000

Sun et al., 2009

Kolodziej and Sedlak,
2007

Viglino et al., 2008
Liu et al., 2015

Macikova et al., 2014

Kolodziej et al., 2004
Macikova et al., 2014
Macikova et al., 2014

Macikova et al., 2014

Kolodziej et al., 2003
Liu et al., 2014
Liu et al., 2015
Chang et al., 2008
Chang et al., 2011
Liu et al., 2014
Shen et al., 2018
Shen et al., 2018
Chang et al., 2011
Matéjicek and Kuban,
2007
Zhang and Fent, 2018
Liu et al., 2015
Shen et al., 2018
Weizel et al., 2018
Zhang and Fent, 2018
Shen et al., 2018
Weizel et al., 2018
Kolok et al., 2007
Liu et al., 2014
Chang et al., 2008
Liu et al., 2014
Zhang and Fent, 2018
Shen et al., 2018
Liu et al., 2015
Liu et al., 2014
Zhang and Fent, 2018
Shen et al., 2018
Weizel et al., 2018



General introduction

Water Analytical Mean
Compound i y Country concentration Reference
matrix method (ng-I")?
drospirenone SW HPLC-MS/MS Hungary 1.9 Avar et al., 2016
desogestrel sw HPLC-MS the Czech <L0Q Matéjicek and Kuban,

Republic 2007

Abbreviations and description: SW - surface water, EFF - municipal wastewater treatment
plant effluent, GW - groundwater, LOQ - limit of quantification. Only those progestins that
have been found at least once in effluents, surface waters or ground waters are presented
in this table. ® - mean concentration of positive detections, ® - range of concentrations is
shown because complete data were not provided, ¢ - median, ¢ - norgestrel (racemic mixture
of 2 optical isomers: levonorgestrel and dextronorgestrel), LC - liquid chromatography, GC -
gass chromatography, MS - mass spectrometry, RR - rapid resolution liquid chromatography,
HP - high performance, UHP - ultra high performance, <LOQ - concentration below limit of
quantification.

1.2.4. Biological functions and hormonal activities of progestins

Progesterone is the major progestin in mammals (Ellestad et al. 2014; Chen et al., 2010;
Ikeuchi et al., 2001; Nagahama, 2002), whereas 17,20-B-dihydroxypregn-4-en-3-one (DHP also
known as 17,20B8-P) or in certain species 17,208,21-trihydroxypregn-4-en-3-one (17,208,21-P
also known as 208-S) are considered as the major natural progestagens in most teleost fish
(reviewed in Scott et al., 2010). Progesterone is a crucial hormone necessary to maintain
pregnancy, regulate menstrual cycle and to successfully complete embryogenesis in humans
(Clarke and Sutherland, 1990; Graham and Clarke, 1997). DHP and 17,208,21-P are involved
in final oocyte and sperm maturation in most teleost fish, and it appears that DHP has an
important role in initiation of meiosis that is the first step in spermatogenesis and oogenesis
(Scott et al., 2010). Progesterone and DHP bind and transactivate mammalian and fish PRs,
respectively, and thus they manifest their intrinsic progestagenic activity. Nonetheless, some
effects are probably mediated also through membrane PRs in fish (Thomas, 2008).

Synthetic progestins are chemicals that were designed to mimic biological action of
progesterone (Stanczyk et al., 2013). In general, synthetic progestins are mostly more potent
than progesterone (Besse and Garric 2009). In addition to progestagenic activity, most of
them exert unwanted affinity to other nuclear receptors such as estrogen (ER), androgen
(AR), glucocorticoid (GR) and mineralocorticoid (MR) receptor (Africander et al., 2011;
Kumar et al., 2015; Schindler et al., 2003). Such off-target modulation of other receptors by
progestins leads to side effects in users of contraception and other progestin-based hormonal
preparations. Analogous endocrine-disrupting effects of progestins can be found in wildlife if
exposed to these compounds (Fent, 2015; Kumar et al., 2015).

1.2.5. In vitro progestagenic activity of progestins

The potency of all compounds derived from in vitro bioassays that have an affinity to the
same receptor (e.g. estrogens, androgens or progestagens) can be expressed using relative
potency (REP) values. However, REPs of compounds may differ considerably between different
authors (Kuhl, 1990). This is probably due to differences among various in vitro bioassay
systems used or different incubation conditions (Kuhl, 1990; 1996). Nevertheless, the order
of potency of hormonally active agents, such as synthetic progestins is mostly similar and
comparable (Table 3.). It can be seen from such comparison that three gonanes (testosterone
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derivatives), gestodene, etonogestrel, and levonorgestrel, have the strongest progestagenic
activity of all the progestins and all of them are more potent than natural progesterone (Table
3). Their in vitro potencies are in agreement with observed in vivo progestagenic/contraceptive
effects in humans (Schindler et al., 2003). However, progestins were shown not to mediate
their genomic biological activity through fish PRs in in vitro reporter gene bioassays (Bain et
al., 2015; Ellestad et al., 2014). Particularly, synthetic progestins that are 19-nortestosterone
derivatives do neither transactivate Murray-Darling rainbowfish’s (Melanotaenia fluviatilis)
PR (Bain et al., 2015), nor fathead minnow's (Pimephales promelas) PR (Ellestad et al., 2014).
A weak agonistic activity was detected just for drospirenone, a spironolactone derivative (Bain
et al,, 2015).

Surprisingly, no study has determined to date progestagenic potencies of all prescribed
progestins using the same in vitro bioassay in order to provide directly comparable values.
Therefore, one of the aims of this Ph.D. thesis was to determine progestagenic activities of all
progestins, which are prescribed in the Czech Republic, in the same in vitro bioassay (chapter
3). Such information would be valuable for human and veterinary medicine as well as for eco-
toxicological research.

Table 3. Comparison of relative progestagenic potencies of selected progestins for transactivation of
human progesterone receptor.

Reference Assay/tissue Order of relative potencies Reference
compound
uterus MPA > P4 > NET Kasid et al., 1978
uterus LNG > P4 Kuhnz et al., 1995
SF9 GES > LNG > MPA > NET > P4 Philibert et al., 1999
progesterone
YPS ENG > LNG > P4 > NET > MPA McRobb et al., 2008
YPS GES > LNG >NET = P4 = MPA > DRO Runnalls et al., 2013
PR-CALUX GES > ENG > LNG > NET > P4 Bain et al., 2015
uterus LNG > MPA = NET > P4 Bergink et al., 1981
MCF-7 @ GES > ENG > LNG > NET Kloosterboer et al., 1988
MCF-7 ® ENG > GES > LNG > NET Kloosterboer et al., 1988
ORG 2058 MCF-7 ® ENG > GES > MPA > LNG > NET > P4 Schoonen et al., 1995
MCF-7 ENG > GES > LNG > NET > P4 Schoonen et al., 1998
PR-CALUX MPA = LNG > NET = P4 Houtman et al., 2009
PR-CALUX DGT = P4 Rizner et al., 2011
PR-CALUX ENG > MPA > LNG > NET > P4 Sonneveld et al., 2011
uterus ENG > LNG > GES > P4 Pollow et al., 1989
promegestone uterus LNG > ENG > GES > P4 Pollow et al., 1992
uterus LNG > GES > P4 Juchem et al., 1993

Abbreviations and description: YPS - yeast progesterone screen, PR-CALUX - progesterone
receptor responsive chemically activated luciferase gene expression, DRO - drospirenone,
DGT - dydrogesterone, ENG - etonogestrel, GES - gestodene, LNG - levonorgestrel, MPA
- medroxyprogesterone acetate, NET - norethisterone, P4 - progesterone , @ - intact cells,
b — cytosol.

1.2.6. In vitro (anti-)androgenic activity of progestins

Progestins are known to exhibit either strong androgenic or anti-androgenic activities (Kuhl,
1996; Raudrant and Rabe, 2003; Schindler et al., 2003; Sitruk-Ware, 2004; Térouanne et al.,
2002).
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Progestins that are derived from testosterone (gonanes, estranes) exhibit mostly androgenic
activities both in vitro and in vivo in human (Schindler et al., 2003). Gonanes (levonorgestrel,
gestodene and etonogestrel), synthetic progestins with the strongest progestagenic activity,
appear to be also the most potent androgens (Table 4). In vitro studies with fish ARs have
shown similar results to in vitro studies on human ARs in this regard (Bain et al., 2015;
Ellestad et al., 2014). Androgenic effects have also been observed in vivo in fish exposed to
levonorgestrel (Hua et al., 2015; Runnalls et al. 2013; Svensson et al., 2013; 2016; Zeilinger et
al., 2009), norethisterone (Paulos et al., 2010) and gestodene (Runnalls et al., 2013).

On the other hand, progesterone-derived progestins exert anti-androgenic activities
(Schindler et al., 2003). Some progestins with anti-androgenic effect are even used to treat
androgen-dependent disorders/diseases such as hirsutism and acne in women (Archer and
Chang, 2004) or prostate cancer in men (Labrie et al., 1987). Two progesterone derivatives,
chlormadinone acetate and cyproterone acetate, which have been tested for they affinity to
fish ARs so far, shown also anti-androgenic activity (Siegenthaler et al., 2017a).

Table 4. Comparison of relative potencies of selected progestins for transactivation of human androgen
receptor.

Reference Assay/ Order of relative potencies Reference
compound tissue
MCF-72 LNG > GES > ENG > NET Kloosterboer et al., 1988
MCF-7° LNG > GES > ENG > NET Kloosterboer et al., 1988
MCF-72 LNG > ENG = MPA > NET Bergink et al., 1983
dihydrotestosterone MCF-7° MPA > LNG > GES > NET > ENG Schoonen et al., 1995
AR-CALUX LNG > MPA = NET Houtman et al., 2009
YAS LNG > GES = NET > MPA > DRO Runnalls et al., 2013

COS-1 GES > LNG > MPA > DRO > P4 > NOMAC Louw-du-Toit et al., 2017
Abbreviations and description: DRO - drospirenone, ENG - etonogestrel, GES - gestodene,
LNG - levonorgestrel, MPA - medroxyprogesterone acetate, NET - norethisterone, NOMAC
- nomegestrol acetate, AR-CALUX - androgen receptor responsive chemically activated
luciferase gene expression, YAS - yeast androgen screen, COS-1 - a monkey kidney cell line,
2 —intact cells, ® - cytosol.

1.3. Detection of hormonal activities of pure compounds and in environmental sam-
ples

1.3.1. Progestagenic activities in effluents and surface waters

When considering that synthetic progestins are consumed in high amounts (Besse and
Garric, 2009; Runnalls et al., 2010), municipal wastewater treatment plant discharges
are supposed to be the main contributor to the progestagenic activities in the aquatic
environment. However, limited amount of data is still available on the progestagenic activity
of waste and surface water (Creusot et al., 2014; van der Linden et al., 2008) which might be
linked to the presence of synthetic progestins. Progestagenic activities might be also found in
surface waters downstream animal farming areas (e.g. cattle pastures) that are also sources
of progestins as aforementioned (chapter 1.2.2.). In addition, pharmaceutical (Creusot et al.,
2014) and leather (Chatterjee et al.,, 2008) industries were confirmed as sources of water
pollution by PR agonists.
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Progestagenic agonistic activities were detected in wastewater effluents as well as in
surface waters in approximately 40% of studies attempting to detect them (Table 5).

A French river that received a pharmaceutical industry effluent was found out to be highly
polluted by PR agonists: progesterone, levonorgestrel, spironolactone (synthetic steroidal
anti-mineralocorticoid) and its metabolite canrenone (Creusot et al., 2014; Table 5). Other
progestagenic substances were not analysed. LNG was found to contribute to progestagenic
activities the most, namely up to 50% (Creusot et al., 2014).

To the best of my knowledge, data on progestagenic activity of environmental water samples
has not been collected in the Czech Republic so far. The consequences of the presence of
progestagenic activities in the aquatic environment for aquatic organisms still remain unclear.
In chapter 3, we have been attempting to estimate to which extent progestins may contribute
to progestagenic activities but further studies should be carried out to elucidate which level
of progestagenic activity can be considered as safe for aquatic biota.

Table 5. Occurrence of progestagenic activities in aquatic environment reported in literature.

Range of progestagenic

nV:Iaatt:)r( Cells/assay Country activity Reference
ng-I"ORG 2058 EQs®
a yeast bioassay with
exogenous metabolic China ND Li et al., 2011
activation
HELN-PR-B Tunisia ND Mnif et al., 2010
PR-CALUX Australia ND Scott et al., 2014
45 Pg;@g‘iﬁ;? worldwide ND® Escher et al., 2014
é HELN-PR B France ND Bellet et al., 2012
¢ PR-CALUX Netherlands 0.78-0.86 van der Linden et al,
2008
PR-CALUX Australia ND-4.6 Leusch et al., 2014
PR-CALUX Australia ~1.4 Bain et al., 2014
YPS China ND Rao et al,, 2014
transgenic HEK 293 India 0.33-0.58 Viswanath et al., 2008
van der Linden et al.,
:0'_), PR-CALUX Netherlands 4.5 2008
2 PR-CALUX, PR- worldwide NDP Escher et al., 2014
v GeneBLAzer
& PR-CALUX Australia ND Scott et al., 2014
2 YPS China ND Rao et al., 2014
HELN-PR B France 32.5-1556 ng-g'R5020 EQs© Creusot et al. 2014

Abbreviations and description: YPS - yeast progesterone screen, CALUX - chemically activated
luciferase gene expression, ND - not detected, R5020 - promegestone, ® - the equivalents were
normalized to ORG 2058 by relative potency values obtained in experiments from chapter 3
(used relative potencies were: ORG 2058 = 1.00, progesterone = 0.08 and levonorgestrel =
0.85), ® - <EC, - only slight progestagenic activities were detected, all were below EC,  of the
reference compound, ¢~ sampled by polar organic compound integrative sampler.

1.3.2. (Anti-)androgenic activities in effluents and surface waters

The main sources of androgenic activity of anthropogenic origin in aquatic environments
are municipal WWTP effluents (Kirk et al., 2002), agriculture (Soto et al., 2004) and paper
mill plant effluents (Jenkins et al., 2004). It is supposed that androgenic activities are mostly
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caused by natural androgens (Thomas et al., 2002) and partly also by synthetic androgens
(Hashmi et al., 2018). Furthermore, there are other contaminants, such as pesticides that
also possess androgenic activities (Sohoni and Sumpter, 1998; Weiss et al., 2011). Progestins
were also suggested to be responsible for the androgenic activities to some extent (Hashmi
et al, 2018).

Anti-androgenic activities are commonly detected in environmental samples (Chen and
Chou, 2016; Macikova et al., 2014a; Urbatzka et al., 2007) and are believed to pose a greater
risk for aquatic biota compared to androgenic activities (Weiss et al.,, 2009; Zhao et al., 2011).
While androgenic activities in aquatic environment may cause masculinization of aquatic
organisms, anti-androgenic activities may contribute to feminization. Therefore, feminization
of fish residing downstream WWTP effluents has been linked not only to estrogenic but also
to the anti-androgenic compounds (Jobling et al., 2009). AR seems to be relatively prone to
blocking as many compounds out of a large tested dataset (approximately 3000 environmental
chemicals analysed for the U.S. Tox21 program) have been shown to exert anti-androgenic
activities (Huang et al., 2011). These include various groups of chemicals such as progestins,
polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), organochlorine
pesticides, polychlorinated dibenzo-p-dioxins/dibenzofurans (PCDDs and PCDFs), ultraviolet
filters, nonylphenols, bisphenols, fungicides, and prostate cancer treatment drugs (Eustache
et al.,, 2009; Chatterjee et al.,, 2007; Kinani et al., 2010; Lee et al.,, 2003; Li et al., 2017;
Ma et al., 2003; Schreurs et al., 2005; Sohoni and Sumpter 1998; Vandenberg et al., 2012;
Vinggaard et al., 2000; Viswanath et al., 2010). However, environmental levels of PAHs, PCBs,
PCDDs, PCDFs and DDT were not correlated with the total anti-androgenicity found in surface
waters (Macikova et al., 2014). The effect drivers of anti-androgenic activities often remain
unidentified (Kinani et al., 2010; Chen and Chou et al.,, 2016; Urbatzka et al.,, 2007). There
has been only one study dealing with the determination of contribution of progestins to
anti-androgenic activities. Houtman et al. (2018) found out that cyproterone acetate (CPA) is
responsible for 70% of anti-androgenic activities in treated wastewater in the Netherlands.

One of the aims of this Ph.D. thesis was to determine the extent to which progestins
contribute to progestagenic and (anti-)androgenic activities in aquatic environments. The
share of progestins on detected (anti-)androgenic activities can then be compared to recently
calculated EBT values for (anti-)androgenic activity (Escher et al., 2018; van der Oost et al.,
2017) to estimate if progestins can cause (anti-)androgenic activities that could be of high
risk for aquatic ecosystems.
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Table 6. Occurrence of (anti-)androgenic activities in aquatic environment reported in literature.

Range of activity

Water Assay/ . Anti-
matrix cells Country Anﬂ‘r;gl-leTn:EcQ androgenic Reference
(ng ) (FLU EQ)
transgenic The 5.7 methyltrienolone
T47D Netherlands EQs ND Blankvoort et al., 2005
AR-CALUX Australia 2 ND Leusch et al., 2014
YAS i ND-9 ND Thomas et al., 2002
5 Kingdom
3
< The van der Linden et al.,
§ AR-CALUX \ etherlands 12 ND 2008
£ YAS China ND 22.1ng-I" Rao et al., 2014
3 B
@ YAS Sl ND-143 NA Kirk et al., 2002
Kingdom
YAS Italy 130-207 0.4-0.6 mg-I7 Urbatzka et al., 2007
YAS China ND-45 0.02-0.9 mg-I" Zhao et al., 2011
MCF7-AR1 Taiwan 0.94-3.1 ND Shue et al., 2014
The van der Linden et al.,
AR-CALUX Netherlands 0.75-0.83 ND 5008
YAS United 34-635 ND Thomas et al., 2002
Kingdom
o The ) )
;0:5 T47D Netherlands 8247-178 883 ND Blankvoort et al., 2005
€ YAS China ND Orf:_'f{f Fang et al., 2012
The
T47D 199 ND Blankvoort et al., 2005
Netherlands
YAS India UOVIRY Y ND Chatterjee et al., 2007

testosterone EQs
Abbreviations and description: DHT - dihydrotestosterone, FLU - flutamide, YAS - yeast
androgen screen, CALUX - chemically activated luciferase gene expression, ND - not detected,
NA - not analysed, @ - industrial wastewater effluent.

1.4. Adverse effects of progestins on aquatic organisms

Most of studies investigating effects of progestins on aquatic organisms were performed
on teleost fish. Amphibians have also attracted certain research interest (Fent, 2015; Kumar
et al., 2015; Orlando and Ellestad, 2014), but only little is known about effects of progestins
on aquatic invertebrates (Orlando and Ellestad, 2014). | have focused on effects of progestins
on fish in this Ph.D. thesis.

So far most studies focused on effects of progestins on reproduction of fish (Fent,
2015; Kumar et al.,, 2015; Orlando and Ellestad, 2014). Of the progestins analysed so far,
testosterone-derived progestins levonorgestrel, norethisterone and gestodene pose the
greatest risk to aquatic organisms due to their adverse effect on fish fecundity at low ng- I
levels (DeQuattro et al., 2012; Paulos et al., 2010; Runnalls et al. 2013, Zeilinger et al. 2009).
Up to date, the lowest LOEC value (0.8 ng-I"") among all tested progestins has been estimated
for levonorgestrel (Table 7). Accumulating evidence indicates that testosterone-derived
progestins exhibit androgenic effects in vivo that eventually lead to masculinization of female
fish (Brockmeier et al., 2016; Frankel et al., 2016a; 2016b; Hou et al., 2018a; Hua et al., 2015;
Runnalls et al., 2013) and supermasculinization of male fish (Frankel et al., 2016b). Progestins
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also affect sex ratio (Hou et al., 2018a; Shi et al., 2018) and induce intersex (Fent, 2015; Hou
et al., 2018a) (Table 7).

Furthermore, reproductive behaviour can be affected in fish exposed to progestins (Table
7). Male fathead minnow (Pimephales promelas) exposed to low ng- I levels of gestodene
displayed more aggressive behaviour and exhibited reduced frequency of courtship and
mating behaviour, while exposed females had lower interest in courtship (Frankel et al.,
2016a). A short-term exposure (8 days) of eastern mosquitofish (Gambusia holbrooki)
to levonorgestrel (100 ng-17) led to decreased mating frequencies (Frankel et al., 2016b).
Reduced frequency and duration of following behavior towards females was also observed in
males of western mosquitofish (Gambusia affinis) exposed to norgestrel (racemic mixture of
biologically active levonorgestrel and non-active dextronorgestrel) at 2 3.6 ng- I level for 42
days (Hou et al., 2018b).

Progestins might also impair other physiological functions in fish (Kumar et al., 2015).
These include e.g. circadian rhythm (Shi et al., 2018; Zhao et al., 2015a; 2015b; 2018), thyroid
system (Liang et al., 2015b), immune system (Pietsch et al., 2009; 2011), and potentially
pheromonal signalling (Besse and Garric, 2009; Frankel et al., 2016a; Scott et al., 2010).
However, many studies listed above have focused just on changes at molecular level upon
progestins’ exposure and it still needs to be elucidated if these changes translate into
physiological effects (Zhao et al., 2015b).
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- hydroxysteroid (17-B) dehydrogenase 3; hsd20B - hydroxysteroid (20-B) dehydrogenase;
HSI - hepatosomatic index; il1rapl1a - interleukin 1 receptor accessory protein-like 1a; KEH
- kidney epithelium height; KSI - kidney somatic index; lhb - luteinizing hormone, beta
polypeptide; LNG - levonorgestrel; LOEC - lowest observed effect concentration; MGA -
megestrol acetate; mpgra - membrane progesterone receptor, subtype o; mpgrp - membrane
progesterone receptor, subtype B; mhcTuea - major histocompatibility complex class
| UEA (involved in immune response); mhclufa - maor histocompatibility compley class |
UFA (involved in immune response); mr — mineralocorticoid receptor; mt - metallothionein;
NET - norethisterone; NGT - norgestrel; nis - sodium iodide symporter; nr5a1b - nuclear
receptor subfamily 5, group A, member 1b (related to sex differentiation); T - testosterone;
nr1d1 - nuclear receptor subfamily 1, group D, member 1 (involved in circadian rhythm); NSI
- nephrosomatic index; p38mapk - p38 mitogen-activated protein kinase; P4 - progesterone;
pomc - proopiomelanocortin; spgB - spermatogonia B; tg - thyroglobulin; thr8 - thyroid
receptor beta; tnfrsf19 - tumor necrosis factor receptor superfamily, member 19 (involved in
endothelial barrier and regulation of cell migration); vtgA - vitellogenin A; vtgB - vitellogenin
B; vtgC - vitellogenin C; vtg T - vitellogenin 1; zp3 - zona pellucida 3.
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1.5. Aims of the thesis

Progestins, an emerging group of pollutants, came recently into suspicion of causing
substantial risk to the aquatic environment (Fent, 2015; Kumar et al., 2015). Therefore, the
overall aim of this thesis was to shed some light on their occurrence and hormonal activities
in the aquatic environment as well as on their effects on fish.

The specific objectives of this Ph.D. thesis were to:

e detect progestins in the aquatic environment

e detect progestagenic and (anti-)androgenic activities in the aquatic environment

e determine relative progestagenic and (anti-)androgenic potencies of progestins
prescribed in the Czech Republic

e evaluate the potential of individual progestins to cause progestagenic and (anti-)
androgenic activities in the aquatic environment related to municipal WWTPs

e assess effects of etonogestrel, a synthetic progestin of the 3 generation, on fish

Detection of progestins in aquatic environments using instrumental analysis is reported
in chapters 2, 3 and 4. Monitoring of progestagenic activities is described in chapter 3,
while chapter 4 presents the screening for (anti-)androgenic activities. Progestagenic and
(anti-)androgenic REPs of progestins are determined in chapters 3 and 4, respectively. The
effects of sub-lethal concentrations of the synthetic progestin etonogestrel on morphology,
reproduction and reproductive behaviour of Endler’'s guppies (Poecilia wingei) are described
in chapter 5.
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The aim of this study was to develop a reliable analytical method for the measurement of 17 selected progesto-
gens in waste water and surface water. Automated whole water solid phase extraction (SPE) was used for sample
concentration. Liquid chromatography tandem atmospheric pressure chemical ionization/atmospheric pressure
photoionization with hybrid quadrupole/orbital trap mass spectrometry operated in high resolution product
scan mode (LC-APCI/APPI-HRPS) was applied for the analyses. The whole-method recoveries ranged from 60%
to 140% for all analytes at two different spike levels (5 and 50 ng/L) in the studied matrices. The method is
very sensitive with LOQs ranging from 0.02 to 0.87 ng/L. The developed method was used for the determination
of progestogens in real samples of waste water from three waste water treatment plants (WWTPs) and in surface
water from the corresponding recipients. Progesterone was detected in all samples with concentrations in the
range of 0.82 to 1.1 ng/L in surface water and 0.11 to 110 ng/L in waste water samples. Three synthetic proges-
togens, namely, megestrol acetate, medroxyprogesterone acetate, and dienogest, were detected most frequently
in effluents; therefore, further attention should be paid to the monitoring of these compounds.
To the best of our knowledge, this study is the first to present analysis of altrenogest, etonogestrel, dienogest,
nomegestrol acetate and ulipristal acetate in waste water and surface water using a solid-phase extraction method.
© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Endocrine disrupting compounds (EDCs) have received increasing
attention from the international scientific community during the last

several decades (Schroder et al., 2016; Fent, 2015). Recently, synthetic
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progestogens, which are widely used in human and veterinary thera-
pies, received attention as a new EDC group of concern (Fent, 2015;
Kumar et al., 2015; Liu et al., 2011). Synthetic progestogens are used pri-
marily in contraceptive pills but also in the promoting regular menstrual
cycles, treating abnormal uterine bleeding, controlling the symptoms of
menopause, and preventing endometrial cancer (Apgar and Greenberg,
2000).

However, only limited data on a narrow range of progestogens have
been reported in waste waters (Kolodziej et al., 2003; Jenkins et al.,
2001; Fernandez et al., 2007; Chang et al., 2011) and surface waters
(Jenkins et al., 2001; Chang et al., 2011; Vulliet et al., 2008).

Steroid hormones are excreted by humans and animals and subse-
quently reach the surface waters due to direct discharge or their incom-
plete removal in waste water treatment plants (WWTPs), which have
been reported to be the primary source of contamination of the aquatic
environments (Kumar et al., 2015). In recent studies, it has been dem-
onstrated that synthetic progestogens can affect sexual development
and reduce egg production in fish at concentrations similar to those de-
tected in aquatic environments (Svensson et al., 2016; Zeilinger et al.,
2009; Runnalls et al., 2013).

The development of fast, reliable and sensitive analytical methods
for the determination of progestogens in water matrices is of crucial im-
portance for the assessment of the concentration levels of these com-
pounds and their related ecological risk (Kumar et al., 2015).

Due to the low concentration levels of progestogens in surface water
and waste water together with the complexity of environmental matri-
ces in which these compounds are dispersed, a pre-concentration and
clean-up step (Chang et al., 2011) or large volume injection (Fayad
et al., 2013) are usually performed.

For instrumental analysis, gas chromatography - mass spectrometry
(GC-MS) has been applied in the determination of steroids due to its
high separation and good identification capability (Kolodziej et al.,
2003; Labadie and Budzinski, 2005). However, complicated cleanup
and derivatization steps are required before instrumental analysis. Liq-
uid chromatography (LC-MS) is more convenient than GC-MS because
direct analysis is possible without derivatization.

Three different ionization sources, electrospray ionization (ESI), at-
mospheric pressure chemical ionization (APCI), and atmospheric pres-
sure photoionization (APPI) are available for LC-MS. ESI has
demonstrated detection capabilities for steroid hormones, but its appli-
cability is limited by selectivity (Jeannot et al., 2002; Rodriguez-Mozaz
et al, 2004). In addition, co-extracted matrix compounds can cause sig-
nificant suppression or enhancement of the signal and, consequently,
analytical error in electrospray ionization (Schliisener and Bester,
2005). APPI may be useful as an alternative for sensitive and selective
detection of steroid hormones that are difficult to ionize by either
electrospray or APCI (Schliisener and Bester, 2005; Robb et al., 2000).
In present study APCI and APPI analyses were performed to use more
selective ionization in order to reduce interferences from matrix, in-
crease selectivity and consequently increase the signal to noise ratio
for target compounds in matrix-rich aqueous samples.

The most popular sample preparation technique is solid-phase ex-
traction (SPE), and it has been widely employed for analysis of proges-
togens in water samples (Vulliet et al., 2008; Al-Odaini et al., 2010; Liu
et al, 2014; Liu et al., 2015). A recent development in this technology
is the automated SPE system, which has the following advantages: ex-
traction of whole water samples without any pretreatment step, lower
amount of solvent needed, low waste and controlling costs; increased
safety by reducing exposure to solvents; better reproducibility between
technicians; reliable handling of most samples and less attention re-
quired for good results.

The aim of this study was to develop a reliable analytical method to
measure the selected 17 progestogens in waste water and surface water
by SPE extraction followed with liquid chromatography tandem atmo-
spheric pressure chemical ionization/atmospheric pressure photoioni-
zation with/atmospheric pressure photoionization with a hybrid

quadrupole/orbital trap system operated in high resolution product
scan mode (LC-APCI/APPI-HRPS). In the present study, the SPE system
works with whole water samples and sample filtration and extraction
is included in one step.

The progestogens of interest were selected according to their con-
sumption (Fig. SI 1) and concern over their possible effect on aquatic or-
ganisms (Kumar et al, 2015). Target compounds, synthetic
progestogens, progesterone and selective progesterone modulators
(SPRMs) were selected according to their annual consumption which
was calculated from raw data freely available at website of Czech State
Institute for Drug Control, Fig. SI 1 (State Institue for Drug Control,
2017). Only those compounds that are consumed in the Czech
Republic were further assessed by LC-APCI/APPI-HRPS analysis. The
only exception was medroxyprogesterone because it has previously
been detected in the aquatic environment (Kolodziej et al., 2003;
Macikova et al., 2014). Some progestogens are precursors of other pro-
gestogens; therefore, the consumption of precursors and corresponding
active substances was summed up. Namely, desogestrel is a precursor of
etonogestrel, and consumption of etonogestrel was calculated as the
sum of consumption of desogestrel and etonogestrel. Similarly,
norethisterone acetate and lynestrenol are precursors of norethisterone
and norgestimate and norelgestromin are metabolized into
levonorgestrel.

In our study we aimed to develop simple multi-residue method for
simultaneous determination of 17 progestogens selection which was
based on consumption data survey. Most studies focus only on several
progestogens, such as progesterone and megestrol acetate (Chang
et al, 2011; Vulliet et al., 2008; Liu et al.,, 2014; Sun et al., 2009), and
only Liu et al. investigated the occurrence of 21 progestogens in seawa-
ter (Liu et al., 2015). Our study is the first to analyse altrenogest,
etonogestrel, dienogest, nomegestrol acetate and ulipristal acetate in
waste water and surface water together with other 12 progestogens
which have not been analysed in one analytical run. Compared to previ-
ous studies we aimed to develop rapid extraction method followed with
highly selective and sensitive detection method LC-APCI/APPI-HRPS.

The applicability of the method for the analysis of environmental
samples was verified on real WWTP effluents and recipient samples.

2. Materials and methods
2.1. Chemicals and reagents

Methanol and acetonitrile (LiChrosolv® Hypergrade) were pur-
chased from Merck (Darmstadt, Germany). Ultra-pure water was pro-
duced using an Aqua-MAX-Ultra System (Younglin, Kyounggi-do,
Korea). All analytical standards were of high purity (mostly 98%).

Medroxyprogesterone, progesterone, dydrogesterone, dienogest,
norethisterone, gestodene, drospirenone, nomegestrol acetate, mifep-
ristone, ulipristal acetate, altrenogest, medroxyprogesterone acetate,
megestrol acetate, levonorgestrel, etonogestrel, chlormadinone acetate
and cyproterone acetate were purchased from Sigma Aldrich
(Steinheim, Germany). The classification and the main physical chemi-
cal properties of the selected progestogens are presented in Table 1.

The internal standards (ISs) for synthetic progestogens,
Norethindrone-D6, Gestodene-D6, Drospirenone-13C6,
Medroxyprogesterone-D3, Chlormadinone acetate-D6, Megestrol
acetate-D3, and Progesterone-D9, were obtained from Toronto Re-
search Chemicals, Inc. (Toronto Research Chemicals, ON, Canada). All in-
ternal standards were of analytical grade (>98% purity).

Individual stock solutions of the standards were prepared at
1 mg/mL concentration in methanol and stored at —20 °C. A spiking
mixture of ISs was prepared by diluting the stock solutions with meth-
anol to a final concentration of 1 pg/mL for each compound. Working
standard mixtures (0.01-10 pg/mL) of the native compounds were pre-
pared monthly in methanol.
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Table 1
The classification and the main physical chemical properties of the selected progestogens.
Structural derivation Compound Molar CAS number Purity log ~ Water Structure
mass (%) Kow  solubility
(mg/L)
Natural hormone Progesterone 31447 57-83-0 99.9 3.67% 5.0° o

Progesterone derivative Dydrogesterone 31246%  152-62-5 99.5 345" 3.7° °

Structurally related to 17a-OH-progesterone derivatives ~ Medroxyprogesterone  344.50°  520-85-4 98.5 3.50° 3.0°
progesterone
Medroxyprogesterone  386.54°  71-58-9 >97 4.09° 1.2°
acetate

Cyproterone acetate 41695  427-51-0 >98 3.10° 51.7°

Chlormadinone acetate  404.94"  302-22-7 99.7 3.95" 03°

19-Norprogesterone derivatives Megestrol acetate 38452  595-33-5 299 4.00° 2.0°

Nomegestrol acetate 37049" 58652-20-3 298 3.55% 4.3*

Ulipristal acetate 475.63°  126784-99-4 298 5.07* 0.1%
Structurally related to 19-Nortestosterone Estranes Dienogest 311.43*  65928-58-7 99.9 234" 57.9°
testosterone derivatives
Norethisterone 298.43°  68-22-4 298 297° 7.0°
Altrenogest 310.44*  850-52-2 299 3.94" 14.8°
Mifepristone 429.61°  84371-65-3 298 5.40° 0.1°
Gonanes Levonorgestrel 31246°  797-63-7 >99 348> 2.1°
Etonogestrel 32447°  54048-10-1 298 3.16° 57.1° e o
He. =cu
DO
s
o
Gestodene 31044°  60282-87-3 298 326" 8.1° OO — o
17a-Spironolactone derivative Drospirenone 366.50 67392-87-4 99.9 4.02* 1.8*

2 Estimation Programs Interface Suite™ for Microsoft® Windows, KOWWIN v. 1.68 estimate. United States Environmental Protection Agency, Washington, DC, USA.
® (Liuetal, 2011).
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2.2. Sampling and sample preparation

Sampling of water was performed in November 2016 and January
and February 2017. Grab waste water samples (influent and effluent)
from WWTP in Vodiiany (Czech Republic, 7000 inhabitants and light in-
dustry, Table 2) and surface water samples from Blanice River (Czech
Republic) (7 replicates from each site) were used for method validation.
Seven replicates (1 L aliquot) were spiked with ISs to achieve a concen-
tration of 10 ng/L. Other sets of samples (seven replicates each) were
also spiked with a mixture of progestogens at two concentration levels
(5 and 50 ng/L for waste water and surface water) to check the recovery
of target compounds.

Furthermore, to evaluate the effectiveness of the developed method,
24-hour composite samples (time proportional sampling with 15 min.
intervals) were collected from influents and effluents of two WWTPs.
The characteristics of the WWTPs sampled are shown in Table 2. Surface
water grab samples were collected upstream and downstream of the
corresponding WWTPs. The sampling region is located in the Vitava
River basin. All samples were collected into amber glass bottles that
were pre-cleaned with acetonitrile and distilled water.

Samples were transported to the laboratory immediately after col-
lection, stored in darkness at 4 °C and extracted within 48 h.

2.3. Solid-phase extraction and sample evaporation

Waste and surface water samples were extracted on an SPE-DEX
4790 automated solid-phase extraction system (Horizon Technology,
Salem, NH, USA).

For the extraction method, we checked two extraction solvents for
the selected progestogens: acetonitrile (ACN) and methanol (MeOH).
Extraction was performed as follows: the system was purged, and At-
lantic C18 SPE disks (Horizon Technology, Salem, NH, USA) were condi-
tioned with ACN and LC/MS grade water. One liter of whole water
sample was loaded into the extraction system. The particles were
trapped at 5 and 1 pm glass fibre filters (Horizon Technology, Salem,
NH, USA). Glass fibre filtration material appears to be the best choice
for extraction of progestogens because high recoveries are reached
using these filters (Fayad et al., 2013). Filtered samples passed through
the C18 disks, and target compounds were retained onto the sorbent.
C18 disks were chosen due to their known ability to extract mid and
non-polar compounds (Horizon Technology, Salem, NH, USA), such as
synthetic progestogens, which are slightly polar or non-polar com-
pounds (Kumar et al., 2015). When samples passed through the disks,
the system, including sample bottle, was washed with demineralised
water. Filters and C18 disks were air dried for 15 min to remove residual
water. Subsequently, the sample bottle was rinsed twice with ACN to
wash off residual analytes from the bottle walls. C18 disks containing
adsorbed target compounds were eluted with the total volume of
10 mL of ACN into glass collection vessels. Soak time of the ACN on
C18 disks was 1 min and 30 s per rinse for elution. The first rinsing
was followed by 15 s of air dry, while the latter air drying after rinsing
lasted 1 min. The eluates were transferred into glass vials with a conical

Table 2
Wastewater treatment plant characterization.

bottom. To ensure that all target compounds were transferred, eluate
collection vessels were rinsed three times with 2 mL of ACN. Combined
extract was evaporated by a gentle nitrogen stream to dryness in a ni-
trogen sample concentrator Termovap TV10+ (ECOM, the Czech
Republic). The sample residues were re-dissolved in 2 x 50 pL of ACN
for further analysis. The same extraction procedure was performed
using methanol as the extraction solvent for comparison purpose. The
sample extract was transferred into an autosampler vial with a glass in-
sert with a volume of 200 pL and sealed with a cap. All extracts were
subsequently stored at —20 °C until analysis, which was performed
within one week.

2.4. LC-MS instrumentation

An Accela 1250 LC pump (Thermo Fisher Scientific, San Jose, CA,
USA) coupled with a hybrid quadrupole/orbital trap Q-Exactive mass
spectrometer (Thermo Fisher Scientific) and an HTS XT-CTC auto-
sampler (CTC Analytics AG, Zwingen, Switzerland) were used to sepa-
rate and detect target analytes. An analytical Hypersil Gold column
(50 mm x 2.1 mm ID x 3 um particles; Thermo Fisher Scientific) preced-
ed by the same phase pre-column (10 mm x 2.1 mm ID x 3 pm parti-
cles) were used for the chromatographic separation of the target
analytes.

2.5. LC-APCI/APPI-HRPS analysis

Ultra-pure water and methanol were used as the mobile phases. The
LC gradient for the elution of target compounds is presented in Supple-
mentary Materials Table SI 1. The elution conditions were programmed
as follows: 350 mL/min 30% methanol in water for 1 min, isocratically
followed by a gradient change to 20/80 water/methanol at a flow of
400 mL/min in 8 min and a final gradient change to 100% of methanol
at a flow of 400 mL/min in 10 min. These parameters were held for
2 min and then changed to the starting conditions and held for
1.5 min to equilibrate the column for the next run.

An atmospheric pressure photoionization (APPI) in positive mode
was used to ionize target compounds. The instrument was calibrated
daily (mass calibration) in negative modes using a standard procedure
proposed by Thermo Scientific.

The APCI/APPI parameters were set as follows: capillary temperature
(300 °C), vaporizer temperature (300 °C), sheath gas pressure (40 arbi-
trary units), auxiliary gas (15 arbitrary units) and discharge current (4
VA in positive ionization mode). UV krypton lamp (10 eV) was used in
the source.

The MS/MS conditions were optimized for each compound by infu-
sion of individual standard solution at a concentration level of 1 pg/mL
at a rate of 10 pL/min to the mobile phase stream (50/50 MeOH/water
at 300 pL/min). All progestogens were detected in positive ionization
mode as protonated molecules [M + H]+.

Most progestogens undergo fragmentation with many non-specific
fragments. Selection of the proper fragments usually is based on inten-
sity and selectivity of fragments not only in the standard but in the real

WWTP Sampling Water flow at  Catchment Influent (mg/L) Effluent (mg/L) Main producers of wastewaters (except for

technique mﬂ]uent populavtlon BOD COD-Cr TSS BOD COD-Cr TSS households)
(m*/d) (capacity)
Vodiiany Grab 2151 28,500 294* 516° 125.5* 3.5* 256  3.45* Poultry industry, research institute and
instrumentation manufacturing plant

Strakonice 24-h 15,000 75,000 250 431 245 9 383 7.2 Hospital, brewery, textile and engineering industry
composite

Ceské 24-h 37,791 375,000 247 597 250 19 19 <2.0 Hospitals, breweries, paper mill, dairy, heating

Budégjovice composite and food manufacturing plants

Abbreviations: BOD - biochemical oxygen demand, COD-Cr - chemical oxygen demand using potassium dichromate, TSS - total suspended solids.

2 Data taken from year 2014.
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matrices, as well. The high resolution product scan (HRPS) analysis was
used with the mass inclusion list and expected retention times of the
target analytes with a 1 min time window. Collision energy values
were optimized for all the compounds of interest and are presented in
Table SI 3. General MS parameters were set up as follows: orbital trap
resolution 17,500 FWHM; product scan range of 50 to 600 m/z; AGC tar-
get of 1e6; maximum filling time of 30 ms; and an isolation window at
the quadrupole of 1 m/z. The advantage of HRPS is not that single tran-
sitions are monitored but that a full scan spectrum is recorded. This even
allows picking up new suspicious fragment ions using old data without
re-measuring. The MS/MS parameters for the Q-Exactive mass spec-
trometer are presented in Table SI 3.

Data analysis was performed with TraceFinder 3.3 software (Thermo
Fisher Scientific).

2.6. Method validation

The performance of the method was assessed regarding linearity,
limits of quantification (LOQs), trueness and repeatability. Two matrices
were used for method validation: waste water (influent and effluent)
and surface water.

The linearity of the calibration curve was tested in the range from
0.1 ng/L to 200 ng/L. Calibration curves were measured at the beginning
and at the end of the sequence to check instrument stability. The cali-
bration was prepared in water/MeOH (1/1). LOQs were calculated as
one quarter of the lowest calibration point in the calibration curve
where the relative standard deviation of the average response factor
was <30% (in some cases one or two points at low concentration levels
had to be removed). The peak area corresponding to this concentration
was used to calculate LOQ for each individual compound in each sample.

The matrix effect was assessed for each compound. Corrections of
ion suppression or enhancement were performed using matrix-
matched standards for quantification if this effect exceeds 30% in a
given matrix. Each matrix-matched standard was prepared from corre-
sponding water sample extract that was spiked with ISs at concentra-
tion levels of 10 ng/L and native compounds at concentration levels of
200 ng/L. The matrix effect was evaluated as the difference between
the matrix-matched standards' relative response factor and average rel-
ative response factor obtained from the calibration curve. Repeatability
of the method was evaluated as the relative standard deviation (RSD) of
the seven replicates at corresponding fortification levels.

In an effort to generate quality data, several quality control samples
were included during sample analysis. No target analytes were detected
in method blanks. The method blank was ultra-pure water. The blank
was prepared and extracted in the same way as the samples.

3. Results and discussion
3.1. Efficiency of extraction procedure

The extraction solvent is one of the critical parameters influencing
the extraction efficiency of the analytes and method performance. In
this method, we tested two extraction solvents for the selected proges-
togens, ACN and MeOH. The recovery achieved by each extraction pro-
cedure for each progestogens was evaluated at a fortification level of
10 ng/L and was expressed as the ratio between the determined con-
centration and the nominal concentration (n = 3). The recovery results
for progestogens and two extraction solvents are shown in Table SI 3.
The most consistent results were achieved using ACN, where median re-
covery ranged between 62% and 130%. Extraction procedures with
MeOH provided highly variable results across the selected hormones,
ranging from 4% to >135%. According to the literature data, elution
with ACN solvent provides better recoveries of progestogens than
with MeOH, ethyl acetate or dichloromethane (Sun et al., 2009). Conse-
quently, ACN was selected for further validation because of its consis-
tent recoveries for most target compounds.

3.2. Method validation

The linearity, limit of quantification (LOQ), trueness and repeatabil-
ity of the method were evaluated under the optimum extraction condi-
tions for each sample matrix.

One of the analytical challenges of progestogens quantification in
aquatic samples is the need to analyse very low concentration levels.
Average LOQs together with linearity parameters are presented in
Table 3. All progestogens showed good linear response in the range of
0.1 to 200 ng/L with R squared coefficients (R?) higher than 0.997. The
proposed analytical method resulted in very low LOQs in the range of
0.02 to 0.87 ng/L without additional purification or derivatization steps.

Varying composition of the sample matrix can suppress or enhance
analyte signal and consequently may influence ion-ratio and overall
method performance, as well as producing false positives, even when
an IS or isotope dilution method is used (Fedorova et al., 2013). Signifi-
cant matrix effect (over 30%, Fig. 1) was observed in influent waste
water samples for most of the studied compounds. The dominant ma-
trix effect in this case was ionization suppression, which varied from
—33% to —101%. For the rest of the samples (surface and effluent
waste water), matrix effects were between —30 and + 30% for most
of progestogens with the exceptions of dienogest (—31%) and
dydrogesterone (—54%) in effluent samples. This finding is in accor-
dance with our previous study, where APCI/APPI showed a lower matrix
effect than ESI (Lindberg et al., 2014).

As seen in Table 4, for most target compounds, the recoveries were
in the satisfactory range from 60% to 140%. Dienogest showed the low-
est recoveries in all matrices (30-41% for surface water, 56-80% for
waste water). This result could be attributed to the fact that dienogest
is more polar compared to the rest of the studied progestogens (log
Kow = 2.34, Table 1), and the C18 SPE disk might not be the best choice
for extraction of this kind of compound. However, the multiresidual
method is a compromise between analysing a wide range of analytes
and the method performance for border compounds. Repeatability of
the method for dienogest was good, and the method can also be used
for this compound, at least as a semiquantitative method.

Recoveries slightly over 140% were obtained in the effluent waste
water samples for levonorgestrel, norethisterone and etonogestrel. It
should be mentioned that the calculation of influent recoveries for pro-
gesterone was problematic because of the presence of this hormone in
these samples at high concentrations (110 ng/L). For this reason, data
for progesterone in influent samples had to be omitted for method
development.

Table 3

R square coefficients (R?) and average limit of quantification (LOQ), ng/L of selected hor-
mones measured in surface water and wastewater (influent and effluent).

Number of samples:

- surface water (Blanice River) = 7 replicates;

- wastewater Vodfiany (influent and effluent) = 7 replicates of each site.

Compound R? Surface water  Effluent  Influent
Dienogest 0.9992 0.10 0.08 0.04
Norethisterone 0.9989  0.04 0.11 0.05
Gestodene 0.9992  0.05 0.44 0.19
Drospirenone 0.9983  0.87 0.07 0.03
Levonorgestrel 09996  0.08 0.51 023
Etonogestrel 0.999 0.07 0.55 0.25
Nomegestrol acetate 0.9988  0.07 0.09 0.04
Dydrogesterone 09977  0.65 0.41 0.21
Medroxyprogesterone 0.999 0.06 0.04 0.02
Medroxyprogesterone acetate ~ 0.9988  0.10 0.06 0.03
Mifepristone 09986  0.59 0.36 0.27
Ulipristal acetate 09996 0.6 0.37 0.28
Chlormadinone acetate 0.9983 044 032 0.24
Cyproterone acetate 09983 032 0.38 0.20
Altrenogest 0.9996  0.06 0.05 0.03
Megestrol acetate 0.9994  0.07 0.05 0.03
Progesterone 09991 0.15 0.06 0.03
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Fig. 1. Progestogens quantification MS signal suppression/enhancement in surface water from Blanice River and wastewater samples (influent and effluent) from WWTP in Vodnany
(Czech Republic). Positive values correspond to ion enhancement, negative - to ion suppression.

Method repeatability was tested for both fortified and native sam-
ples, and the data are presented in Table 4. For all matrices, repeatability
values were satisfactory, and the RSDs in all samples at different con-
centration levels were lower than 30% for most of the progestogens.
Slightly higher RSDs were found for dienogest (31%), gestodene (34%),
dydrogesterone (31%) and chlormadinone acetate (33%) in influent
water samples at a fortification level of 5 ng/L.

3.3. Consumption of progestogens. Application of the method. Analysis of
progestogens in surface and waste water samples

Data on consumption of progestogens are presented on Fig. SI 1. Six
compounds (progesterone, drospirenone, megestrol acetate, cyproter-
one acetate, medroxyprogesterone acetate, dienogest) reached or
exceeded consumption of 100 kg per year in the Czech Republic in
year 2014. Progesterone was the most consumed progestogen and is

Table 4

also naturally produced in human body. Indeed, this compound has
been detected in all studied influents (Table 5). Up to date, consumption
rates of progestogens have been reported only for few times (Besse and
Garric, 2009; Ji et al., 2016; Runnalls et al., 2010). Thus, the present re-
sults may provide useful addition.

The optimized method was used for the identification and determi-
nation of target hormones in real samples of waste water from three
WWTPs and in samples of recipient streams taken down-stream and
up-stream of the respective WWTPs.

In the waste water samples, there were higher concentrations in the
influent than in the effluent samples for most of the studied compounds,
as presented in Table 5. The concentration range for influent was from
0.23 ng/L (cyproterone acetate in Vodilany WWTP) to 110 ng/L (proges-
terone in Vodiiany WWTP). Because of incomplete elimination by
WWTPs, certain of the studied progestogens can be observed in effluent
samples in lower concentration levels compared to influent samples:

Trueness (% of added amount) and repeatability of selected hormones measured in surface water and wastewater (influent and effluent)-in brackets (relative standard deviation; % RSD)

at different concentration levels.

Compounds Surface water Wastewater
Effluent Influent

5ng/L 50 ng/L 5ng/L 50 ng/L 5ng/L 50 ng/L
Dienogest 30 (16) 41 (26) 59 (15) 58 (20) 80 (31) 56 (17)
Norethisterone 66 (10) 75 (11) 125 (16) 150 (19) 106 (30) 106 (16)
Gestodene 64 (9) 70 (11) 122 (12) 121 (8) 66 (34) 81(11)
Drospirenone 64 (13) 77 (9) 134 (11) 133(8) 121 (16) 109 (5)
Levonorgestrel 82 (13) 85 (11) 164 (13) 152 (10) 103 (19) 88 (14)
Etonogestrel 81(11) 91 (14) 150 (10) 132(9) 94 (14) 90 (12)
Nomegestrol acetate 86 (9) 95 (20) 123 (12) 115 (13) 80 (24) 73 (7)
Dydrogesterone 87 (27) 85(22) 112 (27) 109 (18) 68 (31) 73 (13)
Medroxyprogesterone 76 (9) 82(9) 111 (11) 108 (10) 100 (14) 96 (7)
Medroxyprogesterone acetate 93 (6) 99 (11) 116 (15) 108 (10) 58 (11) 71 (6)
Mifepristone 65 (9) 78 (11) 83 (14) 92 (14) 122 (20) 106 (19)
Ulipristal acetate 68 (9) 82(18) 78 (11) 84(13) 114 (25) 90 (25)
Chlormadinone acetate 64 (15) 75 (10) 105 (12) 108 (7) 82(33) 113 (30)
Cyproterone acetate 79 (20) 88 (9) 116 (12) 112 (15) 91 (10) 88 (10)
Altrenogest 63 (15) 78 (16) 107 (15) 96 (18) 111 (17) 83 (11)
Megestrol acetate 95 (8) 94 (10) 119 (8) 116 (11) 102 (11) 88(7)
Progesterone 80 (8) 76 (8) 119 (7) 114 (11) NA NA

NA - not analysed.
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Table 5

Average concentration ng/L (n = 3) of 17 target compounds detected in surface water, influent and effluent waste water samples from three WWTPs.
Compounds Surface water Ceské Budgjovice Strakonice Vodiany

(Blanice River)
Upstream  Downstream  Effluent Influent Upstream Downstream Effluent Influent Effluent Influent

Dienogest <0.09 <0.08 <0.11 1.0 7.0 <0.05 <0.05 <0.05 11 0.14 19
Norethisterone <0.04 <0.03 <0.05 <0.03 <0.02 <0.05 <0.05 <0.04 <0.17 0.85 <0.06
Gestodene <0.05 <0.57 <0.78 <0.49 <0.38 <0.48 <0.36 <0.29 5.5 0.71 77
Drospirenone <0.85 <0.71 <11 <0.62 <0.77 <024 <025 <0.18 <0.66 0.29 0.64
Levonorgestrel <0.08 <0.83 <13 <0.83 <21 <0.27 <0.28 <0.22 <14 <0.53 <0.26
Etonogestrel <0.07 <0.93 <14 <0.89 <14 <0.25 <0.26 <0.21 <11 <0.57 <0.28
Nomegestrol acetate <0.07 <0.06 <0.09 <0.05 <0.08 <0.04 <0.04 <0.03 <0.21 0.26 36
Dydrogesterone <0.63 <0.58 <0.86 <0.55 <1 <0.22 <0.24 <0.18 <15 0.51 0.28
Medroxyprogesterone <0.06 <0.05 <0.08 <0.05 <0.06 <0.04 <0.04 <0.03 <0.13 023 <0.02
Medroxyprogesterone acetate  <0.1 <0.09 <0.14 <0.09 <0.15 <0.67 <0.76 0.58 26 0.21 44
Mifepristone <0.61 <05 <0.81 05 3.0 <034 <036 <0.26 <13 <041 11
Ulipristal acetate <0.61 <0.51 <0.84 <0.43 <16 <02 <021 <0.15 <0.56 <0.42 <0.27
Chlormadinone acetate <045 <04 <0.64 <0.36 <0.63 <0.26 <0.28 <0.2 <13 <036 15
Cyproterone acetate <0.32 <14 <22 28 6.7 <0.73 <0.74 <0.59 <18 <0.44 023
Altrenogest <0.06 <0.05 <0.08 <0.06 <0.10 <0.05 <0.06 <0.04 <0.16 0.15 035
Megestrol acetate <0.07 <0.06 <0.09 <0.06 48 <0.07 <0.07 04 6.3 023 <0.03
Progesterone 11 0.82 1.0 0.59 47 <0.09 <0.05 0.11 14 0.95 110

The values above LOQs are marked bold.

the concentration range for effluent was from 0.11 ng/L (progesterone
in Strakonice WWTP) to 2.8 ng/L (cyproterone acetate in Ceské
Budéjovice WWTP).

Eight hormones (dienogest, gestodene, drospirenone, nomegestrol
acetate, dydrogesterone, altrenogest, medroxyprogesterone acetate
and progesterone) were found above LOQ in both influent and effluent
samples from Vodiiany WWTP. Four target compounds (dienogest, mi-
fepristone, cyproterone acetate and progesterone) were found both in
influent and effluent samples from WWTP in Ceské Bud&jovice, and
megestrol acetate was found only in influent. Approximately the same
number of hormones were found in Strakonice WWTP, but they were
different compounds (progesterone, medroxyprogesterone acetate
and megestrol acetate were in both waste water, but dienogest and
gestodene were only in influent). The differences among cities can be
assigned to presence of the regional centre for cancer treatment in
Ceské Bud&jovice, as well as different residence time in the sewer sys-
tem. It should be mentioned that the highest positive finding in
Vodiiany occurred only in grab samples, which indicates that sampling
technique might have an influence, as well.

Levonorgestrel, etonogestrel and ulipristal acetate were below LOQs
in all studied samples, although high concentrations of levonorgestrel,
150-170 ng/L in influent and 30 ng/L in effluent, were shown in a
study by Viglino et al. (Viglino et al., 2008). In a recent study by (Liu
et al., 2014), the concentrations of progesterone and dydrogesterone
in influent were 10.1 and 35.1 ng/L, respectively. Usually, the presence
of hormones in waste water is associated with consumption rates, as
well as transformation rates of conjugated to the un-conjugated form.

In our study, the concentrations of medroxyprogesterone acetate in
influent samples ranged from 2.6 to 4.4 ng/L. The concentration of
medroxyprogesterone acetate was reported in influent samples in two
recent studies (Chang et al,, 2011; Liu et al,, 2014), and the concentra-
tion levels were 2.4 ng/L and 18-58 ng/L, respectively.

Despite the lowest recovery among investigated compounds,
dienogest was detected in waste water, although at sub-ng/L concentra-
tions. Medroxyprogesterone was not detected in the influent of WWTP
Vodiiany, but it was present in the effluent, which might be explained
by biotransformation of medroxyprogesterone acetate into
medroxyprogesterone.

Despite the lack of data on the biotransformation of steroids in waste
water, certain progestogens (progesterone and levonorgestrel) have al-
ready been reported to rapidly undergo biotransformation to other ste-
roids in surface waters and sediments (Ojoghoro et al,, 2017; Peng et al,,
2014; Sangster et al., 2016). Several compounds analysed in the present
study, namely, medroxyprogesterone, norethisterone, dydrogesterone,
and megestrol acetate (in WWTP Vodiany), could have undergone

such a biotransformation during the waste water treatment process
(Table 5) because either they were present in the effluent samples
only or their concentration in the effluent samples was higher than in
the influent samples.

The major point source of progestogens into the aquatic environ-
ment is WWTPs because they are not completely capable of removing
progestogens during treatment processes. Therefore, treated effluents
discharged into receiving water bodies (river or surface water) may
still contain substantial progestogen residues (Vulliet et al., 2008;
Al-Odaini et al., 2010; Liu et al., 2014; Macikova et al., 2014; Chang
et al., 2008; Kuster et al., 2008; Vulliet and Cren-Olivé, 2011), see
Table SI 4. Similar results were shown in work by Liu et al. (Liu et al.,
2014) for progesterone in surface water samples. In a recent study by
(Torres et al., 2015), the concentrations of progesterone in surface
water ranged from 0.58 to 26 ng/L. For example, Liu et al. (Liu et al.,
2014) detected progesterone, megestrol acetate and norethisterone in
concentrations ranging from 0.6 to 1.7 ng/L, as well as up to 9.6 ng/L
in the case of dydrogesterone in the river downstream of a WWTP. In
our study, only progesterone was observed in surface water at concen-
trations ranging from 0.82 to 1.1 ng/L, and it was the most frequently
detected hormone in the studied samples.

4. Conclusions

We developed a reliable analytical method for simultaneous deter-
mination of 17 progestogens in environmental samples by combining
simple high sample volume SPE extraction with LC-APCI/APPI-HRPS.
This method enables very low LOQs (0.02-0.87 ng/L) to be obtained
without additional purification or derivatization steps. The method
could be used for regular monitoring of progestogens in the aquatic en-
vironment because it uses a whole water sample.

The method has been applied for the analyses of progestogens in dif-
ferent environmental samples. To the best of our knowledge, this study
is the first to analyse altrenogest, etonogestrel, dienogest, nomegestrol
acetate and ulipristal acetate in waste water and surface water.

In influent waste water samples, most of the studied progestogens
were detected above the quantification limits but with high spatial
variability.

The most frequently detected compound was progesterone, with its
highest levels being observed in influent waste water. Three synthetic
progestogens, namely, megestrol acetate, medroxyprogesterone ace-
tate, and dienogest, were detected most frequently in effluents, and fur-
ther attention to the monitoring of these compounds should therefore
be paid. Only progesterone was detected in surface water samples.
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Vast numbers of xenobiotics are known still to be present in treated municipal wastewater treatment
plant (WWTP) effluents. Some of these possess endocrine-disrupting potency and pose risks for exposed
aquatic animals. We searched for 17 potential environmental contaminants having affinity to the pro-
gesterone receptor. Relative potency values of these progesterone receptor-active chemicals were ob-
tained. On the basis of relative potencies and measured environmental concentrations, the contribution
of progestins to measured progestagenic activities was evaluated. Wastewaters (influent and effluent)
and surrounding surface waters (upstream and downstream) at six municipal WWTPs were screened
using instrumental chemical analysis and in vitro reporter gene bioassay. We showed the presence of
target compounds and (anti-)progestagenic activities in municipal wastewater and surface water. Nine
and seven progestins were identified in influent and effluent wastewaters, respectively. Only two
compounds, progesterone and medroxyprogesterone were found in surface waters. Progestagenic
agonistic activities in influents were partially masked by strong anti-progestagenic activities that were
detected in all influents and ranged from 2.63 to 83 ng/L of mifepristone equivalents (EQs). Progestagenic
activities were detected in all effluents and ranged from 0.06 to 0.47 ng/L of reference compound ORG
2058 EQs (a synthetic progestin equivalents), thus indicating incomplete removal of progestins during
wastewater treatment processing. This activity poses a continuing risk for the aquatic environment. By
contrast, anti-progestagenic activities showed better removal efficiency in WWTPs compared to pro-
gestagenic agonistic activities. Anti-progestagenic activities were found in only three of six effluents and
ranged from 0.26 to 2.1 ng/L mifepristone EQs. We explained most of the progestagenic activity in
municipal WWTP effluents by the presence of synthetic progestins and progesterone, which contributed
65—96% of such activity in samples where no antagonistic activity was found. The progestins medrox-
yprogesterone acetate, megestrol acetate and progesterone contributed most to the progestagenic ac-
tivity detected in municipal effluents. Anti-progestagenic activities were found in some municipal
effluents, but no causative agents were revealed because two analysed selective progesterone receptor
modulators (SPRMs) with anti-progestagenic activities, mifepristone and ulipristal acetate, were not
present in the effluents.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

treatment plants (WWTPs). Therefore, WWTP effluents still contain
certain amounts of xenobiotics that subsequently enter the aquatic

It is well known that many chemicals are daily discharged into environment. Some of these environmental contaminants may
sewage and that some of them pass through municipal wastewater impair the endocrine systems of exposed organisms (Colborn et al.,
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1993; Jobling and Tyler, 2003; Lange et al., 2001; Sumpter, 1998).
One group of endocrine-disrupting pollutants, synthetic pro-
gestins, have recently come under suspicion of causing a significant
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toxic burden and substantial risk to the aquatic environment (Fent,
2015; Kumar et al., 2015). Synthetic progestins are mainly used as
the active ingredients in women's contraceptives, but also in other
hormonal preparations (Sitruk-Ware, 2004; Zeilinger et al., 2009).
As a result, they are consumed in relatively large amounts ranging
from 0.34 to 9864 kg/year as reported from various European
countries (Besse and Garric, 2009; Runnalls et al., 2010; Zhao et al.,
2015), including the Czech Republic (Golovko et al., 2018). There-
fore, municipal WWTPs might be important sources of synthetic
progestins (Chang et al., 2009). The naturally occurring progestin
progesterone originates from farmed animals, such as swine, cattle,
and chickens, as well as from humans (Shore and Shemesh, 2003).
In addition, progesterone is an active ingredient of several widely
prescribed drugs (Golovko et al., 2018). Some synthetic progestins
and progesterone already have been detected in WWTP effluents
(Fan et al., 2011; Liu et al.,, 2014; Viglino et al., 2008), thereby
indicating insufficient elimination of these compounds during
wastewater treatment processes. Accumulating evidence indicates
that municipal WWTP discharges may also contaminate surface
waters (Kumar et al., 2015). Several analytical surveys conducted to
date have confirmed the presence of synthetic progestins at con-
centrations up to tens of ng/L in aquatic environments throughout
the world (Al-Odaini et al., 2010; Chang et al., 2011; Kolpin et al.,
2002; Liu et al., 2011; Viglino et al., 2008; Vulliet et al., 2007) and
progesterone even at concentrations as high as 199 ng/L (Kolpin
et al,, 2002). Nevertheless, only limited knowledge about environ-
mental levels of synthetic progestins appears in the literature (Fent,
2015; Kumar et al., 2015).

This topic deserves greater attention, as it has been demon-
strated that exposure of aquatic organisms to progestins at even
low ng/L levels affects their reproduction (Paulos et al., 2010;
Runnalls et al., 2013; Zeilinger et al., 2009; Zucchi et al., 2012).
Namely, levonorgestrel, norethisterone, and gestodene have been
shown to decrease egg production and diminish development of
secondary male characteristics in fathead minnow (Pimephales
promelas) at concentrations as low as 0.8, 1.0, and 1.0ng/L,
respectively (Paulos et al., 2010; Runnalls et al., 2013; Zeilinger
et al, 2009). Furthermore, levonorgestrel was shown to nega-
tively affect oocyte development in western clawed frog (Xenopus
tropicalis) after sub-chronic exposure to concentration of 1.3 ng/L
(Safholm et al., 2012).

Although not all synthetic progestins are structurally similar to
the natural progestin progesterone (Africander et al,, 2011), they
were designed to be progesterone receptor (PR) agonists and thus
mimic progesterone function (Stanczyk et al., 2013). Most synthetic
progestins are even more potent than natural progesterone (Besse
and Garric, 2009). Surprisingly, there is a paucity of information
regarding the contribution of progestins to progestagenic activity in
municipal wastewaters and surface waters (Creusot et al., 2014).

Estrogenic activities have been studied very thoroughly and
androgenic activities also have attracted a certain interest, but the
other hormonal activities have not been given the proper research
focus. Compounds exhibiting these activities, such as progestins,
are nevertheless known environmental contaminants and endo-
crine disruptors (Kumar et al., 2015). Therefore, there exists a real
need for further investigation of progestagenic activity in combi-
nation with thorough chemical analysis. To the best of our knowl-
edge, only one study has been directed to revealing causative
compounds of progestagenic activity downstream from a phar-
maceutical factory (Creusot et al., 2014).

The first goals of the present study were to determine whether:
1) progestins are present in wastewaters and surface waters, 2)
municipal wastewaters contain progestagenic activities, 3) pro-
gestagenic activities are removed during wastewater treatment
processes, and 4) progestagenic activities emerging from the

studied WWTPs affect receiving surface waters. Subsequently, we
aimed to discover the extent to which detected progestins
contribute to progestagenic activities in municipal WWTPs’ efflu-
ents and in receiving surface waters. Because investigation of
antagonistic activities should always be included into such an
analysis (Ihara et al., 2014; Weiss et al., 2009), we also assessed each
sampling locality in parallel for the presence of anti-progestagenic
activities and for two selective progesterone receptor modulators,
mifepristone and ulipristal acetate. SPRMs are synthetic com-
pounds that block PR in certain tissues.

2. Material and methods
2.1. Chemicals

Methanol and acetonitrile (LiChrosolv® Hypergrade) were pur-
chased from Merck (Darmstadt, Germany). Ultrapure water was
produced using an Aqua-MAX-Ultra System (Younglin, Kyounggi-
do, Korea).

Selection of analytes was made based upon the consumption of
these compounds in the Czech Republic as reported elsewhere
(Golovko et al., 2018). The native standards (Table S1) were pur-
chased from Sigma-Aldrich (Czech Republic). The chemicals for
which tests were made are listed in Supplementary material
(Table S1). The internal standards (ISs): Altrenogest 19,19,20,21,21-
d5; Chlormadinone-d6 Acetate; Cyproterone Acetate-13C2,d3;
Medroxy Progesterone-d3; 6-epi-Medroxy Progesterone-d3 17-Ac-
etate; Megestrol Acetate-d3; Mifepristone-d3; Progesterone-d9;
and Ulipristal Acetate-d3 (purity >98%) were obtained from Tor-
onto Research Chemicals (Canada). All chemicals tested in the
in vitro reporter gene bioassay were dissolved in dimethyl sulfoxide
of >99.5% purity. Individual stock solutions of the standards were
prepared for chemical analysis at 1 mg/mL concentration in meth-
anol and stored at —20 °C. A spiking mixture of ISs was prepared by
diluting the stock solutions with methanol to a final concentration of
1 pug/mL for each compound. PR-CALUX cells, ORG 2058 standards in
dimethyl sulfoxide, illuminate mix, and lysis mix were purchased
from BioDetection Systems (BDS, Amsterdam, Netherlands).

2.2. Collection of samples, solid-phase extraction, and sample
evaporation

Samples were taken from wastewaters and surface waters in the
Czech and Slovak republics during January to June 2017. The study
was performed at five Czech (Tabor-Klokoty, Strakonice, Prachatice,
Ceské Budéjovice, and Brno) and one Slovak (Bratislava—Petrzalka)
municipal WWTPs and those watercourses receiving discharges
from the WWTPs. Time proportional (15 min interval) composite
wastewater samples (3—4 L) were collected from WWTP influents
and effluents and cooled at 4°C. Selected WWTPs employ
mechanical-biological treatment technology with activated sludge-
based secondary biological treatment in which they differ slightly
as it is summarized in Supplementary material (Table S2). Grab
surface water samples were collected up- and downstream from
the respective WWTPs at 50 m distance from the WWTP effluent
outlets at the same river side and at the same time as sampling of
wastewater. Grab samples were taken close to the riverbank by
submerging a 1L amber glass bottle fastened to a stick.

Solid-phase extraction was carried out on an SPE-DEX 4790
automated solid-phase extractor (Horizon Technology, Salem, NH,
USA) using a method reported by Golovko et al., 2018. Briefly, the
collected samples (1 L each) were filtered through 5 and 1 pm glass
fibre filters (Horizon Technology, Salem, NH, USA). Subsequently,
the volume of filtered sample was passed through Atlantic C18
solid-phase extraction (SPE) discs (Horizon Technology, Salem, NH,
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USA). Analytes were then retained on discs. The analytes were
eluted from the discs with 10 mL of acetonitrile. SPE extracts were
evaporated under gentle nitrogen stream to dryness at 37 °C on a
Termovap TV10 + evaporator (ECOM, Czech Republic). After
evaporation, wastewater and surface water extracts were redis-
solved either in 100 pL of acetonitrile or in 40 pL of dimethyl
sulfoxide for chemical or biological analyses, respectively.

2.3. LC-APCI/APPI-HRPS analysis

An Accela 1250 LC pump (Thermo Fisher Scientific, San Jose, CA,
USA) coupled with a hybrid quadrupole/orbital trap Q-Exactive
mass spectrometer (Thermo Fisher Scientific) and HTS XT-CTC
auto-sampler (CTC Analytics AG, Zwingen, Switzerland) were
used to separate and detect target analytes. An analytical Hypersil
Gold column (50 mm x 2.1 mm ID x 3 um particles; Thermo Fisher
Scientific) preceded by the same phase pre-column
(10mm x 2.1 mm ID x 3 um particles) was used for chromato-
graphic separation of the target analytes. Our analytical method for
the analysis of a wide range of compounds with affinity to PR in
wastewaters and surface waters using SPE followed by liquid
chromatography tandem atmospheric pressure chemical ioniza-
tion/atmospheric pressure photoionization with hybrid quadru-
pole/orbital trap mass spectrometry operated in high resolution
product scan mode (LC-APCI/APPI-HRPS) had been validated for
linearity, repeatability, quantification limit (LOQ), and recovery
(Golovko et al., 2018). In the present study, the LC-APCI/APPI-HRPS
method was applied to determine concentration of 15 progestins
and 2 SPRMs in extracts from influent and effluent of six WWTPs
and in respective up- and downstream recipient surface waters.
The sample preparation is described in detail in a paper by Golovko
et al,, 2018. Samples from each sampling site were stored at 4°C
and analysed within 72 h. Prior to extraction for each site, a pro-
cedural blank (demineralized water) was extracted and analysed to
distinguish between positive detections and potential sample
contamination. Matrix matching standards corresponding to ana-
lysed matrices were used for correction of matrix effects. Briefly,
the matrix standards were prepared by adding both IS and native
compounds at amount of 10 ng and 200 ng into extract of corre-
sponding matrix prepared the same way as real samples but
without addition of IS. The peak area/internal standard ratio
determined in non-spiked samples was subtracted from the peak
areafinternal standard ratio in matrix-matched standards to ach-
ieve the matrix-affected response factor. If matrix effect was lower
than 20% we used response factors derived from calibration curve.

2.4. PR-CALUX and resazurin reduction assays

To detect (anti-)progestagenic activities either in water extracts
or pure chemicals, PR-CALUX in vitro reporter gene bioassay was
carried out as described elsewhere (Sonneveld et al., 2005). PR-
CALUX bioassay was selected, because it is a highly sensitive
in vitro bioassay and responds selectively to (anti-)progestagenic
compounds (Sonneveld et al., 2011). The reference compound for
progestagenic activity was ORG 2058, while mifepristone was the
reference compound for assessing anti-progestagenic activity. All
samples, including pure chemicals, were tested for cytotoxicity
using resazurin reduction assay. First, PR-CALUX cells exposed to
samples were visually inspected for cytotoxicity under a micro-
scope. Subsequently, we carried out resazurin reduction assay us-
ing a resazurin-based in vitro toxicology assay kit (Sigma-Aldrich)
to evaluate the potential effect of the sample on cell viability
(O'Brien et al., 2000). The procedures of PR-CALUX assay and
cytotoxicity testing are described in detail in the Supplementary
material (chapters 1 and 2).

2.5. Data analysis

Total activities determined by a PR-CALUX bioassay (bio-TEQ,
ng/L ORG 2058 EQs) were compared with the sum of the potencies
of the individual compounds identified by chemical analysis
(chem-TEQ) in order to estimate the degree to which analysed
substances account for the biological activity. Chem-TEQ; of a single
compound was calculated using the following equation: chem-
TEQ; = C; x REP;, where C; is concentration of a compound (data
from LC-APCI/APPI-HRPS chemical analysis) and REP; is relative
potency of a compound (derived from PR-CALUX). Chem-TEQ of a
whole extract was calculated as the sum of chem-TEQs of individual
compounds found in the sample: chem-TEQ=2% chem-TEQ;.
Contribution of a single compound to bio-TEQ was calculated as
follows: % contribution = (chem-TEQ;/bio-TEQ) x 100. The same
calculation was used for anti-progestagenic activity.

3. Results and discussion
3.1. Measured concentrations of progestins and SPRMs

Municipal WWTP influents contained nine progestins (cyprot-
erone acetate, dienogest, drospirenone, gestodene, medrox-
yprogesterone, medroxyprogesterone acetate, megestrol acetate,
nomegestrol acetate, and progesterone) in the range of 0.19—48 ng/
L (Tables 1 and 2). Three compounds — dienogest, megestrol ace-
tate, and progesterone — were found in all assessed influents. There
was only one positive detection of an SPRM all through the sam-
pling period and all studied types of matrices. This was mifepris-
tone, at a concentration of 0.65ng/L, in influent of Ceské
Budéjovice's WWTP.

Seven progestins (cyproterone acetate, dienogest, drospirenone,
megestrol acetate, medroxyprogesterone, medroxyprogesterone
acetate, and progesterone) were detected in effluents at concen-
trations ranging from 0.11 to 3.2 ng/L (Tables 1 and 2). Those three
compounds most widespread in influents (dienogest, megestrol
acetate, and progesterone) were also those most frequently present
in effluents, with four (megestrol acetate and progesterone) and
three (dienogest) positive detections out of six attempts through
the sampling campaign (Tables 1 and 2).

Only medroxyprogesterone and progesterone occurred even in
surface waters. Progesterone was found three times both up- and
downstream in concentration ranges of 0.20—0.42 ng/L (median
0.23 ng/L) and 0.17—-1.2 ng/L (median 0.21 ng/L), respectively. The
concentrations of progesterone are comparable with data reported
from China, where progesterone was found upstream and down-
stream at concentrations of 0.5 and 2.5 ng/L, respectively (Liu et al.,
2011). In the present study, most WWTP discharges did not
significantly increase progesterone levels in surface waters. The
exception was the WWTP at Bratislava—Petrzalka, where proges-
terone was found at considerably higher concentration (Table 2)
downstream (1.2ng/L) than upstream (0.42ng/L). Medrox-
yprogesterone is the only synthetic progestin found in surface
water. It was detected only once (0.12 ng/L), that being in the River
Svratka downstream from WWTP Brno. Occurrence of medrox-
yprogesterone in surface water has once been reported in the
United States (Kolodziej et al., 2003) and in municipal WWTP
effluent in the Czech Republic (Golovko et al., 2018). Medrox-
yprogesterone appears to be a specific pollutant among synthetic
progestins for WWTP Brno, because this compound has already
been detected in untreated wastewater from a hospital in Brno
(Macikova et al., 2014). Therefore, the main source of medrox-
yprogesterone is likely this local hospital. Medroxyprogesterone is
not prescribed in the Czech Republic and it may occur as a product
of biotransformation from medroxyprogesterone acetate (Golovko
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Table 1

Concentration of (anti-)progestins, chemical toxic equivalents (chem-TEQs), and biological toxic equivalents performed in agonistic and antagonistic modes (bio-TEQs and
mifepristone EQs) in wastewater and receiving surface water of three wastewater treatment plants (WWTPs) with small catchment populations. “inf’ = influent;
“eff” = effluent; “usw” = upstream of WWTP; “dsw” = downstream of WWTP; “ND” = not determinabl <LOQ" = results of biological method below the limit of quantifi-
cation; “®" = mean of two replicates; “>" = masking effect occurred. Positive detections in chemical analysis are highlighted. Chem-TEQs were not calculated when concen-
trations of target compounds were below LOQ.

Concentration (ng/L)

Tabor-Klokoty Prachatice Strakonice
inf eff usw dsw inf eff usw dsw inf eff usw dsw

Progesterone 9.5 0.63 0.20 0.17 48 0.15 0.23 0.21 27 <0.04 <0.07 <0.09
Dydrogesterone <0.18 <0.13 <0.18 <0.07 <0.29 <0.26 <0.28 <03 <0.49 <0.30 <0.46 <0.26
Medroxyprogesterone <0.02 <0.01 <0.02 <0.01 <0.01 <0.01 <0.01 <0.01 <0.04 <0.02 <0.04 <0.02
Medroxyprogesterone acetate <0.20 <0.14 <0.20 <0.08 <0.83 <0.35 <0.08 <0.05 0.88 0.38 <0.02 <0.01
Cyproterone acetate <0.14 <0.10 <0.14 <0.06 <0.91 <0.39 <0.87 <0.54 <0.29 <0.24 <0.32 <0.19
Chlormadinone acetate <0.19 <0.15 <0.18 <0.08 <033 <0.27 <0.25 <0.23 <0.49 <0.28 <0.41 <0.25
Megestrol acetate 0.52 0.14 <0.02 <0.01 8.0 1.0 <0.84 <0.52 8.0 0.28 <0.07 <0.07
Nomegestrol acetate 53 <0.01 <0.02 <0.01 <0.02 <0.02 <0.02 <0.02 10 <0.02 <0.03 <0.02
Ulipristal acetate <0.18 <0.15 <0.18 <0.08 <0.33 <0.27 <0.25 <0.23 <0.42 <0.25 <0.36 <0.22
Dienogest 28 0.51 <0.24 <0.24 13 0.31 <033 <0.39 12 <0.04 <0.06 <0.04
Norethisterone <0.02 <0.02 <0.02 <0.01 <0.03 <0.03 <0.03 <0.04 <0.10 <0.05 <0.10 <0.04
Altrenogest <0.20 <0.14 <0.20 <0.08 <0.12 <0.05 <0.11 <0.07 <0.02 <0.02 <0.02 <0.02
Mifepristone <0.19 <0.15 <0.18 <0.08 <0.29 <0.24 <0.23 <0.20 <0.06 <0.04 <0.05 <0.03
Levonorgestrel <0.26 <0.18 <0.21 <0.09 <035 <0.28 <0.31 <034 <0.07 <0.03 <0.05 <0.03
Etonogestrel <0.25 <0.18 <0.20 <0.09 <031 <0.24 <0.27 <0.30 <0.62 <0.32 <0.46 <0.26
Gestodene <0.41 <0.19 <0.23 <0.09 5.0 <0.25 <0.31 <0.34 63 <0.29 <0.52 <0.27
Drospirenone 0.89 <0.18 <0.20 <0.09 <0.34 <0.27 <0.30 <033 3.0 0.11 <0.04 <0.04
chem-TEQ (ng/L ORG 2058 EQs) 19 0.11 0.02 0.01 16 0.33 0.02 0.02 20 0.29 ND ND

bio-TEQ (ng/L ORG 2058 EQs) <LOQ 0.04 <LOQ <LoOQ 0.62 0.47 0.04 0.06 <LoOQ 0.3 <LoOQ <LOQ
antagonism (ng/L mifepristone EQs) 5.6 0.77 <L0Q <L0Q 9.7 <L0Q <L0Q <L0Q 83? <L0Q <L0Q <L0Q
contribution of compounds to bio-TEQ (%) ~ NDP >100°  ND ND >100° 70 45 28 ND® 96 ND ND

Table 2

Concentration of (anti-)progestins, chemical toxic equivalents (chem-TEQs), and biological toxic equivalents performed in agonistic and antagonistic mode (bio-TEQs and
mifepristone EQs) in wastewater and receiving surface water of three wastewater treatment plants (WWTPs) with large catchment populations. “inf’ = influent;
“eff” = effluent; “usw” = upstream of WWTP; “dsw” = downstream of WWTP; “ND” = not determinable; “<LOQ” = results of biological method below the limit of quantifi-
cation; “*” = mean of two replicates; “>” = masking effect occurred. Positive detections in chemical analysis are highlighted. Chem-TEQs were not calculated when concen-
trations of target compounds were below LOQ.

Concentration (ng/L)

Ceské Budéjovice Brno Bratislava-Petrzalka
inf eff usw dsw inf eff usw dsw inf eff usw dsw
Progesterone 27 <0.04 <0.07 <0.07 43 0.31 <0.20 <0.42 14 3.2 042 12
Dydrogesterone <0.31 <0.26 <0.47 <0.45 <0.37 <0.31 <0.20 <0.50 <11 <0.81 <0.30 <0.16
Medroxyprogesterone <0.03 <0.03 <0.04 <0.04 0.19 0.95 <0.02 0.12 <0.53 <0.16 <0.23 <0.09
Medroxyprogesterone acetate <0.04 <0.04 <0.07 <0.07 8.1 0.13 <0.17 <0.40 <1.1 <0.18 <0.24 <0.10
Cyproterone acetate 29 <0.44 <0.44 <0.45 12 0.50 <0.16 <0.37 <0.07 <0.02 <0.03 <0.01
Chlormadinone acetate <0.25 <0.23 <0.39 <0.36 <0.28 <0.14 <0.08 <0.21 <13 <0.40 <0.25 <0.19
Megestrol acetate 34 0.13 <0.06 <0.06 13 <0.38 <0.20 <0.48 4.2 <0.21 <0.29 <0.11
Nomegestrol acetate <0.07 <0.06 <0.10 <0.10 <0.34 <0.22 <0.15 <0.36 <13 <0.23 <0.31 <0.11
Ulipristal acetate <0.28 <0.26 <0.44 <0.40 <0.34 <0.24 <0.11 <0.28 <0.22 <0.07 <0.04 <0.03
Dienogest 9.6 0.62 <0.06 <0.05 6.1 <0.22 <0.18 <0.55 3.9 <4.0 <0.32 <0.72
Norethisterone <0.04 <0.05 <0.07 <0.07 <0.36 <0.20 <0.17 <0.54 <091 <41 <033 <0.74
Altrenogest <0.04 <0.04 <0.06 <0.07 <0.05 <0.03 <0.02 <0.05 <1.1 <0.25 <0.20 <0.15
Mifepristone 0.65 <0.26 <0.43 <0.40 <0.06 <0.03 <0.02 <0.06 <0.10 <0.08 <0.03 <0.02
Levonorgestrel <0.36 <0.32 <0.58 <047 <0.32 <0.18 <0.21 <0.49 <12 <0.18 <0.26 <0.10
Etonogestrel <0.38 <035 <0.62 <0.50 <0.38 <0.26 <0.26 <0.59 <12 <0.94 <0.35 <0.19
Gestodene 7.0 <0.25 <0.43 <0.37 <0.22 <0.15 <0.14 <0.34 <0.79 <35 <0.29 <0.64
Drospirenone 19 <0.07 <0.07 <0.05 6.7 <0.25 <0.25 <0.57 <0.91 <0.29 <0.30 <0.11
chem-TEQ (ng/L ORG 2058 EQs) 18 0.06 ND ND 9.81 0.13 0.26 0.03 3.1 0.26 0.03 0.09
bio-TEQ (ng/L ORG 2058 EQs) 0.57 0.08 0.03 <LOQ 0.71 0.2 <LOQ <LOQ 0.09 0.09 0.04 <LOQ
antagonism (ng/L mifepristone EQs) 83 <LoQ <LOQ <LoQ 54 <LoQ <LOQ <L0oQ 26 0.89 <LOQ <LOQ
contribution of compounds to bio-TEQ (%) >100? 76 ND ND >100* 65 ND ND >100* >100? 83 ND
et al,, 2018). potency (REP) values (Table S3). Ulipristal acetate showed a full

antagonistic dose-response curve (Fig. 2), and this was used to
derive ICsg, PCp and antagonistic REP value for the SPRM (Table 54).

Six of the 17 compounds analysed in this study (cyproterone
acetate, dydrogesterone, levonorgestrel, medroxyprogesterone,
mifepristone, norethisterone, and progesterone) have already been

3.2. (Anti-)progestagenic activity of pure compounds

It was possible to obtain complete dose-response curves for all
studied progestins (Fig. 1) in order to derive ECsg, PCyo, and relative
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Fig. 1. Dose-response curves of synthetic progestins and progesterone in PR-CALUX
cells. Maximum relative induction corresponds to 100% induction caused by refer-
ence compound ORG 2058. Dotted line indicates positive control 10 (PCy) that is effect
of a compound corresponding to 10% induction caused by reference compound ORG
2058. Values are expressed as means + standard error of the mean.
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Fig. 2. Dose-response curves of two selective progesterone receptor modulators in PR-
CALUX carried out in antagonistic mode. Assay medium contained ECsy concentration
of ORG 2058. Dotted line indicates positive control 20 (PCy) that is effect of a com-
pound corresponding to 20% inhibition caused by reference compound mifepristone.
Values are expressed as means + standard error of the mean.

tested by other authors using PR-CALUX assay (Houtman et al.,
2009; Rizner et al,, 2011). To the best of our knowledge, this is
the first systematic and comprehensive in vitro profiling of pro-
gestagenic activity of progestins that are relevant for the aquatic
environment. In addition, medroxyprogesterone has been tested in
the present study in in vitro reporter gene bioassay for the first
time.

Ulipristal acetate was the only compound tested for anti-
progestagenic activity. It has shown similar potency as a refer-
ence compound (mifepristone) for anti-progestagenic activity
(Table S4). Our results together show that ulipristal acetate is the
first environmentally relevant compound with anti-progestagenic
activity similar to that of mifepristone.

3.3. (Anti-)progestagenic activity in wastewater and surface water

Unlike estrogenic activities, there have been only a few attempts
to date to detect (anti-)progestagenic activities in aquatic envi-
ronments (Table S5). In the present study, progestagenic agonistic
activities were found in four of six WWTP influents in the range of
0.09—-0.6 ng/L ORG 2058 EQs (median 0.38 ng/L ORG 2058 EQs). The
PR-CALUX assay revealed also the presence of progestagenic ac-
tivity ranging from 0.04 to 0.47 ng/L ORG 2058 EQs (median
0.15 ng/L ORG 2058 EQs) in all six WWTP effluents. That roughly
corresponds to 0.5—6.1 ng/L progesterone EQs. Such contamination
is still of considerable concern when bearing in mind that ORG
2058 is approximately 13 times more potent than is progesterone
(Table S3; van der Linden et al., 2008). Activities found in the pre-
sent study were in the same order of magnitude as those reported
for effluents in the Netherlands (van der Linden et al., 2008) and
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India (Viswanath et al., 2008). Higher concentrations reaching to
5.4ng/L ORG 2058 EQs have been found in effluents in Australia
(Bain et al., 2014; Leusch et al., 2014). Surprisingly, no progestagenic
activities were found in worldwide inter-laboratory screening
(Escheretal.,, 2014) and at some sites in Australia (Scott et al., 2014),
China (Rao et al., 2014), France (Bellet et al., 2012), and Tunisia
(Mnif et al,, 2010). Some non-detects, however, might be attributed
to high limits of detection, such as 5 ng/L ORG 2058 EQs (Scott et al.,
2014).

Progestagenic activities detected in surface water were one or-
der of magnitude lower than those found in effluents. They were
detected at three sampling points and ranged from 0.03 to 0.06 ng/L
ORG 2058 EQs (median 0.04 ng/L ORG 2058), which corresponds to
approximately 0.4—0.8 ng/L progesterone EQs. Surprisingly, weak
progestagenic activities, at 0.03 and 0.04 ng/L ORG 2058 EQs,
occurred twice in upstream but not in downstream surface waters
(at the Ceské Budéjovice and Bratislava—Petrzalka sampling sites).
To sum up, Czech and Slovak surface waters did not seem to be
seriously affected by progestagenic activity from municipal WWTP
discharges in most cases. Only once did the progestagenic activity
persist in surface water 50 m downstream, and then at a concen-
tration of 0.06 ng/L ORG 2058 EQs. Such concentration is approxi-
mately equivalent to 0.8 ng/L of progesterone. The highest reported
concentration of progestagenic activity has been as high as 4.5 ng/L
ORG 2058 EQs in a Netherlands stream (van der Linden et al., 2008).

Anti-progestagenic activities were detected in all six influents
and at three out of six investigated WWTP effluents, with con-
centrations ranging between 2.63 and 83 ng/L mifepristone EQs
(median 6.97 ng/L mifepristone EQs) and 0.77 to 1.01 ng/L mife-
pristone EQs (median 0.89 ng/L mifepristone EQs), respectively.
Strong anti-progestagenic activities in effluent and surface water
(up to 31.5 and 121 pg/L mifepristone EQs, respectively) had pre-
viously been detected in China (Rao et al, 2014). Potent anti-
progestagenic activities up to 32 pg/L mifepristone EQs were also
reported in Australian surface water (Scott et al., 2014). Somewhat
weaker anti-progestagenic activities were found in France with
maximal concentration of 3.8 ng/L mifepristone EQs (Bellet et al.,
2012). High anti-progestagenic loads detected at all six studied
influents were completely or significantly removed during the
treatment process. In the case of effluents at WWTP Tabor-Klokoty
and WWTP Bratislava—Petrzalka, anti-progestagenic activities co-
occurred with progestagenic agonistic activities. No anti-
progestagenic activity has been found in surface water samples
(Tables 1 and 2).

3.4. Comparison of chem-TEQs and bio-TEQs in effluents and
surface water

Predicted chem-TEQs of synthetic progestins and progesterone
have accounted to measured bio-TEQs in effluents with 65, 70, 76
and 96% on the basis of REPs calculated from ECsp and 58, 64, 78
and 114% based on the latter approach with REPs calculated from
PCio. The unexplained portions of progestagenic activities
(remaining to bio-TEQ, Table 3 and Table S6) might be attributed
either to the presence of unknown compounds or to synergy be-
tween compounds (Table 3). When anti-progestagenic activities
suppress the signal of agonists, the chem-TEQs are higher than the
bio-TEQs (Tables 1 and 2). This phenomenon is known as masking
effect (Creusot et al., 2014; Ihara et al., 2014; Weiss et al., 2009). All
influent samples exhibited masking effects, while among WWTP
effluents only those at Tabor-Klokoty and Bratislava—Petrzalka
were observed to have masking effects (Tables 1 and 2).

Additionally, contributions of the individual compounds to bio-
TEQs in effluents and surface waters were estimated (Table 3). In
effluents, medroxyprogesterone acetate, megestrol acetate, and
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Table 3

69

Contribution of progesterone receptor-active compounds to measured progestagenic activity (bio-TEQs) in effluents at six municipal wastewater treatment plants on the basis
of ECso-derived relative potencies. Those compounds contributing most are highlighted. Values of contributing compounds were rounded to nearest whole number.

Masking effect occurred

Contribution to bio-TEQs (%) Prachatice Strakonice Ceské Budéjovice Brno Tabor-Klokoty Bratislava-Petrzalka
Cyproterone acetate 0 0 0 18 0 0

Dienogest 2 0 22 0 34 0

Drospirenone 0 1 0 0 0 0
Medroxyprogesterone 0 0 0 <1 0 0
Medroxyprogesterone acetate 0 67 0 34 0 0

Megestrol acetate 66 29 54 0 108 0

Progesterone 3 0 0 12 124 288

Unknown compounds or synergy 29 3 24 36 0 0

progesterone were the main contributors to progestagenic activ-
ities (in two out of six studied WWTP effluents). Interestingly,
progesterone was the greatest contributor in those effluents where
masking effects were observed. It is noteworthy that the main
contributors to progestagenic activity were progesterone de-
rivatives (cyproterone acetate, medroxyprogesterone, medrox-
yprogesterone acetate, and megestrol acetate), while there was
only one contributing testosterone (dienogest) and one spi-
ronolactone (drospirenone) derivative. To date, only one study has
described a contribution of progestins to progestagenic activities. In
that case, it was found that a single progestin, levonorgestrel, can
contribute as much as approximately 50% to progestagenic activ-
ities in surface water (Creusot et al., 2014).

Regarding surface waters, progestins contributed as much as
83% to overall progestagenic activities. There was only one case in
which progestagenic activity was detectable in surface water
contaminated with progestins. The recipient of effluent from
WWTP Prachatice, the Zivny Brook, manifested progestagenic ac-
tivities of 0.06 ng/L ORG 2058 EQs, which is equivalent to almost
1 ng/L of progesterone. This can be attributed to the fact that Zivny
Brook is a small stream and so the dilution is less than in the other
studied recipients. Moreover, we revealed that progesterone was
responsible for 45% of progestagenic activity upstream but only for
28% downstream from WWTP Prachatice. This indicates discharg-
ing of some unknown PR-active compounds in the effluent. Co-
occurrence of progestagenic activity (0.04 ng/L ORG 2058 EQs)
and the natural progestin progesterone (0.5 ng/L) has also been
recorded upstream from WWTP Bratislava—Petrzalka, and pro-
gesterone was responsible for most of the progestagenic activity
(83%).

In the present study, we revealed only one substance contrib-
uting to anti-progestagenic activity of wastewater and that was
mifepristone (in influent of WWTP Ceské Budéjovice). It was
responsible, however, for only 7.8% of detected mifepristone EQ. As
no SPRM was revealed in effluents and surface waters, the causative
anti-progestagenic compounds remained unknown. We can spec-
ulate that it might originate from various industrial by-products
and compounds included in personal care products, such as UV-
filters or polycyclic musks, that are present in the aquatic envi-
ronment and known to possess anti-progestagenic activities
(Hamers et al., 2006; Schreurs et al., 2005).

3.5. Potential adverse effects in aquatic animals

Of the three compounds (dienogest, megestrol acetate, and
progesterone) that occurred most frequently in effluents, effects on
aquatic animals only of progesterone are reported in the literature
(Kumar et al., 2015). The lowest observed effect concentration
(LOEC) for progesterone in fish has been reported to be as low as
2 ng/L (Zucchi et al., 2012) which amount was exceeded in effluent

of WWTP Bratislava—Petrzalka and is quite close to the concen-
tration of 1.2 ng/L detected even in surface water downstream from
this WWTP. Among the compounds detected less frequently in
effluents (cyproterone acetate, drospirenone, and medrox-
yprogesterone acetate), only the concentration of cyproterone ac-
etate (0.5 ng/L) was close to its LOEC value, reported by Sharpe et al.
(2004) to be 1ng/L. Medroxyprogesterone acetate, which was
detected twice, and drospirenone, which was found once, have
LOECs (Zhao et al., 2015; Zucchi et al., 2014) much higher than the
respective concentrations in effluents. If, however, the compounds
occur in the water together, they may act in synergy and their LOEC
values can then be significantly lower than determined under
laboratory conditions. Zhao et al. (2015) describe such a synergy in
the case of dydrogesterone and medroxyprogesterone acetate.
Particular attention should be devoted to medroxyprogesterone,
which was the only synthetic progestin detected in surface water.
Unfortunately, there are no toxicological data available for this
compound.

Progestins have been found to be very weak (drospirenone,
gestodene, and progesterone) or non-agonists (e.g. levonorgestrel
or etonogestrel) of PR in fish (Bain et al., 2015). Nevertheless, some
of them do considerably transactivate fish androgen receptor (Bain
etal, 2015; Ellestad et al., 2014). The mode of action in fish is likely
different from what we know in humans (Kumar et al.,, 2015), and
using PR-CALUX, which is based on human PR, may not be appro-
priate. Regarding aquatic vertebrates, activity detected by PR-
CALUX assay seems to be a better risk indicator for amphibians
than for fish, as amphibian PR is believed to have high amino acids
sequence similarity (within the hormone binding domain) with PR
in humans (Bayaa et al., 2000). Moreover, adverse effects of expo-
sure to progesterone and synthetic progestins in amphibians seem
to be similar to the effects in higher vertebrates, including humans
(Kvarnryd et al., 2011; Safholm et al., 2014, 2016).

4. Conclusions

Results of the present study show that synthetic progestins
together with progesterone constitute the majority of causative
agents of progestagenic activity in municipal WWTP effluents, with
medroxyprogesterone acetate, megestrol acetate, and progesterone
being the most important. Of the progestins that occurred most
frequently in water, only four have been tested on aquatic verte-
brates. Even in these cases, knowledge as to their possible adverse
effects is very limited. Although strong anti-progestagenic activities
were detected in two effluents, no causative agents were revealed.
Despite that anti-progestagenic activities have been detected by
various authors and were detected also in this study, in vivo anti-
progestagenic effects on aquatic biota are practically not known
and should therefore be studied.
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Abbreviations

APCI atmospheric pressure chemical ionization

APPI atmospheric pressure photoionization

bio-TEQ measured progestagenic activity equivalents (ng/L ORG
2058 EQs)

C concentration

CALUX in vitro bioassay called chemically activated luciferase

gene expression
chem-TEQ predicted progestagenic activity equivalents (ng/L ORG

2058 EQs)
EQ equivalent
HRPS high resolution product scan
LC liquid chromatography
LOEC lowest observed effect concentration
LOQ limit of quantification (ng/L)
PR progesterone receptor
REP relative potency
SPE solid-phase extraction
SPRM selective progesterone receptor modulator
uv ultraviolet light
WWTP wastewater treatment plant
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Unknown compounds with (anti-)androgenic activities enter the aquatic environment via municipal
wastewater treatment plants (WWTPs). Progestins are well-known environmental contaminants capable
of interfering with androgen receptor (AR) signaling pathway. The aim of the present study was to
determine if 15 selected progestins have potential to contribute to (anti-)androgenic activities in
municipal wastewaters and the respective recipient surface waters. AR-specific Chemically Activated
LUciferase gene eXpression bioassay in agonistic (AR-CALUX) and antagonistic (anti-AR-CALUX) modes
and liquid chromatography tandem atmospheric pressure chemical ionization/atmospheric photoioni-
zation with hybrid quadrupole/orbital trap mass spectrometry operated in high resolution product scan
mode (LC-APCI/APPI-HRPS) methods were used to assess (anti-)androgenic activity and to detect the
target compounds, respectively. The contribution of progestins to (anti-)androgenic activities was
evaluated by means of a biologically and chemically derived toxicity equivalent approach. Androgenic
(0.08—59 ng/L dihydrotestosterone equivalents — DHT EQs) and anti-androgenic (2.4—26 pg/L flutamide
equivalents — FLU EQs) activities and progestins (0.19—75 ng/L) were detected in selected aquatic en-
vironments. Progestins displayed androgenic potencies (0.01—0.22 fold of dihydrotestosterone) and
strong anti-androgenic potencies (9—62 fold of flutamide). Although they accounted to some extent for
androgenic (0.3—29%) and anti-androgenic (4.6—27%) activities in influents, the progestins’ contribution
to (anti-)androgenic activities was negligible (<2.1%) in effluents and surface waters. We also tested joint
effect of equimolar mixtures of target compounds and the results indicate that compounds interact in an
additive manner. Even if progestins possess relatively strong (anti-)androgenic activities, when consid-
ering their low concentrations (sub-ng/L to ng/L) it seems unlikely that they would be the drivers of
(anti-)androgenic effects in Czech aquatic environments.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

intersex and feminization in freshwater fish (Leusch et al., 2017;
Sumpter, 2005). Widespread feminization of male fish living

Mixtures of many chemicals are continuously discharged by
wastewater treatment plants (WWTPs) into aquatic environments.
Some of these compounds may adversely affect the endocrine
system of exposed organisms via androgen receptor (AR)-mediated
signaling pathway (Gray et al., 2001; Kelce et al.,, 1998; Sohoni and
Sumpter, 1998). To date, natural and synthetic estrogens have
drawn great eco-toxicological interest due to their ability to induce

* This paper has been recommended for acceptance by Klaus Kummerer.
* Corresponding author.
E-mail address: psauer@frov.jcu.cz (P. Sauer).

https://doi.org/10.1016/j.envpol.2018.06.104
0269-7491/© 2018 Elsevier Ltd. All rights reserved.

downstream from WWTPs has been revealed to be caused not only
by estrogens, however, but also by anti-androgenic compounds
(Jobling et al., 2009). Moreover, androgenic contaminants of surface
water can cause masculinization of resident female fish (Howell
et al, 1980; Parks et al., 2001). (Anti-)androgenic activities have
frequently been reported in aquatic environments worldwide (Bain
et al., 2014; Boehler et al., 2017; Escher et al., 2014; Kinani et al.,
2010; Konig et al., 2017; Urbatzka et al., 2007; van der Linden
et al, 2008; Zhao et al,, 2011). Compounds responsible for these
activities often remain unidentified (Chen and Chou, 2016; Kinani
et al., 2010; Leusch et al., 2014; Urbatzka et al., 2007).

Recently, progestins have come to be one of the groups of
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emerging pollutants drawing attention (Fent, 2015; Kumar et al.,
2015). The group of substances termed progestins includes not
only such natural hormones as progesterone but also synthetic
substances designed to have biological activity similar to that of
progesterone. Progestins are contained in contraceptives and other
hormonal preparations (Sitruk-Ware, 2004). Both progesterone and
synthetic progestins act primarily as progesterone receptor (PR)
agonists (Africander et al., 2011), but they also cause off-target
modulation of other steroid receptors (Bain et al., 2015; Besse and
Garric, 2009; Stanczyk, 2003). Among other activities, progestins
are known to act as both potent agonists and antagonists of human
AR (Bain et al., 2015; Schindler et al., 2008). Androgenicity of some
progestins has recently been observed also in vivo (Hua et al., 2015;
Runnalls et al., 2013; Svensson et al., 2013, 2016; Zeilinger et al.,
2009) and in vitro (Bain et al.,, 2015; Ellestad et al., 2014) within
fish. Moreover, some of these progestins have been shown to
inhibit synthesis of androgens in vivo (Fernandes et al., 2014) and
possess anti-androgenic activity in vitro (Siegenthaler et al., 2017)
in fish.

Surprisingly, no study to date has investigated whether envi-
ronmental levels of progestins reach sufficient concentrations and
have relative potencies strong enough to cause a substantial part of
(anti-)androgenic activity observed in aquatic environments. The
aim of the present study was to discover the extent to which pro-
gestins are responsible for (anti-)androgenic activities in Czech
aquatic environments associated with municipal WWTPs. In par-
allel, we also assessed each sampling locality for the presence of a
PR antagonist mifepristone and a selective PR modulator ulipristal
acetate, because these compounds are suspected to be novel
environmental contaminants (Golovko et al., 2018; Liu et al., 2010;
Sauer et al., 2018). (Anti-)androgenic activities of mifepristone and
ulipristal acetate and their contribution to overall sample activities
were determined, as well.

2. Material and methods
2.1. Chemicals and material

All progestins, mifepristone and ulipristal acetate prescribed in
the Czech Republic (Golovko et al., 2018) were chosen as target
compounds. In addition, medroxyprogesterone was included
because it has recently been found in Czech aquatic environments
(Macikova et al., 2014a; Sauer et al,, 2018). All tested compounds
were of high purity as follows: altrenogest (>99%), chlormadinone
acetate (99.7%), cyproterone acetate (>98%), dienogest (99.9%),
drospirenone (99.9%), dydrogesterone (99.5%), etonogestrel
(>98%), flutamide (>99%), gestodene (>98%), levonorgestrel
(>99%), medroxyprogesterone (98.5%), medroxyprogesterone ace-
tate (>97%), megestrol acetate (>99%), mifepristone (>98%),
nomegestrol acetate (>98%), norethisterone (>98%), progesterone
(99.9%), and ulipristal acetate (>98%). All were purchased from
Sigma-Aldrich (Czech Republic). Classification of the studied com-
pounds and their physicochemical properties are described in more
detail in the Supplementary Material (Table S1). As internal stan-
dards, Altrenogest 19,19,20,21,21-d5, Chlormadinone-d6 Acetate,
Cyproterone Acetate-13C2,d3, Medroxy Progesterone-d3, 6-epi-
Medroxy Progesterone-d3, 17-Acetate, Megestrol Acetate-d3,
Mifepristone-d3, Progesterone-d9, and Ulipristal Acetate-d3 were
purchased from Toronto Research Chemicals (Canada). Individual
stock solutions of native and internal standards were prepared for
chemical analysis at 1 mg/mL concentration in methanol and stored
at —20 °C. A spiking mixture of internal standards was prepared by
diluting the stock solutions with methanol to a final concentration
of 1pg/mL for each compound. AR-CALUX cells, illuminate mix,
lysis mix, and dihydrotestosterone standards prepared in dimethyl

sulfoxide (>99.5% purity) were purchased from BioDetection Sys-
tems (the Netherlands). Ultrapure water was produced using an
Aqua-MAX-Ultra System (Younglin, Kyounggi-do, Korea).

2.2. Collection of samples, sample preparation, and solid-phase
extraction

Samples were collected from wastewaters (influents and efflu-
ents) of four WWTPs located in the Czech Republic and from the
receiving surface waters (upstream and downstream). The WWTPs
receive domestic and industrial wastewaters and at two sites,
WWTPs at Prachatice and Ceské Budéjovice, hospital wastewaters.
While all the studied WWTPs are based on mechanical—biological
treatment with activated sludge secondary treatment, they differ
slightly in their biological treatment (Table S2). Grab or time pro-
portional (15-minute interval) 24h composite samples (3—4L)
were collected (Table S2). Grab surface water sampling was per-
formed up- and downstream from the respective WWTPs at a
distance of 50 m from WWTP outlets at the same side of the point
of discharge. Grab samples were taken using a 2 L bottle fastened to
a stick and then poured into 1 L amber glass bottles. Surface water
samples were collected at the same time as were samples of ef-
fluents. The collected samples were transported to the laboratory
and stored at 4 °C in darkness until extraction, which was carried
out within 24 h.

In order to preconcentrate the target compounds, a recently
developed protocol for solid-phase extraction (SPE) and sample
evaporation was used (Golovko et al., 2018), albeit with a slight
change wherein some samples were acidified prior to extraction to
find out the influence of acidification on the extraction efficiency of
SPE (see section 2.3.). Briefly, an SPE-DEX 4790 automated solid-
phase extractor (Horizon Technology, Salem, NH, USA) was
employed to extract 1 L water samples. Atlantic C18 SPE disks
(Horizon Technology) were used as a sorbent and preconditioned
with acetonitrile for liquid chromatography mass spectrometry
(Sigma-Aldrich, Czech Republic) and demineralized water. The
samples were filtered through Atlantic Fast Flow glass fiber filters of
pore sizes 5 and 1 pm (Horizon Technology). After a sample had
been passed through the Atlantic C18 SPE disks, the entire extrac-
tion system was rinsed with demineralized water. The Atlantic C18
SPE disks were air dried for 15 min. The retained target compounds
were then eluted with total volume of 10 mL acetonitrile. The SPE
extracts thus obtained were evaporated by gentle nitrogen stream
until dryness at 37 °C using a Termovap TV10 + sample concen-
trator (ECOM, Czech Republic). The extracts were redissolved either
in 2 x 50 pL of acetonitrile for chemical or in 2 x 20 pL of dimethyl
sulfoxide for biological analyses.

2.3. pH test

Because sample pH is an important factor influencing extraction
efficiency (Kuster et al., 2009; Vulliet et al., 2008), we tested the
effect of sample acidification prior to SPE. An advantage of sample
acidification prior to SPE is that it inhibits biological activity of
microorganisms potentially present in samples and thereby may
help in preventing biotransformation and bioconcentration of
target compounds. Sample acidification also may influence the
dissociation of ionizable compounds, however, and thus cause
problems with retention of analytes on SPE sorbents. C18 SPE sor-
bents such as Atlantic disks best retain neutral forms of polar
compounds, but some analytes may be affected due to sample
acidification depending upon their dissociation constants
(Table S3). Thus, we assessed whether sample pH adjustment had
an effect on retention of progestins, mifepristone and ulipristal
acetate on Atlantic C18 SPE disks. The effect was evaluated
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according to the recoveries of target analytes, assessing whether
recoveries were within a satisfactory range of 60—130%. Detailed
description of pH test can be found in Supplementary material (see
section 1).

2.4. Chemical analysis

An Accela 1250 LC pump (Thermo Fisher Scientific, San Jose, CA,
USA) coupled with a hybrid quadrupole/orbital trap Q-Exactive
mass spectrometer (Thermo Fisher Scientific) and HTS XT-CTC
auto-sampler (CTC Analytics AG, Zwingen, Switzerland) were
used for analysis of water extracts. An analytical Hypersil Gold
column (50 mm x 2.1 mm ID x 3 pm particles; Thermo Fisher Sci-
entific) preceded by the same phase pre-column (10 mm x 2.1 mm
ID x 3 um particles) was used for chromatographic separation of
the target analytes. Our analytical method for the analysis of a wide
range of progestins, mifepristone and ulipristal acetate in waste-
waters and surface waters using SPE followed by LC-APCI/APPI-
HRPS had previously been validated for linearity, repeatability,
limit of quantification (LOQ), and recovery (trueness) (Golovko
et al,, 2018). In the present study, the LC-APCI/APPI-HRPS method
was applied to determine the concentration of 15 progestins,
mifepristone and ulipristal acetate in extracts from influent and
effluent of the studied WWTPs and in respective up- and down-
stream recipient surface waters. The sample preparation is
described in detail in the paper by Golovko et al. (2018). Samples
from each sampling site were stored at 4°C and analyzed within
48 h. Prior to extraction for each site, a procedural blank (demin-
eralized water) was extracted and analyzed to distinguish between
positive detections and potential sample contamination. Each
sample was analyzed simultaneously with matrix matching stan-
dards for the determination of matrix effects.

Data analysis and calculation was performed using TraceFinder
3.3 software (Thermo Fisher Scientific).

2.5. In vitro reporter gene bioassays and cytotoxicity testing

AR-CALUX and anti-AR-CALUX (BioDetection Systems, the
Netherlands) in vitro reporter gene bioassays were performed as
previously described (Sonneveld et al., 2005; van der Burg et al.,
2010) to detect (anti-)androgenic activities of either pure com-
pounds or in environmental water extracts. In addition, PR- and
anti-PR-CALUX bioassays were carried out using methods
described elsewhere (Sonneveld et al., 2005, 2011). They were used
for determining progestagenic and anti-progestagenic activities in
water extracts as we wanted to find out if there is any relationship
among occurrence of (anti-)androgenic and (anti-)progestagenic
activities in aquatic environments (section 2.6.).

Briefly, AR- or PR-CALUX cells were seeded in a 100 pL volume of
cell suspension in assay medium (phenol-red free 1:1 mixture of
Dulbecco's modified Eagle's medium with Ham's F12 medium
supplemented with 5% dextran coated charcoal stripped fetal calf
serum, 0.2% penicillin—streptomycin solution, and 1% nonessential
amino acids) into 96-well white plates with transparent bottom
(Corning, the Netherlands) at density of 10 cells per well. Assay
medium for antagonism testing contained in addition reference
agonist compound at its ECso value (3.5x107'°M of dihy-
drotestosterone for anti-androgenicity or 2.0 x 1071 M ORG 2058
for anti-progestagenicity). After 24 h of incubation at 37 °C and in a
humidified atmosphere with 5% CO,, the cells were exposed to
serial dilutions of either pure compounds or environmental water
extracts dissolved in either assay medium for agonism (AR- and PR-
CALUX assays) or in respective assay medium for antagonism (anti-
AR- and anti-PR-CALUX assays) testing and returned to the incu-
bator. Each sample was tested at least in two independent

experiments, with each calibration point performed in triplicate. A
calibration row of reference agonist (dihydrotestosterone for AR-
CALUX and ORG 2058 for PR-CALUX) or antagonist (flutamide for
anti-AR-CALUX and mifepristone for anti-PR-CALUX) were
included in each 96-well plate and tested in triplicate. Solvent
control (0.1% dimethyl sulfoxide) was included at least in triplicate
on each plate. Calibration rows of pure compounds and serial di-
lutions of water extracts were prepared in dimethyl sulfoxide of
>99.5% purity (Sigma-Aldrich, Czech Republic). To assess joint
(anti-)androgenic effects of target compounds in mixtures, we
combined pure compounds at equimolar ratios. These mixtures
consisted of all active compounds in the respective modes (ago-
nism and antagonism). All the mixtures were serially diluted and
tested using (anti-)AR-CALUX bioassays.

Luciferase signal was quantified using an Infinite M200 Plus
luminometer (Tecan, Switzerland). Potential cytotoxic effects of
samples were tested using resazurin reduction assay (O'Brien et al.,
2000) and samples evaluated as cytotoxic were excluded from
further analysis in CALUX assays (see section S1 in Supplementary
Material and Figs. S1-S10).

2.6. Data analysis

Luciferase signal in (anti-)AR- and (anti-)PR-CALUX assays was
recorded as relative light units. To normalize data, relative induc-
tion of samples was derived after subtracting a background signal
(solvent control). Principal component analysis (PCA) was used to
determine possible relationships among detected activities. Results
below the LOQ were constrained at 0.

The data obtained from measurement of pure compounds were
fitted by nonlinear regression with four parameters (robust fit)
using Prism 7 software (Graph Pad, San Diego, CA, USA). The
maximum response (efficacy) induced by a tested compound (at
top plateau in agonism and bottom plateau in antagonism testing)
was reported (= RPCmax). We determined if tested compounds
possess (anti-)androgenic activity on the basis of cutoff criterion
(RPCmax values reach or exceed a specific effect) as proposed by
the Organisation for Economic Co-operation and Development
(OECD, 2016). A compound was evaluated as active (androgenic) in
AR-CALUX assay if its RPCmax value was >10% of relative induction
in at least two out of two or two out of three experiments. A
compound assigned as active (anti-androgenic) in anti-AR-CALUX
assay had to have RPCmax value < 80% of relative induction in at
least two out of two or two out of three experiments. Estimates of
potency were determined for active compounds: half-maximal
effective (ECsps) and inhibitory (ICsgs) concentrations, positive
controls 10 (PCyps) for agonism, and positive controls 20 (PCyps) for
antagonism were derived from the dose-response curves. ECsg is a
concentration of a chemical that produces 50% stimulating efficacy
in agonistic mode, while ICsy produces 50% inhibiting efficacy in
antagonistic mode. PCi is the concentration of a tested chemical
that produces the same effect i as does the reference compound.
PCyp and PCyq values were calculated for agonists and antagonists of
AR, respectively. Determining multiple toxicological estimates had
been proposed by Villeneuve et al. (2000) to provide robust results
against deviation from parallelism of curves and non-equal
maximal efficacies, and thus relative potencies (REPs) of pro-
gestins were calculated using two approaches. In the first, E(I)Cso of
the reference compound was divided by E(I)Csg of a tested com-
pound. In the second, PCig20) of the reference compound was
divided by PCyg(20) of a tested compound. The measured androgenic
(DHT EQs) and anti-androgenic (FLU EQs) equivalents in extracts of
water samples were derived according to the licensor's (Bio-
Detection Systems, NL) instructions, as described elsewhere
(Sonneveld et al., 2005). Predicted (anti-)androgenic activity of a
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target compound was derived by multiplying its determined con-
centration by its relative potency based on E(I)Csg values.

Joint effects measured in AR-CALUX cells are mediated through
the same mechanism of action (AR-mediated activities). Thus,
tested individual compounds are supposed to interact in mixtures
according to concentration addition model (Loewe and Muischnek,
1926), which assumes that tested compounds behave as dilution of
each other. To evaluate the joint effects of individual chemicals in
mixture, toxic unit method has been used as described elsewhere
(Brown, 1968). Briefly, dose-response curves of single compounds
and mixtures were used to calculate the concentrations of indi-
vidual chemicals causing a specific effects (PCi values) and the
concentration of individual chemicals causing the same effects in a
mixture. Toxic unit value of a substance = da/Dp, where da is con-
centration of compound A in mixture causing specific effect (PCi)
and Dp is concentration of the compound A needed to produce the
same effect (PCi) on its own. Toxic units of individual compounds
derived from response PCi were summed to derive toxic unit of a
mixture at PCi level. We determined toxic units at four PCi levels
(PC10, PCq0, PC3p and PCy4 for agonistic, and PCyg, PC3p, PC50 and
PC5o for antagonistic mixtures, respectively) for each tested curve. If
the toxic unit value equals to 1, there is additivity between com-
pounds. Toxic unit smaller than 1 indicates synergism, while toxic
unit higher than 1 indicates antagonism between compounds.
Following a study by Rossier et al. (2016), we used a margin of error
of +0.5 of the toxic value for additivity to account for possible
variability.

3. Results and discussion
3.1. pH test

The pH value of samples has been reduced prior to SPE in
approximately 48% of those studies determining the presence of
progestins in aquatic environments, albeit without testing the in-
fluence of sample pH on the recoveries of target compounds
(Table S4). Recently, there have been a few reports investigating the
effect of sample pH on the efficiency of extracting progestins using
different solid-phase extraction sorbents (Chen et al, 2017;
Huysman et al., 2017; Kuster et al., 2009; Shen et al., 2018; Vulliet
et al, 2008; Table S5). Our results showed that acidification of
samples resulted in slightly poorer recoveries (mean values did not
lie within the satisfactory range of 60—130%) for three progestins
(gestodene, levonorgestrel, and nomegestrol acetate) and PR
antagonist mifepristone. In non-acidified samples, all analytes fell
within this range (Fig. S11). Similarly to our observation, the results
of Huysman et al. (2017), Kuster et al. (2009), and Shen et al. (2018)
indicate that adjusting sample pH does not play a significant role in
extraction efficiency for progestins (Table S5). In the present study,
no difference was observed between detected activities in samples
with and without pH acidification in (anti-)AR-CALUX assays
(Fig. S12). Thus, both sample pH pretreatment (pH adjustment) and
no such pH adjustment appear to be applicable for the determi-
nation of progestins in water samples using SPE that employs
Atlantic C18 sorbent. Even if there were no significant differences,
however, we would recommend not using sample acidification in
order to better simulate real environmental conditions.

3.2. Occurrence of progestins in water samples

The results of chemical analysis are summarized in Table S6 and
are comparable to those reported by other authors (reviewed in
Golovko et al., 2018). Concentrations of seven progestins (cyprot-
erone acetate, dienogest, drospirenone, gestodene, medrox-
yprogesterone acetate, megestrol acetate, and progesterone) in

influents ranged from 1.0 to 75 ng/L. Progesterone and dienogest
were found in all studied influents. PR antagonist mifepristone was
detected once in the influent of the Ceské Budéjovice WWTP at
concentration of 0.32 ng/L. Only two progestins (megestrol acetate
and progesterone) reached effluents, and those were found in the
range of 0.19—2.7 ng/L.

Progesterone was the only progestin present in surface waters at
concentrations ranging from 0.47 to 1.3 ng/L. Widespread occur-
rence of progesterone has been observed also in other studies
(Houtman et al., 2018; Liu et al., 2015; Sauer et al., 2018), and this
compound has been proposed as a chemical indicator for the
presence of steroids in environmental water samples (Liu et al.,
2015). The lowest observed effect concentration of 2 ng/L of pro-
gesterone for fish (Zucchi et al,, 2012) has been exceeded in several
effluents (Fan et al, 2011; Liu et al., 2014; Sauer et al., 2018;
Table S6) and even in surface waters (Kolpin et al., 2002; Liu et al.,
2014; Macikova et al., 2014a; Vulliet et al., 2008). Thus, we propose
to assess further the risk posed by progesterone for aquatic
environments.

Some progestins that we found in the present study (Table S6)
have been shown to undergo biotransformation in aquatic envi-
ronments (Ojoghoro et al., 2017; Peng et al., 2014; Sangster et al.,
2016). The occurrences and fates of progestin, mifepristone and
ulipristal acetate metabolites deserve greater attention, because
some studies have indicated that metabolites of progestins and
mifepristone may be also strong activators (Schoonen et al., 2000;
Houtman et al., 2009) and inhibitors (Attardi et al., 2004) of steroid
receptors, respectively.

3.3. In vitro reporter gene bioassays with pure compounds

Seven progestins were active androgens and dose-dependent
response curves in AR-CALUX assay could be constructed for
them (Table 1; Fig. S13). Nine progestins, mifepristone and uli-
pristal acetate showed AR antagonism and produced full dose-
response curves in the anti-AR-CALUX assay (Table 2; Fig. S14).
All androgenic progestins were weaker than reference compound
dihydrotestosterone (Table 1). On the contrary, all anti-androgenic
progestins, mifepristone and ulipristal acetate showed stronger
relative potencies than did the reference compound flutamide
(Table 2).

Previous studies have tested (anti-)androgenicity for some of
our target compounds using (anti-)AR-CALUX bioassays and their
results have been comparable with our observations (Tables S7 and
S8; Houtman et al., 2009; Sonneveld et al., 2005). We have newly
identified (anti-)androgenic activity of medroxyprogesterone
(Tables 1 and 2) and anti-androgenic activity of ulipristal acetate
(Table 2). Particularly noteworthy is that megestrol acetate and
chlormadinone acetate had similar potencies as did cyproterone
acetate, a well-known strong anti-androgen (Table 2). To the best of
our knowledge, this is the first study to show (anti-)androgenic
potencies (ECsps, ICsgs, PCyps, and PCyps) of multiple environmen-
tally relevant progestins, mifepristone and ulipristal acetate
measured in a single in vitro bioassay.

3.4. Joint effects of individual compounds in mixtures

Toxic units for mixture of androgenic compounds ranged from
0.93 to 1.01, while toxic units for mixture of anti-androgenic
compounds ranged from 0.70 to 0.87. All these values fall within
the range of 1+ 0.5 of toxic unit which indicates that both andro-
genic and anti-androgenic compounds tested in the present study
act in an additive manner. Up to date, in vitro studies have focused
on joint effects of binary mixtures of progestins and observed
mostly additivity (Rossier et al.,, 2016; Siegenthaler et al., 2017).
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Table 1
Androgenic potencies of progestins in the AR-CALUX assay.
Compound (number of replicates) Active or non-active compound ~ RPCmax (%) log PCio (M) log ECso (M) REP
based on PCyp  based on ECsg
dihydr (reference c d,n=50) active 100 10.3 9.6 1.00 1.00
levonorgestrel (n = 3) active 59 -94 -89 0.14 0.22
gestodene (n=3) active 47 -9.2 -8.8 0.08 0.17
altrenogest (n = 3) active 31 -89 -87 0.04 0.14
etonogestrel (n = 3) active 55 -89 -84 0.05 0.07
medroxyprogesterone acetate (n = 3) active 51 -8.6 -8.1 0.02 0.04
norethisterone (n=3) active 47 -83 -7.7 0.01 0.01
medroxyprogesterone (n=3) active 11 -6.8 -75 <0.01 0.01
megestrol acetate (n=2) non-active 9 NA NA NA NA
cyproterone acetate (n=2) non-active 4 NA NA NA NA
progesterone (n=2) non-active 4 NA NA NA NA
dydrogesterone (n=2) non-active <1 NA NA NA NA

Cyproterone acetate, dydrogesterone, megestrol acetate, and progesterone did not produce response greater than PCyo and therefore they were designated as non-active.
RPCmax = maximum response induced by the tested chemical. PCyo = positive control 10, the concentration of a compound eliciting effect equal to 10% induction caused
by the reference compound dihydrotestosterone. ECsq = half-maximal effective concentration. REP = relative potency. NA = not analyzed.

Table 2

Anti-androgenic potencies of progestins, a progesterone antagonist and a selective progesterone receptor modulator in the anti-AR-CALUX assay.
Compound (number of replicates) Active or non-active compound RPCmax (%) log PCz (M) log ICso (M) REP

based on PCyq based on ICsg

flutamide (reference compound, n = 50) active 4 -6.6 -6.2 1 1
megestrol acetate (n=3) active 24 -83 -80 52 62
chlormadinone acetate (n=3) active 15 -83 -79 49 48
cyproterone acetate (n=3) active 14 -83 -7.8 51 44
nomegestrol acetate (n=3) active 11 -83 -78 43 40
progesterone (n=3) active 15 -82 =77 38 34
medroxyprogesterone (n=3) active 19 -8.1 -7.7 30 30
ulipristal acetate (n=3) active 17 -79 -7.7 19 33
drospirenone (n = 3) active 15 =77 -73 12 14
dydrogesterone (n = 3) active 4 =77 -73 10 13
dienogest (n = 3) active 19 -75 -7.3 8 12
mifepristone (n=3) active 12 -7.5 -7.2 7 9
altrenogest (n=2) non-active >80 NA NA NA NA

RPCmax = maximum response induced by the tested chemical. PCy = positive control 20, the concentration of a compound eliciting effect equal to 20% attenuation of the
signal of dihydrotestosterone by the reference compound flutamide. ICso = half-maximal inhibitory concentration. REP = relative potency. NA = not analyzed.

Nevertheless, the interactions of various environmentally relevant
progestins in mixtures still need to be elucidated by complemen-
tary in vitro and in vivo experiments.

3.5. In vitro reporter gene bioassays with water extracts

Androgenic and anti-androgenic activities were detected at
most of our sampling localities with 75% and 85% frequency of
occurrence, respectively. The greatest androgenic and anti-
androgenic activities were observed in influents and reached up
to 59 ng/L DHT EQs and 26 pg/L FLU EQs, respectively (Table 3). The
androgenic and anti-androgenic activities determined fall within
the range reported by other authors (Fang et al., 2012; Leusch et al.,
2014; Roberts et al., 2015; Thomas et al., 2002; van der Linden et al.,
2008; Zhao et al., 2011). Anti-androgenic activities are believed to
pose even greater risk for aquatic environments than do androgenic
activities (Weiss et al., 2009; Zhao et al., 2011), and they are more
commonly found in environmental samples (Macikova et al.,
2014b; Urbatzka et al,, 2007). Recently, the effect-based trigger
(EBT) value for anti-androgenic activity has been estimated at
25 pg/L flutamide EQs. Activities lying below this value are pre-
sumed to present a low risk for the environment. In our sampling
campaign, the EBT for anti-androgenic activity was exceeded only
in the influent of WWTP Prachatice but not in environmental
samples (Table 3). In another study as one example, however, EBT
was exceeded in 29% of surface water samples taken in the

Netherlands (van der Oost et al., 2017).

3.6. Contribution of compounds to (anti-)androgenic activities

Androgenic activities in most of the samples were masked by
anti-androgenic activities (Table 3). This phenomenon can occur in
samples containing both receptor agonists and antagonists (Weiss
et al, 2009) and has been reported also in other studies (Creusot
et al, 2014; lhara et al., 2014; Konig et al., 2017; Sauer et al.,
2018; Weiss et al., 2009).

Androgenic activities in aquatic environments related to
municipal wastewater discharges have been found mostly to be
caused by natural steroid androgens (Jenkins et al., 2001; Konig
et al., 2017; Thomas et al., 2002) but also with a contribution of
synthetic androgenic steroids (Hashmi et al., 2018). Progestins were
recently suggested to be one of the groups of compounds possibly
contributing to androgenic activity in aquatic environments
(Hashmi et al,, 2018). In the present study, two progestins (ges-
todene and medroxyprogesterone acetate) accounted for 0.26—29%
of androgenic activities measured within influents (Fig. 1), while
neither progestins nor mifepristone and ulipristal acetate contrib-
uted to androgenic activities in effluents and surface waters
(Table 3).

To date, the frequently occurring anti-androgenic activities in
the aquatic environment have been explained by presence of the
antimicrobial agent triclosan (Liscio et al., 2014; Ma et al., 2017;
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Table 3

Predicted and measured (anti-)androgenic activities in aquatic environments and total contributions of target compounds to measured (anti-)androgenic activities.

Wastewater treatment plant Sample Androgenic activity (ng/L Anti-androgenic activity Contribution to measured
DHT EQs) (pg/L FLU EQs) activities (%)
predicted measured predicted measured androgenic anti-androgenic
Vodnany inf 39 14 5.2 83 27
eff ND 0.09 44 ND 21
usw ND 0.04 28 ND 1.6
dsw ND 0.04 34 ND 13
Tabor inf 13 0.7 14 29 4.6
eff ND <LOQ 0.02 89 ND 0.28
usw ND <LOQ 0.03 5.5 ND 0.54
dsw ND <LoQ 0.02 59 ND 031
Prachatice inf 20 20 26 38 8.8
eff ND 0.02 35 ND 0.46
usw ND ND <LOQ ND ND
dsw ND 0.02 24 ND 0.77
Ceské Budéjovice, 1st sampling campaign inf 37 20 18 64 1
eff ND 0.02 54 ND 0.40
usw ND <LOQ 0.02 <LOQ ND ND
dsw ND 0.02 44 ND 046
Ceské Budéjovice, 2nd sampling campaign inf 0.13 32 15 03 23
eff ND 0.04 438 ND 0.73
usw ND <LOQ ND <LOQ ND ND
dsw ND 0.02 34 ND 048

Abbreviations: ND = not determined, predicted (anti-)androgenic activities and contribution of compounds were not determined when concentrations of target compounds

were below limit of quantification. LOQ = limit of quantification. DHT = dihydrotestosterone. FLU =

EQ = equivalent. inf = influent. eff = effluent. usw = upstream.

dsw = downstream. Activities exceeding LOQs and estimated contributions are marked in bold; measured activities are expressed as median (n =2-3).
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Fig. 1. Contributions of individual progestins to androgenic (A) and anti-androgenic (B) activities in influents to wastewater treatment plants. CB = Ceské Budéjovice, sc = sampling

campaign.

Rostkowski et al., 2011), dibutyl phthalate (Ma et al., 2017), phy-
toestrogens  (Konig et al, 2017), and 4-methyl-7-
diethylaminocoumarin (Muschket et al., 2018). Several studies
have reported also co-occurrence of anti-androgenic activities and
compounds with anti-androgenic potencies, such as pesticides,
flame retardants, pharmaceuticals (Liscio et al., 2014), alkylphenols
(Shi et al, 2016), naphthenic acids (Thomas et al, 2009), and
polycyclic aromatic hydrocarbons (Weiss et al, 2011) in aquatic
environments. On the other hand, no dominant causative anti-
androgenic agents have been revealed in Taiwanese (Chen and
Chou, 2016), Italian (Urbatzka et al., 2007), and French (Kinani
et al, 2010) aquatic environments. To sum up, it appears that
anti-androgenic activities are caused by various groups of chem-
icals in the aquatic environments. One group of possible contrib-
utors to these activities are progestins, mifepristone and ulipristal
acetate, which possess considerable anti-androgenic activities
(Table 2). A total of five anti-androgenic progestins (cyproterone
acetate, dienogest, drospirenone, megestrol acetate, and proges-
terone) and a PR antagonist (mifepristone) were found in WWTP
influents. They were responsible for 4.6—27% of anti-androgenic
activities. Only two of these (megestrol acetate and

progesterone), however, reached effluents, where they accounted
for just 0.28—2.1% of anti-androgenic activities. Natural progestin
progesterone was the only target compound found in surface water,
contributing 0.34—1.6% of anti-androgenic activity. The contribu-
tion of individual progestins to (anti-)androgenic activities in
wastewater is given in Fig. 1. Progesterone was by far the main
contributor to anti-androgenic activities (up to 21%) among target
substances. Of the synthetic progestins, megestrol acetate was the
greatest contributor to anti-androgenic activities in influents (up to
4.5%) and the only one in effluents (0.25%). In the inter-week
monitoring (1st and 2nd sampling campaigns in influent to the
WWTP at Ceské Budéjovice), the extent to which compounds
contributed to anti-androgenic activities changed only slightly
(Fig. 1). Progestins seem to be important causative agents of anti-
androgenic activities in sewage, but not in treated effluents and
surface waters. This is logical considering their concentrations
found there. If, however, a wastewater treatment process is inef-
fective in eliminating some strong androgenic (gestodene, etono-
gestrel, and levonorgestrel) or anti-androgenic (e.g., megestrol
acetate, chlormadinone acetate or cyproterone acetate, and pro-
gesterone) progestins, and if they occur in units or tens of ng/L or
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higher concentrations in effluents, then their contribution to anti-
androgenic activities may be much greater due to their strong
relative potencies (Tables 1 and 2). Indeed, the synthetic progestin
cyproterone acetate recently found in treated wastewater in the
Netherlands at a concentration of 20 ng/L was the main contributor
(71%) to the detected anti-androgenic activities (Houtman et al.,
2018). Moreover, metabolites of progestins might be present in an
aquatic environment and also possess some anti-androgenic ac-
tivity. This, too, is a topic deserving further attention.

4. Conclusions

The majority of samples in the present study exhibited relatively
low (anti-)androgenic activities. Progestins occurred mostly in in-
fluents and accounted for as much as 29% of (anti-)androgenic ac-
tivities. Most of them were eliminated to below LOQs during the
wastewater treatment process, however, and thus did not
contribute significantly to (anti-)androgenic activities in effluents
and surface waters. In the light of our results, it seems unlikely that
progestins are capable of inducing (anti-)androgenic activities that
could pose a high risk to aquatic organisms in Czech surface waters.
Our results of joint action testing indicate additive effect of indi-
vidual (anti-)androgenic target compounds in mixtures. Therefore
using the REPs of progestins obtained in our study, it will be
possible to estimate (anti-)androgenic activity caused by progestins
just on the basis of the results from chemical analysis (concentra-
tion of progestins) in future studies.
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High rates of progestins consumption in the form of active ingredients in women's oral contraceptives and other
hormonal preparations may lead to their increased concentrations in aquatic environments and subsequent
harmful effect on fish reproduction. The objective of the present study was to assess the effect of etonogestrel,
a third-generation synthetic progestin, on the reproductive behavior, fertility, gonads histology, and secondary
sexual characteristics of male and female Endler's guppies (Poecilia wingei). Fish were subjected for 34 days to
two concentrations of etonogestrel, including one possibly environmentally relevant (3.2 ng L~') and one suble-
thal (320 ng L™') concentration. A mating behavior study was subsequently conducted and revealed that the
treatment with etonogestrel significantly reduced mating frequency in the exposed fish compared to controls.
All the exposed females were unable to reproduce. In addition, female fish exposed to the highest level of
etonogestrel were masculinized, as their anal fins and body coloration showed patterns similar to those of
male fish. Etonogestrel-exposed females also had fewer developed oocytes. In conclusion, the low etonogestrel
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concentration (3.2 ng L ') led to a reduction of mating activity in males without effect on their reproductive suc-
cess, but it completely inhibited reproduction in females. Exposure to etonogestrel clearly has more severe con-

sequences for females than males.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Consumption of synthetic progestins as active ingredients in
women's oral contraceptives and other hormonal preparations is rela-
tively high (Kumar et al., 2015). Because these progestins are incom-
pletely removed during wastewater treatment processes, their
concentrations in aquatic environments may be as great as tens of nano-
grams per liter (Al-Odaini et al., 2010; Houtman et al., 2018). Such levels
are of concern for inhabitants of aquatic ecosystems because they ex-
ceed concentrations that adversely affect fish and amphibians under
laboratory conditions (Fent, 2015; Frankel et al., 2016a; Frankel et al.,
2016b; Hoffmann and Kloas, 2012; Hou et al., 2018a; Kumar et al.,
2015; Lorenz et al., 2011a; Lorenz et al., 2011b).

The synthetic progestin etonogestrel (13p-ethyl-173-hydroxy-11-
methylene-18, 19-dinor-17a-pregn-4-en-20-yn-3-one) is a testoster-
one derivative and the biologically active metabolite of desogestrel
(Croxatto, 2002). Although etonogestrel and its precursor desogestrel
have not been detected to date in waste and surface waters, there in
fact have been only few attempts to analyze their levels (Golovko
et al,, 2018). Due to its increasing application, etonogestrel is suspected
to be of environmental relevance. For instance, the use of single-rod,
etonogestrel-releasing subdermal implants as a form of contraceptive
increased by 50% in the U.S.A. between the years 2009 and 2012
(Kavanaugh et al., 2015; Odom et al., 2017). In the Czech Republic, the
application of etonogestrel increased by approximately 45% between
the years 2011 and 2015 and since that time has remained at almost
the same level (State Institute for Drug Control, http://www.sukl.eu/
2018) (Fig. S1). In addition, the predicted critical environmental con-
centration of etonogestrel is very low. A level of just 1.6 ng L™ ! in
water would result in a fish blood plasma concentration equal to the
human therapeutic blood plasma level (Fick et al., 2010).

In mammals, progesterone receptor is the main target for progestins,
and etonogestrel is characterized by very strong agonistic properties that
exceed those of the natural ligand progesterone (Kumar et al., 2015;
Sauer et al,, 2018). In general, progesterone is involved in regulation of
the hypothalamic-pituitary-gonadal axis and it regulates development, dif-
ferentiation, and normal functioning of the female reproductive tract
(Wagenfeld et al., 2016). It also triggers norepinephrine release from hypo-
thalamus in order to mediate hormone-dependent sexual behavior in
humans (Graham and Clarke, 1997). In addition to strong progestagenic ac-
tivity, etonogestrel exerts androgenic, anti-estrogenic, and anti-
gonadotropic activities in mammals (Kumar et al,, 2015).

Several studies to date have documented adverse effects of proges-
tins on the reproduction and development of fish and frogs (Hou
et al., 2017; Kumar et al., 2015), but the exact mode of action is not
fully understood (Hou et al., 2018a; Hou et al., 2018b). In vitro studies
have demonstrated that progestins mostly do not bind to fish progester-
one receptor, but some of them, mainly testosterone derivatives, includ-
ing etonogestrel, possess high affinity to fish androgen receptors (Bain
et al., 2015; Ellestad et al,, 2014).

In ecotoxicological studies on aquatic organisms, behavioral end-
points are considered to be more sensitive than morphological, repro-
ductive, and developmental parameters (Melvin and Wilson, 2013).
Courtship and reproductive behaviors also have been identified as im-
portant endpoints for the study of endocrine disruption (Frankel et al.,
2016a; Sebire et al., 2008; Zeilinger et al., 2009). Poeciliids are com-
monly used as model organisms in toxicological studies (OECD, 1992;
Wester and Vos, 1994) and behavioral biological research (Schlupp,
2018a; Schlupp, 2018b). These viviparous fish have elaborate and

well-defined courtship and mating behaviors (Pyke, 2005). A practical
advantage is that they are able to breed year-round under laboratory
conditions and with a short reproductive period (Baatrup and Junge,
2001). Moreover, morphological and histological responses and alter-
ations in body color and mating behavior are readily observed in
poeciliids exposed to endocrine-disrupting compounds (Angus et al.,
2001; Hou et al., 2018b). In recent years, Endler's guppies (Poecilia
wingei) increasingly have been used as an experimental animal for
studying mate choice, social reproductive behavior, as well as activity
and shoaling anxiety responses to new environments (Olsen et al.,
2014; Sommer and Olsen, 2016). Only a few studies have thus far de-
scribed the effects of synthetic progestins on the mating behavior of
fish (Frankel et al., 2016b; Hou et al., 2018a; Kumar et al., 2015). Hou
et al. (2018b) reported that long-term exposure of western
mosquitofish (Gambusia affinis) to the testosterone derivative
norgestrel at concentrations of 400 and 4000 ng L~ led to reduced fre-
quencies and durations of mating behavior in males and caused mascu-
linization of females. Moreover, they observed impairment in females’
reproduction. Similarly, Frankel et al. (2016b) showed reduced mating
frequency in the eastern mosquitofish after eight-day exposure to
100 ng L™! of levonorgestrel. Runnalls et al. (2013) reported that
desogestrel, the precursor of etonogestrel, decreased egg production and
caused masculinization of female fathead minnow (Pimephales promelas)
after 21-day exposure at a high level (10,000 ng L~"). Mating behavior
was not evaluated in these studies, and, to the best of our knowledge,
there is no report to date describing the effects of etonogestrel on fish.

The main objectives of the present study were to assess effects of
sublethal etonogestrel concentrations on the different aspects of repro-
duction and morphology in Endler's guppies, namely (1) mate choice
and mating behavior, (2) fertility, (3) secondary sexual characteristics,
and (4) gonad histology.

2. Materials and methods
2.1. Chemicals and reagents

Methanol and acetonitrile (LiChrosolv® Hypergrade) were pur-
chased from Merck (Darmstadt, Germany). Ultrapure water was pro-
duced using an Aqua-MAX-Ultra System (Younglin, Kyounggi-do,
South Korea). Analytical standards were of high purity (mostly 98%).
Etonogestrel [(13p3-ethyl-173-hydroxy-11-methylene-18, 19-dinor-
17a-pregn-4-en-20-yn-3-one; CAS no.: 54048-10-1) was purchased
from Sigma Aldrich (Steinheim, Germany). The internal standard
drospirenone-13C6 was obtained from Toronto Research Chemicals,
Inc. (Toronto Research Chemicals, ON, Canada). Absolute ethanol
(100%) and xylene (mixture of isomers) were purchased from Penta
(Czech Republic). Decalcification solution 1 (formic acid solution) was
obtained from VWR (Czech Republic). Ten percent neutral buffered for-
malin, Mayer's hematoxylin, eosin, and histological ethanol
(99.7-99.9%) were obtained from Diapath (Czech Republic).

Etonogestrel was dissolved in dimethyl sulfoxide (DMSO) to make a
stock solution at a concentration of 320 mg L™,

2.2. Experimental design

Juvenile Endler's guppies were obtained from a local commercial
breeder (Jindfichuiv Hradec, Czech Republic). Juvenile fish were kept
and raised to maturity under conditions as described by Houde
(1987). Briefly, the fish were acclimated to laboratory conditions for
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3 months before beginning the exposure. During the acclimation period,
males and females were raised separately to ensure virginity. The devel-
opment of the fish inclusive of gender and virginity was checked regu-
larly. Males were identified visually according to the developing
gonopodium and body color. Pregnant females were identified based
on the description of Norazmi-Lokman et al. (2016) and excluded
from the experiment. Both genders were visually exposed to the oppo-
site sex in the neighboring aquaria during the rearing. The fish were
kept in dechlorinated tap water with added salt (NaCl, 1 g per 100 L)
and calcium chloride (0.1 g per 100 L). These conditions were applied
for all experiments. The temperature was kept constant at 25.0 + 1.4
°C. Photoperiod (light:dark) was 14:10 h. Dissolved oxygen concentra-
tion and pH were 8.5 4 0.5mgL ™" and 7.9 + 0.5, respectively. These pa-
rameters were measured every second day and at every experimental
trial. During the acclimation and experimental periods, the fish were
fed ad libitum with freshly hatched brine shrimp (Artemia salina) and
a commercial preparation of freshly hatched brine shrimp (Artemia
Sanders Premium, Sanders, USA) at 1% of their body weight per day.
The fish were not fed on the sampling days.

Virgin, sexually mature fish with minimum length of 17 mm were
selected (Herdman et al., 2004). Only colored males with fully devel-
oped gonopodium were used. The adult fish were randomly distributed
into eighteen 100 L aquaria, each containing 22 fish. Males and females
were kept separately. The fish were acclimated for 20 days to the exper-
imental conditions. All sides of the aquaria were covered by polystyrene
to prevent fish from being disturbed.

One hundred liters of the etonogestrel solution and of the water in
control tanks were renewed daily. The fish were exposed to
etonogestrel at environmentally relevant (E1: 3.2 ng L™ ') and sublethal
(E2: 320 ng L™!) concentrations under semi-static conditions for
34 days. DMSO with final concentration of 0.0005% was added to treat-
ment groups to facilitate the dissolving of etonogestrel. Two control
groups were included. One control group, designated C, was contained
in dilution water only. The second, designated SC for solvent control,
was contained in water with added dimethyl sulfoxide at the same con-
centration as in the treatment groups. All experimental and control tri-
als were duplicated. The SC control was triplicated. Mortality was
recorded during the acclimation and experimental periods. This study
was performed in accordance with the principals of the EU-
harmonized Animal Welfare Act of the Czech Republic.

2.3. Etonogestrel analysis

Individual stock solutions of the standards were prepared at
1 mg mL™" concentration in methanol and stored at —20 °C. A spiking
mixture of drospirenone-13C6 was prepared by diluting the stock solu-
tions with methanol to a final concentration of 1 pg mL~! for each com-
pound. Working standard mixtures (0.01-10 pg mL™") of the native
compound were prepared in methanol.

Water samples were collected from aquaria into 1 L amber glass bot-
tles. The concentration of etonogestrel was measured immediately after
water exchange (0 h) and 24 h post-exchange to check for its concentra-
tion and stability. The collected samples were stored at +4 °C in dark-
ness until extraction, which was carried out within 24 h. Water
samples were prepared according to a protocol developed for solid-
phase extraction (Golovko et al., 2018).

An Accela 1250 LC pump (Thermo Fisher Scientific, San Jose, CA,
USA) coupled with a hybrid quadrupole/orbital trap Q-Exactive mass
spectrometer (Thermo Fisher Scientific) and an HTS XT-CTC auto-
sampler (CTC Analytics AG, Zwingen, Switzerland) were used for analy-
sis of water extracts. An analytical Hypersil Gold column (50 mm
x 2.1 mm ID x 3 pm particles; Thermo Fisher Scientific) preceded by
the same phase pre-column (10 mm x 2.1 mm ID x 3 pum particles)
was used for the chromatographic separation of etonogestrel.

Ultrapure water and methanol were used as the mobile phases. The
elution conditions were programmed as follows: 350 mL min~' 30%

methanol in water for 1 min, isocratically followed by a gradient change
to 20/80 water/methanol at a flow 0f 400 mL min~" for 8 min and a final
gradient change to 100% of methanol at a flow of 400 mL min~" for
10 min. These parameters were held for 2 min and then changed to
the starting conditions and held for 1.5 min to equilibrate the column
for the next run.

Atmospheric pressure photoionization (APPI) in positive mode was
used to ionize target compounds. The instrument was calibrated daily
(mass calibration) in positive modes using a standard procedure pro-
posed by Thermo Scientific.

The atmospheric pressure chemical ionization/atmospheric pressure
photoionization (APCI/APPI) parameters were set as follows: capillary
temperature (300 °C), vaporizer temperature (300 °C), sheath gas pres-
sure (40 arbitrary units), auxiliary gas (15 arbitrary units), and dis-
charge current (4 pA in positive ionization mode). A UV krypton lamp
(10 eV) was used in the source.

The analytical method for analyzing a wide range of progestins, in-
cluding etonogestrel, in different water matrices using solid-phase ex-
traction followed by liquid chromatography tandem atmospheric
pressure chemical ionization/atmospheric pressure photoionization
with hybrid quadrupole/orbital trap mass spectrometry operated in
high resolution product scan mode (LC-APCI/APPI-HRPS) had previ-
ously been validated for linearity, repeatability, limit of quantification
(LOQ), and trueness (Golovko et al., 2018).

The linearity of the calibration curve was tested in the range from
0.1 ng L~! to 500 ng L. Calibration curves were measured at the be-
ginning and at the end of the sequence to check instrument stability.
The calibration was prepared in water/MeOH (1/1).

Prior to extraction for each aquarium, a procedural blank
(demineralized water) was extracted and analyzed to distinguish be-
tween positive detections and potential sample contamination. Each
sample was analyzed simultaneously with matrix matching standards
for the determination of matrix effects. Data analysis and calculation
were performed using TraceFinder 3.3 software (Thermo Fisher
Scientific).

24. Behavioral studies

Before and at the end of the exposure period, such activities of the
fish as grouping, following, site preference, and swimming were studied
(2.4.1). After 34 days of exposure, the behavioral tests, namely the
choice (2.4.2) and mating tests, were conducted within 2 days. To deter-
mine fertility, females from the mating test (2.4.3) were kept in isola-
tion for 90 days (Fig. 1).

24.1. Analysis of activity patterns

Behavioral parameters (grouping, following, site preference, and
swimming activity) were recorded before and at the end of the expo-
sure period. The behavior patterns were recorded over a period of
3 days with a monitoring system based on 3D cameras (Xbox One
Kinect Sensor V2) placed above the aquaria. After 5 min of adaptation,
the behavior was recorded for 40 min. Every aquarium was recorded 3
times and the experimental groups were recorded in parallel. The mon-
itoring system detects the individual fish in 3D space and saves its posi-
tion for later processing.

The recordings were later automatically quantified for following,
grouping, and activity behaviors by software implemented in-house
for fish 3D position processing and that had been developed by
Saberioon and Cisar (2016). These parameters were defined based on
the description of Kane et al. (2005) and with modifications as de-
scribed below. Grouping of the fish (grouping behavior) was identified
when >70% of the fish were present within a 40 cm radius. Following be-
havior was determined based on trajectories of movement, when the
movement directions were not exceeding a 50° angle and fish were in
a swarm-like pattern. Swimming activity is represented by the average
velocity of the fish per second. This parameter was calculated frame by
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A Maturation (90 days)

B Etonogestrel Exposure (34 days)

C Behavior Studies
C1 Mate Choice Test

D Reproduction (90 days)
C2 Mating Study

Female Choice

=

SRERY

Male Choice

Fig. 1. Schematic workflow of different stages of the long-term reproductive study on Endler's guppies. A - Juvenile fish were raised for 3 months under laboratory conditions to mature
stage. B - Exposure to etonogestrel for 34 days. C - Behavioral studies: C1, mate choice test; C2, mating study. D - Reproduction (mated females were kept in isolation for 90 days in order to

determine fertility).

frame as the ratio between the length of the fish trajectory and the time
of swimming, and it was then transformed into centimeters per second.
The swimming activity was calculated for individual fish and averaged
for the fish group. Site preference was defined as time spent in the cen-
ter of the aquarium (50% of the surface) or the border area (50% of the
surface). The site preference was calculated based on the time fish
spent in each of the two regions.

2.4.2. Mate choice test

The mate choice test was conducted after the 34 days of exposure.
This test was aimed at determining the effect of etonogestrel treatment
on the preference for individuals of the opposite gender in both males
and females. This binary mate choice experiment was conducted fol-
lowing Herdman et al. (2004) and Bierbach et al. (2011) and was carried
out separately for males and females. In total, 112 naive fish (56 males
and 56 females) were tested. This test was carried out in 8 replicates
for each experimental group. A 9 L aquarium (32 x 22 cm) was divided
by fine mesh into three parts. To avoid disturbances, all sides of the
aquaria were covered by black plastic sheeting. A naive fish from the
solvent control was placed into the middle part (16 x 22 cm), which
was the test area. On the left and right sides, which were of dimensions
8 x 22 cm, exposed and unexposed fish (solvent control) of the opposite
gender were placed. As an additional control, a naive fish was placed
into an aquarium with two unexposed fish from the opposite gender
in the other parts. This procedure was conducted with fish from control
and solvent controls (Fig. 1).

After an adaptation period of 5 min, the behavior of the fish in the
middle section was recorded for 15 min. Nine aquaria were used for
this experiment. The assignment of experimental trials to the aquaria
was randomized. The behavior patterns were recorded with the moni-
toring system based on a 3D camera (Xbox One Kinect Sensor). One
camera was placed above three aquaria to monitor each fish separately
and save the 3D position for later processing. The experimental setup is
illustrated in Fig. 1. The closeness was calculated from the recordings
using software implemented in-house based on the program developed
by Saberioon and Cisar (2016). Closeness was defined as spending time
outside the midpoint area of the middle section located at one of the re-
spective sides. The time of each behavior was automatically quantified
by a mating processing program (Saberioon and Cisar, 2016). Attraction
or avoidance was evaluated based on the presence on one of the sides.
The water in the aquaria was changed after each experimental trial.

24.3. Mating experiment

Mating behavior was studied using an exposed male cohabitating
with an unexposed female and vice versa. Moreover, male and female
fish exposed to both concentrations of etonogestrel and unexposed

couples were mated. In particular, combinations tested in the mating
experiment were as follow: (1) male C x female C, (2) male SC x female
SC, (3) male E1 x female SC, (4) male E2 x female SC, (5) male SC x fe-
male E1, (6) male SC x female E2, (7) male E1 x female E2, and (8) male
E2 x female E2. A respective fish couple was transferred into a 15 L
aquarium (32 x 22 cm) containing 5 L of water. The mating tests were
conducted with nine replicates for each experimental group. After an
adaptation period of 5 min, the mating was recorded by charge-
coupled device camera (Sony, CCD-TR840E) for 15 min. The camera
monitored four aquaria together from the top to record the complete
trajectory and fish behavior. The videos were later analyzed for the
presence of several behavior endpoints, including display of the S-
shape (the S-shape is a sigmoid movement displayed by a male during
the courtship), following, attending, and attempts by the male to copu-
late. The behavioral patterns were evaluated manually, blinded. Court-
ship and mating were determined as described by Baatrup and Junge
(2001), Pyke (2005), Olsen et al. (2014), and Frankel et al. (2016b).

For determining fertility, female fish involved in the mating study
were kept isolated in clean water for 90 days after mating. These fish
were kept in isolated boxes (12 x 8 cm) under the conditions described
above. The birth rate was recorded.

2.5. Secondary sexual characteristics

All fish involved were recorded for coloration analysis after the mat-
ing study. All females were photographed at the end of the mating test
and 90 days post mating. During the recording, the fish were alive and
placed in a special aquarium with dimensions 12 x 4 x 4 cm. A green
background was selected for the recordings. The pictures were taken
using an Olympus Alpha 501 camera. Blinded evaluation was made of
the pictures, and alterations in body color were noted. These alterations
were defined by the presence of orange or any other color different from
the normal, metallic gray body color (Poeser et al., 2005).

Sixteen fish of each gender from each treatment and the water con-
trol as well as 24 fish from the solvent control were used for morpholog-
ical analysis. Fish were stored in 10% neutral buffered formalin. Weight
of fish was recorded after 4 months of fixation and stabilization of the
relative post-fixation mass. The fish body, eye, caudal, dorsal, pelvic,
pectoral fins, as well as the anal fin of the females and gonopodium of
the males were photographed using an Olympus E600 camera mounted
on an Olympus SZX7 stereomicroscope. All measurements were carried
out using Quick Photo 2.3 software.

Measured were total (TL) and body (BL) lengths, horizontal eye di-
ameter (ED), lengths of the first ray (DFL;s) and last ray (DFLj,s) of
the dorsal fin, as well as total lengths of the caudal (CDFL), pelvic
(PLFL), and pectoral (PECFL) fins. These parameters, with the exceptions
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of TL and BL, were normalized to the BL. These parameters are described
in detail in Wiecaszek et al. (2009).

In the cases of the anal fin and gonopodium, the thicknesses of the
3rd and 4th rays, lengths of the 4th and 6th rays, thicknesses and length
ratios of 3rd:4th ray, relative length of 4th and 6th rays to BL, and the
palp lengths of the gonopodium were measured as described by
Angus et al. (2001). The rays were identified as described by Turner
(1941). Abnormalities of the male gonopodium and the female anal
fin were recorded.

2.6. Histological analysis

The in toto fixed fish (10% buffered formalin) were decalcified (for
4 h in decalcification solution 1). Male and female fish were oriented
in longitudinal and sagittal directions in capsules. In the case of female
fish, serial cuts were made of the area containing the ovarium. For 8
fish of every experimental group, the developmental stages of the go-
nads were identified (Edwards and Guillette, 2006; Golpour et al.,
2016; Hou et al,, 2018a). Ninety days post-exposure, possible pregnancy
was checked histologically in females which had not given birth. Sam-
ples were dehydrated in an ascending series of ethanol concentrations,
paraffin-embedded, cut by microtome (4 um), then placed on slides. The
sections were stained with hematoxylin and eosin (H&E), then exam-
ined by light microscopy at 10x to 1000x times magnification
(Bancroft and Gamble, 2008).

2.7. Statistical analysis

The statistical analysis was performed using Statistica software ver-
sion 13 (StatSoft, Czech Republic). Data were checked for normality and
homoscedasticity by the Kolmogorov-Smirnov test, and by Cochran's,
Hartley's and Bartlett's tests, respectively.

If these criteria were fulfilled, a one-way analysis of variance
(ANOVA) was employed to detect significant differences among the ex-
perimental groups in the measured variables. Subsequently, Dunnett's
multiple range test was applied to compare the control mean with the
means of all treatment groups. If the conditions for ANOVA were not
satisfied, nonparametric tests (Kruskal-Wallis test and Friedman
ANOVA) were used. The significance level was set at p < 0.05.

The behavior during the experiment, namely time spent in the outer
50% of the aquarium, grouping, following, and swimming speed were
analyzed by Kruskal-Wallis test and Friedman ANOVA. The mate prefer-
ence of the fish was analyzed by Kruskal-Wallis test. Differences in col-
oration and the developmental stages of oocytes in the ovary were
checked by chi-squared test. Fisher's exact test was applied for the
birth rate and the presence of palp in female fish. The data are presented
as mean = standard deviation (SD).

Table 1

Concentration of etonogestrel in water in the sub-chronic toxicity test on Endler's Guppy
(Poecilia wingei). Concentrations were measured immediately after water exchange (0 h)
and 24 h post-exchange. The values are expressed as mean + SD (n = 4). C = water con-
trol, SC = solvent control, LOQ = limit of quantification.

Group Sample time  Water concentration ~ Stability during 24 Min -
(h) (ngL™") h (%) Max

C 0 <LoQ
24 <LoQ

Ne 0 <LOQ
24 <LOQ

32ngl™' 0 32+18 1.6-5.1
24 27+14 88 + 16 1.2-41

320ngl™' 0 483 + 22 450-500
24 435 + 58 91+ 16 360-490

3. Results
3.1. Analytical performance and water concentration of etonogestrel

Table 1 shows concentrations of etonogestrel measured in aquarium
water for all treatment groups. Etonogestrel concentrations over 24 h
were relatively stable (88-91%), with means corresponding to 3.0 +
1.5 and 458 + 48 ng L', respectively, in treatments with nominal
etonogestrel concentrations of 3.2 and 320 ng L. In water samples
from both controls, the concentrations of etonogestrel were below the
LOQ (<0.35ngL™1).

3.2. Behavioral studies

3.2.1. Analysis of activity patterns

In male and female fish, the relative durations of grouping and fol-
lowing in all treatment groups were short, as these behaviors, respec-
tively, were in the ranges of 1.0-1.9% and 0.3-2.2%. of the total
recorded time. Before and at the end of the exposure period, grouping
and following of females and males did not differ significantly in the ex-
posed fish compared to the controls (Friedman ANOVA, Kruskal-Wallis,
and Kruskal-Wallis test applied on differences of grouping and follow-
ing before and at the end of the exposure time, p > 0.05). Males and fe-
males exposed to nominal etonogestrel concentrations of 3.2 and
320 ng L~ did not show significantly different swimming activity in
comparison with the controls (ANOVA, p > 0.05). In all treatment
groups, the fish avoided the central section and stayed preferentially
in the corners of the aquaria. The site preference in fish of all treatment
groups was not statistically different compared to that of the controls
(Kruskal-Wallis, p > 0.05). The relative duration and frequency of
grouping and following and the site preference are summarized in Sup-
plementary Tables 1 and 2.

3.2.2. Mate choice test

No effect of etonogestrel on mate preference was found for treated
male and female fish (Kruskal-Wallis, p > 0.05; Fig. S2). No site prefer-
ence of the fish was found within the control groups (SC and C;
Kruskal-Wallis, p > 0.05; Fig. S2).

3.2.3. Mating study

Both groups of exposed males (3.2 and 320 ng L") showed signifi-
cantly shorter duration and lower frequency of mating attempts com-
pared to the controls (ANOVA, p < 0.05; Fig. 2), although the time for
each attempt was not changed (Table S3). The courtship behaviors,
namely duration and frequency of attending and following and fre-
quency of display of the S-shape of the male fish, did not differ signifi-
cantly in the etonogestrel-treated fish compared to the controls
(Table S3).

3.3. Reproduction

All etonogestrel-exposed females at both concentration levels were
unable to reproduce 90 days post mating (Fig. 3). In contrast, control fe-
males which mated with unexposed or 3.2 and 320 ng L~ ! etonogestrel-
exposed male fish were able to reproduce. Fisher's exact test confirms
that the result is statistically significant both when we compare all con-
trol groups with all exposed groups as well as all SC groups with all ex-
posed groups (Fisher's exact test, p < 0.0002).

3.4. Mortality

No mortality was recorded during the experimental period.
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Fig. 2. Mating frequency during 15 min in Endler's guppies exposed to etonogestrel for 34 days. M = male, F = female, C = water control, SC = solvent control, E1 = 3.2 ng L™!
etonogestrel-exposed fish, E2 = 320 ng L' etonogestrel-exposed fish. Asterisks indicate significant difference from controls. *p < 0.05 (ANOVA, n = 9).

3.5. Secondary sexual characteristics

In female fish exposed to 320 ng L ! etonogestrel, the relative length
of the caudal fin (CFL/BL), absolute and relative width of the 3rd and 4th
rays and length of the 4th and 6th rays of the anal fin, absolute length of
the last ray of the dorsal fin (DFLj,s), and relative length of the dorsal fin
(DFL,s/BL) were significantly increased compared to those of the con-
trols (Table S5). All these parameters are close to those measured in
male control fish (control and solvent control) and indicate masculini-
zation of females exposed to the highest tested level of etonogestrel
(Fig. 4). Ninety days post exposure, the length of the caudal fin and
rays of anal fin remained altered (Table S6).

In males exposed to 320 ng L ™" etonogestrel, the ratio of DFLj,s/BL
and the absolute and relative length of the 6th ray of the gonopodium
increased compared to the controls (p < 0.05). The ratio of the length
of the 4th to the 6th fin ray in the gonopodium was significantly reduced
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Fig. 3. Birth rate of Endler's guppies sub-chronically exposed to etonogestrel for 34 days. M
= male, F = female, C = water control, SC = solvent control, E1 = 3.2 ng L™'
etonogestrel-exposed fish, E2 = 320 ng L~' etonogestrel-exposed fish. Asterisks
indicate significant differences from controls. *p < 0.05 (Fisher's exact test, n = 9).

in fish exposed to both 3.2 and 320 ng L~ etonogestrel compared to the
controls (p < 0.05, Table S4).

Other measured parameters (i.e., TL, BL, weight, FCF, ED, ED/BL, HL,
HL/BL, PFL, and PFL/BL) were not significantly affected by the
etonogestrel exposure either in males or females (Tables S4-6).

At the highest level of etonogestrel (320 ng L™'), a significantly
higher number of females displayed alterations in their body color
(chi-squared test, p < 0.05; Fig. 5). These alterations were characterized
by a yellow- to orange-colored caudal part of the body inclusive of the
tail and dorsal fin. Typically, these changes started at the tip of the cau-
dal fin. These male-like patterns indicated masculinization of fish in this
experimental group (Figs. 4 and 5). This effect appeared to be reversible,
as 90 days post mating only 8% of the females showed masculinization
of the body color. These alterations were not present in any of the
other groups.

3.6. Histology

Etonogestrel treatment affected maturation of oocytes in the ex-
posed fish. In the control groups, mature oocytes were predominant,
but the relative occurrence of mature oocytes was significantly lower
in fish exposed to 3.2 and 320 ng L~ etonogestrel compared to the con-
trols (chi-squared test, p < 0.05; Fig. 6).

Etonogestrel did not affect the development of testes. Predomi-
nantly mature spermatocytes were present in all examined fish.
Among the experimental groups, no statistically significant differences
in frequency of the different developmental stages in the testes were
found (chi-squared test, p > 0.05; Fig. S3). In none of the examined
fish did the testes or ovaries show pathological alterations, and no
signs of intersex were observed.

Among fish that did not give birth, no pregnancy was found 90 days
post mating by the histological analysis in any of the exposed fish (3.2
and 320 ng L~1) or controls.

4. Discussion

The main objectives of the present study were to assess effects of
sublethal etonogestrel concentrations (3.2 and 320 ng L) on Endler's
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Fig. 4. Morphological changes in fins and gonopodium, of exposed Endler's guppies. (A) Whole body of an unexposed solvent control female (SC); the anal fin is shown in detail in image
(B). (C) Whole body of a female exposed to 320 ng L~! etonogestrel for 34 days; white circle and star indicate longer dorsal and caudal fins, respectively. (D) Detail of anal fin of
etonogestrel-exposed female (from C); arrow and circle show palp and hooks, respectively. (E) Whole body of unexposed solvent control male (SC). (F) Whole body of male exposed
to 320 ng L~ etonogestrel for 34 days; circle and star show longer dorsal and caudal fins, respectively. Arrowhead indicates gonopodium with an altered shape.
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Fig. 5. (A) Percentage of color alterations in female Endler's guppies at the conclusion of 34 days of exposure to etonogestrel. C = water control, SC = solvent control, E1 = 3.2 ng L'
etonogestrel-exposed fish, E2 = 320 ng L™" etonogestrel-exposed fish. Asterisks indicate significant difference from controls. *p < 0.05 (chi-squared test). n = 9. (B) Body color of a
control female fish. (C) Altered body color of a female exposed to 320 ng L™" of etonogestrel for 34 days.
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Fig. 6. Percentage of oocytes in different developmental stages within the ovaries of
Endler's guppies at the conclusion of 34 days of exposure to etonogestrel. C = water
control, SC = solvent control, E1 = 3.2 ng L' etonogestrel-exposed fish, E2 =
320 ng L~ etonogestrel-exposed fish. n = 8. Asterisks indicate significant difference
from controls. *p < 0.05 (chi-squared test).

guppies. Changes in secondary sexual characteristics (morphology and
coloration) are first discussed below (4.1), followed by behavioral alter-
ations (activity patterns, mate choice and mating; 4.2), and then effects
on reproduction and gonad development (4.3).

4.1. Secondary sexual characteristics

In the present study, female fish exposed to etonogestrel
(320 ng L) displayed a male-like coloration mainly at the caudal fin.
In addition, the anal fin of females developed a gonopodium-like
shape, including hooks and a palp, and the caudal fin was elongated.
These fin alterations were still visible 90 days post exposure, thus indi-
cating that they could be permanent. Taken together, all the changes in
secondary sexual characteristics found in females exposed to
etonogestrel (320 ng L™!) are signs of masculinization of females and
clearly show an androgenic effect of etonogestrel at high concentration.
Our findings are well in line with the study by Bain et al. (2015), who
reported that etonogestrel transactivated Murray-Darling rainbowfish
(Melanotaenia fluviatilis) androgen receptors o and 3 with half maximal
effective concentration (ECso) values of 164 and 1469 ng L',
respectively.

Similar alteration of the anal fin and/or changes in color were de-
scribed in female fish exposed to androgen-active pulp and paper mill
wastewaters (Deaton and Cureton, 2011; Howell et al., 1980; Parks
et al,, 2001) or synthetic androgenic hormones (Larsson et al., 2002;
Zamora et al., 2008).

Androgenic effect has been observed also in other testosterone-
derived synthetic progestins, namely (levo)norgestrel, gestodene, and
desogestrel. Hou et al. (2018a) and Frankel et al. (2016b) described
masculinization of anal fin in adult females of western mosquitofish ex-
posed to 235.8 ng L~ of norgestrel for 42 days and in eastern
mosquitofish exposed to >10 ng L =" of levonorgestrel for 8 days, respec-
tively. Female fathead minnow developed male secondary sexual char-
acteristics after 21 days of exposure to gestodene (1 ng L7'),
levonorgestrel (29.6 ng L"), and desogestrel (10 pg L~") (Runnalls
et al., 2013; Zeilinger et al., 2009).

In the present study, a longer dorsal fin was observed in males ex-
posed to the highest level of etonogestrel (320 ng L~!). Worthy of
note is that Poecilia latipinna and Poecilia mexicana display a sexual di-
morphism of dorsal fin, where females prefer males with longer dorsal
fins (MacLaren et al., 2011). In addition, exposure to etonogestrel at
both concentrations caused changes in the shape of the gonopodium,
namely it reduced the ratio of the 4th to 6th ray. The gonopodium in
Poeciliids functions as an intromittent organ but it is also important
for pre-copulatory sexual selection (Kwan et al., 2013). Therefore, any

alterations of its morphology may impact reproductive success (Evans
et al, 2011; Kwan et al., 2013). Contrary to the present study, an in-
crease of the 4th:6th ray ratio was observed in males of eastern
mosquitofish after 8 days of exposure to 100 ng L~ levonorgestrel
(Frankel et al., 2016b). It is not clear, however, whether these particular
changes increase or decrease attractiveness of the affected males.

4.2. Behavioral alterations

Etonogestrel did not cause any changes in activity, following, and
grouping of fish in this study, indicating that the exposed fish did not
suffer from anxiety, narcosis, or disorientation. Even such behavior
changes, however, probably would not strongly interfere with mating.
Olsen et al. (2014) showed, for example, that although Endler's guppies
exposed to high levels of the psychoactive drug citalopram displayed
signs of anxiety, mating and courtship were not affected. Contrary to
the present study, Zhao et al. (2018) report that locomotor activities de-
creased in zebrafish embryos after 2 days of exposure to progesterone
and synthetic progestins (levonorgestrel and gestodene) at the level
of 16 ng L. This might be explained by differences in the experimental
setup, including the tested species, life stage, exposure time, and selec-
tion of progestins.

Reproductive behavior in guppies involves association, courtship,
and mating (Poeser et al., 2005; Pyke, 2005). In this study, no difference
in the association and courtship (i.e., preference or attending behavioral
traits; S-shape display and following) were found in etonogestrel-
treated fish compared to the controls. Nevertheless, mating frequencies
(mating attempts) appeared to be the most sensitive behavioral end-
point in the present study. At both etonogestrel concentrations, the
mating frequencies were significantly reduced. Exposed males ap-
peared to be affected directly, as they made a lower number of attempts
to pair with both control and exposed females. Moreover, they were af-
fected indirectly, because reduced mating frequency was also observed
in unexposed males paired with exposed females. This indicates a neg-
ative effect of etonogestrel on the attractiveness of the exposed females.
At the high etonogestrel level, one of the reasons for low attractiveness
of females was probably their strong masculinization. In females ex-
posed to low etonogestrel concentration, however, there were no
marked changes in secondary sexual characteristics. Therefore, addi-
tional issues had to have played a role, and pheromone signaling
could be one of them. Mature females release sexual pheromones into
the water and thus induce mating behavior in males (Kobayashi et al.,
2002; Sorensen and Stacey, 2004). Inasmuch as etonogestrel exposure
negatively affected maturation of the gonads in females within the pres-
ent study, this could have interfered also with pheromone signaling in
females and thus reduced males' interest in mating (i.e., decreased mat-
ing frequency). In agreement with this study, Frankel et al. (2016b) and
Hou et al. (2018a) found that short-term (8 days) exposure to levonor-
gestrel (100 ng L™') and long-term exposure (42 days) to norgestrel
(3.6 ng L) resulted in changes of reproductive behavior in western
and eastern mosquitofish, respectively, but the potential adverse out-
comes of these changes on the birth rate have not been studied.

4.3. Reproduction and gonad development

Females exposed to both levels of etonogestrel were unable to pro-
duce offspring after mating with either control or exposed males. On
the other hand, exposed males were able to reproduce with control fe-
males even if the mating frequency was reduced. The exposure to
etonogestrel clearly has more serious consequences for females than
males. At present, there is no information available regarding the effect
of synthetic progestins on reproduction in Poeciliids. In agreement with
the present study, reproduction in fathead minnow, Japanese medaka,
and zebrafish have been shown to be affected adversely by low levels
of synthetic progestins, which lead to inhibited or reduced egg produc-
tion (Kumar et al, 2015). In fathead minnow, for example, egg
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production was reduced after 21 days of exposure to low levels of levo-
norgestrel (0.8 ng L™") (Zeilinger et al., 2009) and gestodene (1 ngL™")
(Runnalls et al., 2013), as well as higher levels of norethindrone
(100 ng L") (Paulos et al, 2010) and desogestrel (10 pg L)
(Runnalls et al.,, 2013).

Reproductive failure in females exposed to both levels of
etonogestrel in the present study can be explained at least in part by
their markedly lower percentage of mature oocytes (22-38%) in com-
parison to the controls (68-70%). It is noteworthy that Hou et al.
(2018a) observed a higher percentage of atretic and post-ovulatory oo-
cytes and higher incidence of intersex in western mosquitofish exposed
to norgestrel at >35.8 ng L™,

We found no effect of etonogestrel exposure on testes. This fact cor-
responds with our findings of reproductive success among exposed
males paired with control females. Likewise, Frankel et al. (2016a) ob-
served no effect of levonorgestrel on the development of testes in fat-
head minnow exposed to concentrations of 210 ng L™! for 8 days. In
that study, they had not examined any possible effect on reproduction.

The results showing the effect of synthetic progestins on fish repro-
duction are not surprising inasmuch as these pharmaceuticals were pri-
marily designed for contraception in human medicine (Baird and
Glasier, 2000; Kroupova et al., 2014). Nevertheless, synthetic progestins
have a low affinity to the fish progesterone receptors (Bain et al., 2015;
Ellestad et al., 2014). Therefore, this effect is likely mediated through an-
other pathway and further studies should be undertaken to elucidate
synthetic progestins' mode of action in fish.

5. Conclusions

To the best of our knowledge, this study reports for the first time the
effects of etonogestrel on fish. A concentration of etonogestrel as low as
3.2 ng L' reduced mating activity in males without affecting their re-
productive success but caused complete failure of reproduction in fe-
males. This shows that etonogestrel exposure had more serious
consequences for females. In addition, the high etonogestrel level
(320 ng L™ ') caused marked masculinization of females. These findings
strengthen current concerns about possible detrimental effects on fish
populations of synthetic progestins reaching aquatic environments.
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General discussion

6. GENERAL DISCUSSION

6.1. Determination of progestins in environmental water samples

6.1.1 Selection of target compounds

One of the aims of this Ph.D. thesis was to develop a sensitive analytical method for
detection of progestins in environmental water matrices. The first step was to prepare a list of
progestins that could be present in Czech aquatic environment. The main criterion in selection
of the analytes was their consumption in the Czech Republic.

Consumption of progestins in the Czech Republic in year 2014 has been calculated from
data freely available at the website of State Institute of the Czech Republic (chapter 2; State
Institute of the Czech Republic, 2017). Six compounds with the highest consumption rates
(progesterone, drospirenone, megestrol acetate, cyproterone acetate, medroxyprogesterone
acetate and dienogest) reached or exceeded annual consumption of 100 kg in the Czech
Republic. The progestins prescribed in the Czech Republic were mostly similar to those
prescribed in France, United Kingdom, and Switzerland (Table 8). However, such comparison
should be treated with caution as data from different years have been compared (other
data were not available) and it is possible that some new progestins were introduced there.
Smaller diversity of consumed progestins has been reported from Switzerland (6 progestins)
compared to United Kingdom (17 progestins), the Czech Republic (18 progestins), and
France (22 progestins) (Table 8). The consumed amount of individual progestins also differed
between countries. Natural progestin progesterone had the highest consumption in the Czech
Republic, France and Switzerland but medroxyprogesterone acetate was the predominantly
consumed progestin in United Kingdom (Table 8). The most consumed synthetic progestins
were: drospirenone in the Czech Republic and Switzerland, cyproterone acetate in France
and medroxyprogesterone acetate in United Kingdom (Table 8). As far as | am aware, we
selected all the progestins consumed in one country (the Czech Republic in our case) as
target compounds for monitoring of their presence in aquatic environment for the first time
(chapter 2). Additionally, another progestin, medroxyprogesterone, was chosen as one of
analytes because its presence has previously been reported in U.S. WWTP effluents (Kolodziej
et al., 2003), a Czech WWTP effluent and Swiss surface waters (Macikova et al., 2014).
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Table 8. consumption of progestins in European countries.

Consumption (kg-year™")

Country the Cze.ch France United Kingdom Switzerland
Republic
Year 2014 2004 2006 2011
Besse and Runnalis et al., Zhao et al.,

Reference Chapter 2 Garric, 2009 2010 2015
progesterone 1034.76 9864.25 141.56 500
drospirenone 249.77 149.38 153.19 90
megestrol acetate 206.65 146.69*
cyproterone acetate 182.07 821.56
medroxyprogesterone acetate 107.74 68.50° 529.70° 25
dienogest 100.32 5.73
norethisterone+norethisterone 440.16 17
acetate+lynestrenol DL Ll (norethisterone) (norethisterone)
dydrogesterone 21.78 744.70 209.02 34
chlormadinone acetate 19.98 385.17
gestodene 9.07 22.04 *

* (etonogestrel)
etonogestrel+desogestrel 8.04 28.88 and 13.87

(desogestrel)
levonorgestrel+norgestimate  7.94 94.51 (levo- 19.59 (levonorg- 3 (levonorg-
+norelgestromin norgestrel + estrel) + 24.12 estrel)

norgestimate) (norgestimate)

+ * (norelge-

stromin)
nomegestrol acetate 2.79 312.10
medrogestone 87.73
tibolone 52.53 64.16
170-hydroxyprogesterone 27.58 *
promegestone 13.41
norgestrel 11.92 *
norgestrienone 2.59
ethynodiol diacetate 13.85
gestrienone *

Abbreviations and description: ® - data in the original article referred to consumption of
megestrol but it was most probably mixed up with megestrol acetate; » - data in the original
article referred to consumption of medroxyprogesterone but it was most probably mixed up
with medroxyprogesterone acetate; data on consumption reaching or exceeding 100 kg - year’
are marked in bold, * - consumption of this substance was not reported separately, but as a
sum of gestodene, etonogestrel, norelgestromin, 17a-hydroxyprogesterone, norgestrel, and
gestrinone which is equal to 12.90 kg - year™

6.1.2. Optimization of solid-phase extraction for extracting progestins

Chapter 2 describes development and application of a chemical method (liquid
chromatography coupled with tandem mass spectrometry) for analysis of progestins in
wastewaters and surface waters. | have been responsible for the optimization and application
of a solid-phase extraction (SPE) in the method development and therefore the SPE will be
discussed more thoroughly in this chapter.
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Progestins are present in the aquatic environment at trace levels (Table 2). To allow
determination of compounds at trace levels in complex environmental samples by chemical
analysis, it is desirable to concentrate and separate target compounds prior chemical analysis
from other compounds using a sample extraction technique. SPE is advantageous due to its
high recovery yield, short extraction time, high enrichment factor, and reduced use of organic
solvents compared to other procedures such as liquid-liquid extraction (Ma et al., 2010).

We used a method based on automated SPE extraction system (SPE-DEX 4790, Horizon
Technology, USA) that is easy to use for operators even when running high numbers of
samples and it also ensures repeatability of final results as confirmed by the chemical method
(chapter 2). Several factors should be considered in development of an SPE method to make
it sensitive and selective towards specific group of chemicals.

Adjustment of sample pH before SPE is an important step influencing extraction efficiency
(Kuster et al., 2009; Vulliet et al., 2008). The samples are being acidified to inhibit biological
activities of microorganisms that could potentially be sampled together with water and
thus the adjustment of pH of samples should prevent biotransformation/bioconcentration
of analytes (chapter 4). Many researchers analysing progestins in water samples have
automatically acidified samples, however, without testing the effect on extraction efficiency
(chapter 2).

Therefore, we attempted to determine if sample acidification affects recovery of compounds
(chapter 4). Recoveries of three progestins (gestodene, levonorgestrel and nomegestrol
acetate) in the acidified samples were not satisfactory as they did not lie within the satisfactory
range of 60-130%. However, the recoveries of all progestins in non-acidified samples fell
within the optimal range. Given that acidification of samples resulted in a bit worse recoveries
compared to samples without any pH adjustment, we concluded that acidification of samples
prior SPE is not advantageous in extraction of progestins (chapter 4). There were also
some other authors who tested the effect of sample acidification on extraction efficiency
of progestins (Table 9) and similarly to our observation, their results suggest that sample
pH adjustment is not a key factor influencing yield of extracted progestins. Both these
techniques of sample treatment (sample acidification and no pH adjustment) are applicable
methods but we recommended rather avoiding acidification of samples to better simulate
real environmental conditions (chapter 4).
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Table 9. Recommendations from literature for sample pH treatment prior to solid-phase extraction for
chemical analysis of progestins.

Recommended pH Comments on the other tested pH Used sorbent Matrix Reference

of samples values of samples

3.0 Compared to pH 3.0, samples with  Strata X demineral- Vulliet et al.,
pH 5.5 and 8.0 had about 6-35% ized water 2008

and 52-96% poorer recoveries,
respectively.
pH adjustment Sample pH 5.0 was recommended LiChrolut HPLC water  Kuster et al.,
has no effect® in the study for a wide range of RP-18 2009
chemicals but pH values of 3.0, 5.0,
7.0 and 9.0 gave similar recoveries
of progestins, except for slightly
higher recovery of norethisterone
(ca 120%) in samples with pH 7.0.
6.0-7.0 Sample pH values 3.0, 4.0, 5.0, 3d-Mag- surface Chen et al.,
6.0, 8.0 and 9.0 resulted in poorer CMGO water 2017
recoveries of two tested progestins,
21 -hydroxyprogesterone and norg-
estrel, compared to recommended

sample pH.
pH adjustment pH values 3.0, 5.5 and 8.0 were C18 speedisk seawater Huysman et
has no effect tested. al., 2017
pH adjustment Details were not provided. Oasis HLB wastewater Shen et al,,
has no effect (effluent), 2018
river water
7.4 3.0 is also applicable. Atlantic C18  wastewater Chapter 4
SPE disk (influent)

Abbreviations and description: @ - conclusion based on the results provided in the study.

Another factor influencing extraction efficiency is the choice of sorbent in SPE. C18 sorbent
has been used in our SPE method (chapter 2) because slightly polar and non-polar compounds
such as progestins (Table 1) are known to be retained well by C18 sorbents via hydrophobic
interaction (Ma et al., 2010). In addition, the solvent used for elution of analytes is one of
the key factors that have impact on extraction efficiency. We revealed that acetonitrile is a
better elution solvent than methanol for extraction of progestins (chapter 2). This result is
in accordance with observations made by Sun et al. (2009) who tested different solvents
for extraction of progestins and found that the most optimal recoveries are yielded using
acetonitrile.

6.1.3. Occurrence of progestins in aquatic environments

There have been only two studies dealing with identification of progestins in the Czech
aquatic environments so far and focused only on 7 progestins (Table 2). We have been
searching for the presence of progestins using a method we recently developed (chapter 2)
that is based on liquid-chromatography tandem atmospheric pressure chemical ionization/
atmospheric pressure photoionization with hybrid quadrupole/orbital trap mass spectrometry
operated in high resolution product scan mode (LC-APCI/APPI-HRPS). Our papers present new
results unravelling the pattern of environmental contamination by progestins in the Czech
aquatic environment (chapters 2, 3 and 4).

The concentrations of individual progestins in influents ranged from 0.19 to 110 ng-I".
Most of the target progestins were found in influents at least once. All the six progestins with
annual consumption equal to or exceeding 100 kg have been detected in WWTP influents as
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well as in effluents (chapters 2, 3 and 4). Progestin with the highest consumption, natural
hormone progesterone, has been the most frequently detected progestin in all studied
matrices (chapters 2, 3, and 4). Similarly, the progestins with consumption higher than 100
kg-year' in France and United Kingdom (Table 8), were found in French wastewaters (Vulliet
et al.,, 2007; 2011) and surface waters (Vulliet et al.,, 2008; Vulliet and Cren-Olivé, 2011)
but these include only two compounds because the others were not measured. In United
Kingdom, progesterone and norethisterone (Table 8) which were consumed in relatively high
quantities were detected in surface waters (Aherne et al., 1985), but other progestins were
not analysed. Only the natural progestin progesterone had consumption higher than 100
kg-year'in Switzerland (Table 8) and it has also been found in Swiss wastewaters and surface
waters (Macikova et al., 2014). Overall, it seems that the most consumed progestins can really
end up in wastewaters and subsequently in surface waters. If a progestin is highly prescribed/
consumed, it does not automatically mean that it will be present in aquatic environments
because progestins in bodies are to some extent metabolized after their uptake by users. Then
they can even be easily biotransformed in sewage during wastewater treatment processing
or also in surface water. For example, synthetic progestins with the highest consumption in
the Czech Republic, drospirenone, has been found only in 43% of assessed influents (chapters
2, 3, and 4). However, most of the consumed progestins have been found throughout our
screenings and thus the selection of target progestins (as analytes) based on the data on
consumption still appears to be relatively reliable approach.

In Czech WWTP effluents, the concentrations of individual progestins were found in the
range of 0.11-3.2 ng- I (chapters 2, 3, and 4). Progesterone, megestrol acetate and dienogest
were the most commonly found progestins in WWTP effluents throughout our screening
campaigns with the frequencies of detection 85, 50 and 35%, respectively (chapters 2,
3, and 4). Only limited attention has been paid to testing of the eco-toxicological effects
of dienogest and megestrol acetate on aquatic organisms though. Megestrol acetate and
progesterone occurred in Czech effluents in all of our sampling campaigns. Therefore, these
compounds also deserve attention in determination of their presence in environment. The
presence of altrenogest and nomegestrol acetate in WWTP effluents has been showed for
the first time (chapter 2). Progestins levonorgestrel, norethisterone, medroxyprogesterone
acetate and progesterone are well-known environmental contaminants that have attracted
most interest in monitoring of their occurrence in the aquatic environment so far (Table 2).
Nonetheless, some other progestins occur in aquatic environments of certain countries much
more frequently. For example levonorgestrel has not been detected at all and norethisterone
was found only once in Czech aquatic environment (Table 2, chapters 2, 3 and 4). Despite a
certain increase in monitoring of progestins in last years (Table 2), such data are still scarce
and much more work should be done to get closer in revealing the real contamination patterns
worldwide (Fent, 2015; Kumar et al., 2015).

We observed negative removal efficiency of some compounds (chapter 2). For example,
medroxyprogesterone has shown negative removal efficiency in two WWTPs (Vodriany and
Brno). This phenomenon might be, in this particular case, explained by biotransformation of
medroxyprogesterone acetate into medroxyprogesterone. Generally, there is a lack of data
in literature on such biotransformation of progestins during wastewater treatment process.
However, three recent studies reported that two progestins (progesterone and norgestrel)
can be rapidly metabolized into another steroids by common water bacteria (Ojoghoro et al.,
2017; Sangster et al., 2016) and microalgae (Peng et al., 2014).

In surface waters, we found progestins in up- and downstreams of WWTPs in the range of
0.20-1.3 ng-I"and 0.12-1.3 ng- 1", respectively (chapters 2, 3, and 4). Only two progestins,
progesterone and medroxyprogesterone have been identified in surface waters in our sampling
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campaign (chapters 2, 3 and 4). Therefore, special attention should be paid to monitoring and
eco-toxicological testing of these compounds.

6.2. Progestagenic and (anti-)androgenic activities of progestins

Hormonal (progestagenic, androgenic and anti-androgenic) activities of all the samples
(pure compounds and water extracts) were measured using CALUX assays. CALUX assays
are in vitro reporter gene assay based on human bone cancer U2-OS cells and transfected
with plasmids for reporter protein luciferase and human receptor. They respond specifically
to compounds that can activate or block the inserted receptor (Sonneveld et al.,, 2005).
Progestagenic, androgenic, and anti-androgenic activities were measured using PR-, AR-, and
anti-AR-CALUX assays, respectively.

6.2.1. Progestagenic activities of progestins

We compared progestagenic REPs of all the progestins marketed in one country (the Czech
Republic) for the first time (chapter 3). Knowledge of the REP of compounds is essential for
estimation of risk that they can pose to aquatic environment (Villeneuve et al., 2000).

Gestodene was by far the strongest progestagenic compound. Then, there was a cluster
of three similarly potent progestins, which included etonogestrel, levonorgestrel and
medroxyprogesterone acetate. Two compounds (megestrol acetate and progesterone) that
were detected in all of our samplings campaigns in WWTP effluents (chapters 2, 3, and 4) are
both strong progestagens. Norethisterone, a well-known environmental contaminant (Table
2) with negative effect on fish reproduction (Table 7), was equally potent as natural progestin
progesterone. Drospirenone, synthetic progestin with the highest consumption in the Czech
Republic (Table 8), was amongst the weakest progestins in our experiments. Dienogest had
the weakest progestagenic activity out of the progestins consumed in the Czech Republic
(chapter 3) but it has been frequently detected in Czech wastewaters (chapters 2, 3, and 4).
In addition, medroxyprogesterone has been tested in in vitro reporter gene bioassay for the
first time (chapter 3). Given that medroxyprogesterone was found in U.S. WWTP effluents
(Kolodziej et al., 2003), Czech raw hospital wastewaters (Macikova et al., 2014), and surface
waters (chapters 1 and 3), this compound deserve more attention in eco-toxicological
research.

To the best of our knowledge, this is the first systematic and comprehensive in vitro profiling
of progestagenic activity of progestins that are possibly relevant for the aquatic environment.
In general, the progestagenic potencies of progestins observed in our experiments are
consistent with the findings of other authors if such data were available (Table 3).

6.2.2. Androgenic activities of progestins

Seven progestins (levonorgestrel, gestodene, altrenogest, etonogestrel,
medroxyprogesterone acetate, norethisterone and medroxyprogesterone) displayed
androgenic activities in vitro. REPs of all these compounds were lower than that of reference
compound which is natural androgenic hormone, dihydrotestosterone (chapter 4).

Gestodene, etonogestrel and levonorgestrel were reported by other authors as the
strongest androgenic progestins (chapter 1) and they were together with altrenogest also
among the four strongest androgenic progestins in our experiments (chapter 4). McRobb
et al. (2008) measured androgenic activity of altrenogest using yeast androgen screen
and found that it is extremely potent androgen (approximately 4 times more potent than
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dihydrotestosterone). We did not observe such a high REP of altrenogest (it was 7 times less
potent than dihydrotestosterone). Androgenic activity of altrenogest can be explained by
its structural similarity to its precursor trenbolone that is a potent androgen. Progesterone
did not display androgenic activity in our experiments (chapter 4). Some authors reported
that progesterone is androgenic compound but it exerts androgenic activity only at high
environmentally irrelevant levels with EC,; value at tens of ug-I" (McRobb et al., 2008) or
higher concentrations (Louw-du-Toit et al., 2017). The other progestin, medroxyprogesterone,
which has been found in effluents (chapters 2 and 3) and in surface water (chapter 3) had only
weak androgenic activity with EC, reaching tens of ug-I" (chapter 4).

It has been reported that some progestins can occur together in surface waters at ng- I’
levels (Avar et al., 2016; Liu et al., 2014; Shen et al., 2018; Vulliet et al., 2008), therefore, we
tested the joint effect of mixtures of androgenic progestins. Our results indicate that these
progestins interact in an additive manner (chapter 4) what is in line with previous findings of
Rossier et al. (2016) and Siegenthaler et al. (2017). Therefore, there is sane suspicion that
the androgenic effects of progestins can add up in aquatic environments. On one hand, the
progestins-induced masculinisation of fish can be a real environmental threat if multiple strong
androgenic progestins are present together. On the other hand, some of the environmental
contaminants including other progestins are also relatively strong anti-androgens and might
attenuate or neutralize these effects.

6.2.3. Anti-androgenic activities of progestins

Nine progestins (megestrol acetate, chlormadinone acetate, cyproterone acetate,
nomegestrol acetate, progesterone, medroxyprogesterone, drospirenone, dydrogesterone
and dienogest) exhibited anti-androgenic activities in vitro (chapter 4). Four strongest
progestins (megestrol acetate, chlormadinone acetate, cyproterone acetate and nomegestrol
acetate) were 40 times more potent compared to flutamide. Cyproterone acetate is well-
known anti-androgen but the anti-androgenic activity of the other three progestins
attracted far less attention to date. To the best of my knowledge, anti-androgenic activity of
medroxyprogesterone has been shown for the first time.

All these tested anti-androgenic progestins were stronger in eliciting anti-androgenic
activities than reference compound flutamide (chapter 4). However, it is still not clear how
strong an anti-androgen should be to pose a risk to aquatic organisms. Despite that flutamide
is widely used as reference compound in in vitro bioassays, it is not considered as a strong
anti-androgen. Nonetheless, flutamide at high concentrations (hundreds of pg-I") have
partially and dose-dependently prevented male-biased sex ratio induced by low concentration
of levonorgestrel (10 ng-I") in zebrafish (Hua et al., 2015). Given that progestins are much
stronger anti-androgens than flutamide, they have a potential to neutralize androgenic effects
as well.

We tested joint effect of anti-androgenic progestins and it appears that their anti-androgenic
activities are additive (chapter 4). Siegenthaler et al. (2017) tested joint effect of two anti-
androgenic progestins, chlormadinone acetate and cyproterone acetate in an in vitro bioassay
based on rainbowfish AR and also found that they acted mostly additively. Considering that
progestins might occur simultaneously in aquatic environments, we can expect that they
contribute additively to anti-androgenic activities in aquatic environments.
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6.2.4. Contribution of compounds to progestagenic and (anti-)androgenic activities in
aquatic environments

Many authors including us have reported the occurrence of progestins in waste and
surface waters (Table 2). Progestins are compounds that possess various hormonal activities
(chapter 1) and we focused on their progestagenic and (anti-)androgenic activities (Tables
3 and 4). Progestagenic and (anti-)androgenic activities have been repeatedly detected in
aquatic environments worldwide (Tables 5 and 6). However, there has not been any systematic
attempt so far to determine the extent to which progestins can contribute to these activities.

Therefore, our experiments aimed at revealing the extent to which progestins contribute
to progestagenic (chapter 3) and (anti-)androgenic activities (chapter 4) in Czech waste and
surface waters.

The obtained REPs of progestins were applied in our experiments to determine predicted
activities, using which we could estimate the contribution of progestins to measured activities.
Total activities in environmental samples determined by an in vitro assay (measured activities)
were compared with the sum of the potencies of the individual compounds identified by
chemical analysis (predicted activities) in order to estimate the degree to which analysed
substances account for the biological activity. Predicted activity of a single compound was
calculated as follow: predicted activity of a compound i is equal to concentration of the
compound i in environmental sample (data from chemical analysis) multiplied by REP of the
compound i (derived from an in vitro assay). Predicted activity of whole sample was calculated
as the sum of predicted activities of individual compounds found in the sample. Contribution
of a single compound to measured activity was calculated as a ratio of predicted and measured
activities. To the best of our knowledge, there has been only one study to date reporting the
contribution of a few selected progestins to progestagenic activities so far (Creusot et al.,
2014). They found that progestin, levonorgestrel, can be responsible for up to 50% of detected
progestagenic activity in a French river downstream a pharmaceutical factory. Throughout our
experiments, we observed overall contribution of progestins to progestagenic activities in
effluents in the range of 65-96% (chapter 3). Our data indicate that one natural progestin
(progesterone) and two synthetic progestins (megestrol acetate, medroxyprogesterone
acetate) are responsible for majority of progestagenic activities found in municipal WWTP
effluents in Czech and Slovak republics. However, it still needs to be resolved which effects
can be induced in aquatic organisms when exposed to progestagenic compounds. In case of
progestagenic activities, most of the developed in vitro bioassays employ human PR (yeast
progesterone screen - YPS, PR-CALUX, HELN-PRB assay or geneBLAzer) to which progestins
have intrinsic affinity (chapter 1). However, extrapolating the results obtained with an assay
that is based on human PR to fish may not be appropriate because progestins were shown not
to transactivate fish PRs except for some weak interaction with progesterone and drospirenone
(Bain et al., 2015; Ellestad et al., 2014). The mode of action of synthetic progestins in fish
is likely different from what we know in humans (Kumar et al., 2015). Nevertheless, there is
a high homology between human and frog PR ligand binding domains (Bayaa et al., 2000)
and thus certain harmful effects for amphibians exposed to waters exhibiting progestagenic
activities measured through human PR might be expected. In addition, various semi-aquatic
mammals (e.g. otters, minks or muskrats) reside in freshwater aquatic environments and for
those the human PR-derived results might be relevant.

Many researchers are currently attempting to elucidate which compounds are responsible
for (anti-)androgenic activities in aquatic environment. Various groups of chemicals have been
revealed to contribute to (anti-)androgenic activities but the causative (anti-)androgens also
have not been identified in some studies as reviewed in chapter 4. Considering that progestins
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display (anti-)androgenic activities, we assessed if they have potential to contribute to (anti-)
androgenic activities found in Czech aquatic environment (chapter 4).

Androgenic progestins gestodene and medroxyprogesterone acetate were found in WWTP
influents and were responsible for 0.26-29% of androgenic activities there. No androgenic
progestins reached WWTP effluents and have not been present in surface waters.

Five progestins with anti-androgenic properties (cyproterone acetate, dienogest,
drospirenone, megestrol acetate and progesterone) were present in WWTP influents and
contributed to 4.6-27% of found anti-androgenic activities. Two of them (megestrol acetate
and progesterone) were not eliminated during wastewater treatment processing and were
responsible for only 0.28-2.1% of anti-androgenic activities. Progesterone was the only anti-
androgenic progestin present in surface waters, where it accounted for 0.34-1.6% of anti-
androgenic activity. It also contributed the most out of all progestins to anti-androgenic
activities in all studied matrices. In general, it appears that the potential of progestins to
contribute to anti-androgenic activities found in Czech WWTP effluents and surface waters is
very low.

Despite that progestins were confirmed to possess considerable (anti-)androgenic
activities, they had only negligible potential to cause the (anti-)androgenic activities in
WWTP effluents and surface waters, because they were simply not present or if present their
concentrations were relatively low (chapter 4). This implies that some other compounds
are likely responsible for (anti-)androgenic activities in Czech aquatic environments (Table
13). The degree to which progestins are responsible for anti-androgenic activities is strongly
dependent on their concentrations in environment. If multiple potent progestins are present
at ng-I"" concentration or a few strong progestins occur at tens of ng-I7, then progestins can
account considerably to anti-androgenic activities in aquatic environments. Indeed, Houtman
et al. (2018) found cyproterone acetate at high concentration of 20 ng-I" in a WWTP effluent
in the Netherlands and this single progestin contributed as much as 70% to anti-androgenic
activities (chapter 1).

6.3. Effects of synthetic progestin etonogestrel on fish

We performed a sub-chronic test on Endler’s guppy (Poecilia wingei) with the aim to find out
whether exposure to etonogestrel at concentrations 3.2 and 320 ng: I can negatively affect
mate choice, mating behaviour, secondary sexual characteristics, gonad histology, and fertility
(chapter 5). Etonogestrel is the active compound in some hormonal preparations and it is
also the main metabolite of another progestin, desogestrel. Both compounds are consumed
in the Czech Republic (Table 8), while the prescription of desogestrel prevails (chapter 5).
Etonogestrel has not been detected in the aquatic environment yet, however, there have been
only few attempts to determine its presence (chapter 2). Due to the continuous consumption
of etonogestrel, it can be suspected to contaminate some surface waters. No study has
focused to date on assessing the effects of progestin etonogestrel on aquatic organisms
even when it is known to be biologically active compound (chapter 1).

Endler’s guppies exhibit a marked sexual dimorphism in coloration and the morphology of
anal fin. Males have their anal fin transformed into a copulatory organ called gonopodium, and
have colourful bodies, while females are rather greyish. In our study (chapter 5), female fish
exposed to etonogestrel at the high concentration (320 ng-I") showed male-like coloration
in the caudal part of bodies. In addition, they had anal fin with a gonopodium-like shape,
containing hooks and a palp typical for males. These changes appeared to be irreversible even
90 days post exposure. All these effects indicate masculinization of females by high tested
concentration of etonogestrel. Androgenic activity of etonogestrel has already been observed

-99 -



in vitro on human ARs (chapter 1) and rainbowfish’s AR (Bain et al., 2015). The elongation
of anal fin following exposure to progestins considered as a sign of masculinisation has
been reported for eastern mosquitofish exposed to levonorgestrel (Frankel et al., 2016a)
and western mosquitofish exposed to 35.8 ng-I"" norgestrel (Hou et al., 2018). Development
of male secondary sexual characteristics in females was found in fathead minnow exposed
to progestins gestodene (1 ng-I"), levonorgestrel (30 ng-I"), and desogestrel (10 pg-I)
(Runnalls et al., 2013; Zeilinger et al., 2009). All the abovementioned progestins (chapter 6.3.)
possess androgenic activity in vitro (chapter 4; Runnalls et al., 2013).

Reproductive behaviour in male guppies involves association, courtship, and mating (Pyke,
2005). Fish exposed to etonogestrel did not display any differences in the association and
courtship (i.e., mate choice or attending behavioural traits; S-shape display and following)
compared to the fish in control groups, but mating frequencies were reduced. The reduced
mating frequency of fish exposed to the high concentration of etonogestrel (320 ng-I"") can
be attributed to lower attractiveness of females due to their strong masculinisation. However,
fish exposed to the lower concentration of etonogestrel (3.2 ng-I") were not masculinized
suggesting that some other effect should have been involved in reduced mating frequency.
Mature female fish release pheromones into the water to induce mating behaviour in males
(Kobayashi et al., 2002; Sorensen and Stacey, 2004). Given that maturation of gonads was
negatively affected in females exposed to 3.2 ng- I, their lower mating frequency might be a
result of interference with fish pheromonal signalling.

Unlike female fish in control groups, the females exposed to 3.2 and also 320 ng-I" of
etonogestrel were not capable of reproducing 90 days post mating. In line with this finding,
several studies reported that synthetic progestins could have negative impact on fish fertility
by decreasing egg production (chapter 1; Table 7). We described for the first time the
effect of a synthetic progestin on reproduction of a Poecilid fish which is live-bearing. Our
histological analysis revealed that etonogestrel influenced maturation of oocytes (chapter
5). Fish in control group had oocytes mostly in the mature stage but there has been lower
occurrence of mature oocytes in the fish exposed to 3.2 as well as 320 ng-I" etonogestrel.
So, the reproductive failure of females exposed to both concentrations of etonogestrel in our
experiment can be attributed to impaired maturation of oocytes.

Given that progestins are prescribed in human and veterinary medicine to prevent
reproduction (they are used as contraceptives) or for delaying and suppression of estrus
(chapter 1), respectively, the negative effect of etonogestrel on guppies’ reproduction is not
surprising. However, the mechanism of this effect on reproduction of fish remains unknown.
Progestins do not bind fish PRs or only very weakly (chapter 1). Therefore, some other
physiological pathways were likely affected. In higher vertebrates, progesterone is known
to regulate gonadotropin synthesis and secretion (Christensen et al.,, 2012) and most of
progestins, including etonogestrel, possess anti-gonadotropic activity (Kumar et al., 2015).
Hence, it can be hypothesized that either synthesis or secretion of gonadotropins has been
altered. Inhibition of secretion of gonadotropins can prevent follicular growth and maturation
(Raudrant and Rabe, 2003). Such a decrease in secretion of gonadotropins could have
inhibited the oocyte development in fish in our experiment (chapter 5).

Taken together, a concentration of etonogestrel as low as 3.2 ng-I" reduced mating
activity in males without affecting their reproductive success, but caused complete failure of
reproduction in females. The exposure to etonogestrel clearly has more serious consequences
for females than males.
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General discussion

6.4. Conclusions

We have been searching for the presence of multiple progestins in wastewaters and surface
waters. Progestins occurred at ng-I" and even lower concentrations in Czech WWTP effluents
and surface waters. Some progestins (altrenogest and nomegestrol acetate) were detected
in WWTP effluents for the first time. Results of our monitoring revealed that progestins
dienogest and megestrol acetate, which have attracted only limited attention in eco-
toxicological research so far, occurred frequently in treated wastewaters.

Progestins present in aquatic environments can pose a risk to aquatic organisms due
to disruption of their endocrine system. To estimate progestagenic and (anti-)androgenic
potencies of progestins, their REPs were determined in in vitro bioassays. Our results indicate
that progestins have high potential to cause progestagenic activities in municipal WWTP
effluents. However, the effects manifested in aquatic organisms living in surface waters
exhibiting progestagenic activities are unknown.

Progestins displayed relatively strong (anti-)androgenic potencies but their contribution to
(anti-)androgenic activities was negligible in Czech water bodies due to the low concentrations
at which they were present. Furthermore, we tested the joint effect of mixtures of individual
progestins and found that the androgenic and also anti-androgenic progestins can act in
an additive manner. The contribution of progestins to (anti-)androgenic activities would be
significant only if their concentrations reach or exceed tens of ng- I levels or multiple strong
progestins are present together at units of ng- 1.

One of our experiments have shown that progestin etonogestrel could cause reproduction
failure in female fish at low ng-I" level. Moreover, the females exposed to high level of
etonogestrel have been masculinised. The evidence is accumulating in the literature that also
other progestins can disrupt fish reproduction and cause masculinisation at environmentally
relevant levels. Thus if several androgenic progestins occur simultaneously in the aquatic
environment, their effects on reproduction and masculinisation of fish may be additive.
Overall, this work strengthens the current concerns over the effects of progestins on aquatic
organisms.
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English summary

ENGLISH SUMMARY

Environmental pollutants progestins: occurrence, hormonal activities and effects on fish
Pavel Sauer

Many compounds of anthropogenic origin are continuously discharged into the sewage and
some of them pass through wastewater treatment plants (WWTPs), thereby contaminating
surface waters. Some of these compounds may adversely affect endocrine system of exposed
biota. Progestins are an emerging group of environmental pollutants with endocrine disrupting
potential. Progestins are contained e.g. in contraception and other hormonal preparations and
they are consumed in high amounts worldwide. Progestins possess significant affinity to the
human progesterone but also other steroid receptors, e.g. androgen receptor. Progestagenic
and (anti-)androgenic activities were repeatedly detected in aquatic environments. However,
some compounds that cause a substantial portion of progestagenic and (anti-)androgenic
activities in waste and surface waters often remain unidentified. We suspected progestins of
being responsible for these activities to a considerable extent. Thus, we aimed at discovering
the potential of progestins to contribute to progestagenic and (anti-)androgenic activities
in selected aquatic environments associated with municipal WWTP discharges (influent and
effluent to WWTPs, and upstream and downstream in receiving water bodies), where the
presence of progestins is anticipated. Another objective of this Ph.D. thesis was to investigate
the effect of a synthetic progestin etonogestrel on Endler's guppies’ (Poecilia wingei)
morphology, reproduction and behaviour.

Wastewater and surface water samples were extracted on an automated solid-phase
extraction (SPE) system. The presence of progestins was determined by aliquid chromatography
tandem atmospheric pressure chemical ionization/atmospheric photoionization with hybrid
quadrupole/orbital trap mass spectrometry operated in high resolution product scan mode
(LC-APCI/APPI-HRPS) method. Progestagenic and (anti-)androgenic activities were detected
using a battery of sensitive in vitro bioassays (CALUX). The responsibility of progestins for
the detected activities was evaluated by means of biologically and chemically derived toxicity
equivalent approach.

We have monitored the occurrence of all the progestins consumed in the Czech Republic
and most of them were found in wastewaters including those already treated. Progestins
were present in WWTP discharges mostly at ng:I" or lower concentrations. Progesterone,
megestrol acetate and dienogest were the most frequently detected progestins in WWTP
effluents. Widespread occurrence of a natural progestin (progesterone) but only one
detection of synthetic progestin (medroxyprogesterone) was observed in surface waters.
Progestagenic and (anti-)androgenic activities were detected in wastewaters and surface
waters. We have determined progestagenic and (anti-)androgenic relative potencies of all
the progestins prescribed in one country (the Czech Republic) for the first time. As expected
all progestins displayed progestagenic activities, with gestodene being the strongest
and medroxyprogesterone the weakest one. Some progestins displayed relatively strong
androgenic activity (0.01-0.22 fold of dihydrotestosterone) and some strong anti-androgenic
acitvity (9-62 fold of flutamide).

Our results indicate that progestins are significant contributors to progestagenic activities
in WWTP effluents (> 50%) and also in surface waters (up to 83%). Although they accounted
to some extent for androgenic (up to 29%) and anti-androgenic (up to 27%) activities in
influents, the progestins’ contribution to (anti-)androgenic activities was negligible (< 2.1%)
in effluents and surface waters. Their contribution can be expected to be higher if their
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concentrations reach or exceed tens of ng- I levels or if multiple progestins co-occur and act
additively.

In the experiment with Endler's guppies exposed to etonogestrel, we found that low
concentration of this compound (3.2 ng-I") can adversely affect reproduction and mating
behaviour. The high tested concentration (320 ng-I") even led to masculinisation of female
fish.

Results of this work indicate that progestins have a potential to adversely affect aquatic
biota due to their relatively strong progestagenic and (anti-)androgenic activities and negative
effects on fish reproduction.
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Czech summary

CZECH SUMMARY

Environmentalni polutanty progestiny: vyskyt, hormonalni aktivity a uc¢inky na ryby
Pavel Sauer

Mnoho latek antropogenniho plvodu je nepretrzité vypousténo do odpadnich vod, nékteré
z nich prochazi ¢istirnami odpadnich vod (COV) a nasledné kontaminuji povrchové vody.
Nékteré z téchto latek mohou narusit endokrinni systém exponovanych organizma. Predstavuiji
tudiz znac¢né riziko zejména pro reprodukci vodnich organizm(. Progestiny jsou skupina nové
se objevujicich endokrinné aktivnich environmentdlnich polutantd. Jsou obsaZzeny napfiklad
v hormonalni antikoncepci a jinych hormonalnich preparatech a celosvétové jsou spotifebovavany
ve velkém mnoZstvi. Progestiny maji velkou afinitu k progesteronovému, ale také k radé jinych
steroidnich receptord, jako je naptiklad androgenni receptor. Progestagenni, androgenni a anti-
androgenni aktivity byly opakované detekovany ve vodnim prostredi. Nicméné, latky zpUsobujici
tyto progestagenni, androgenni a anti-androgenni aktivity byva c¢asto problém identifikovat.
Pfedpokladali jsme, Ze progestiny by mohly byt za tyto aktivity do zna¢né miry odpovédné.
Zaméili jsme se proto na zjisténi potencidlu progestin( zplsobovat progestagenni, androgenni
a anti-androgenni aktivitu v komunalnich odpadnich vodach (na ptitoku a odtoku na/z COV)
a v recipientu nad a pod zausténim odtoku z COV, kde se predpoklada vyskyt progestind.
Dalsim cilem této dizerta¢ni prace bylo posoudit ucinky syntetického progestinu etonogestrelu
na sekundarni pohlavni znaky, reprodukci a chovani Zivorodky Wingeovi (Poecilia wingei).

Vzorky odpadnich a povrchovych vod byly extrahovany automatickym extrakénim zafizenim
pro extrakci na pevné fazi (SPE). Pfitomnost progestind byla méfena pomoci separace progestin(
na kapalinové chromatografii a naslednym scanem produktd ve vysokém rozliseni tandemové
hmotnostni spektrometrie s chemickou ionizaci a fotoionizaci za atmosférického tlaku (LC-
APCI/APPI-HRPS). Progestagenni, androgenni a anti-androgenni aktivity byly detekovany pomoci
baterie senzitivnich in vitro biotestd (CALUX). Podil progestin(i na detekovanych aktivitach byl
odhadnut pomoci biologickych a chemickych ekvivalentd toxicity.

Monitorovali jsme vyskyt véech progestind, které jsou predepisovany v Ceské republice,
a vétsina z nich byla detekovana v komunalnich odpadnich vodach véetné téch jiz vycisténych.
Progestiny byly ve vodach vypousténych z COV pFitomny vétsinouvng - 17 & nizsich koncentracich.
Progesteron, megestrol acetat a dienogest byly nejcastéji detekovanymi progestiny na odtocich
z COV. V povrchové vodé byl ¢asto detekovan prirodni progestin progesteron a ze syntetickych
progestind pouze medroxyprogesteron. Progestagenni, androgenni a anti-androgenni aktivity
byly detekovany v odpadnich i povrchovych vodach. Jako prvni jsme v nasich experimentech
stanovili relativni progestagenni, androgenni a anti-androgenni uUcinek (potencidl) vSech
progestin(, které jsou pfedepisovany v jedné zemi (v Ceské republice). Podle o&ekavani viechny
progestiny vykazovaly progestagenni aktivitu a zdaleka nejsilnéjSim byl gestoden, naopak
nejslabsi byl medroxyprogesteron. Nékteré progestiny mély relativné silnou androgenni aktivitu
(relativni sila 0,01-0,22 vi¢di dihydrotestosteronu) a jiné vykazovaly velmi silnou anti-androgenni
aktivitu (relativni sila 9-62 v porovnani s flutamidem).

Nase vysledky indikuji, Ze progestiny vyznamné pfispivaji k progestagennim aktivitam
na odtocich z COV (> 50%) i v povrchovych vodach (az 83 %). Progestiny mohou do jisté miry
(az 29 %) prispivat k androgennim a anti-androgennim aktivitdm v pfitocich na COV. PFispévek
progestinG k (anti-)androgennim aktivitAm na odtocich z COV a v povrchovych vodach byl
zanedbatelny (< 2.1 %). Jejich pfispéni k témto aktivitdam by bylo vyznamné, pouze pokud by se
vyskytovaly v desitkdch ng- I ¢i vyssich koncentracich nebo pokud by se spole¢né vyskytovalo
nékolik progestin(, jejichz spole¢ny efekt by byl aditivni.
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V pokusu s zZivorodkou Wingeovou exponovanou etonogestrelu bylo zjisténo, Ze jiz jeho
nizka koncentrace (3.2 ng-1I") ma negativni vliv na reprodukci a reproduk¢ni chovani téchto
ryb. U samic vystavenych vyssi koncentraci etonogestrelu (320 ng-I") byla pozorovana
maskulinizace.

Vysledky této prace indikuji, Ze progestiny maji vzhledem k jejich silnym progestagennim,
androgennim a anti-androgennim aktivitam a negativnim G¢inkdm na reprodukci potencial
negativné ovlivnit vodni organizmy.
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