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Abstract:

Little information is available on the environmdntacurrence and ecotoxicological effects

of pharmaceutical gestagens released in the aqgratimnment. Since eighteen different
gestagens were found to be used in France, prelmngxposure and hazard assessment were
done. Predicted environmental concentrations (PE@®jest that if parent gestagens are
expected to be found in the rid.tange, some active metabolites could be presérigher
concentrations, although limited data on metaboblsmh environmental fate limit the
relevance of PECs. The biological effects are npeeted to be restricted to progestagenic
activity. Both anti-androgenic activity (mainly foyproterone acetate, chlormadinone acetate
and their metabolites) and estrogenic activity (ryaior reduced metabolites of

levonorgestrel and norethisterone) should alsor@duthese molecules are likely to have a
cumulative effect among themselves or with otheroestrogens. Studies on occurrence,

toxicity and degradation time are therefore neddedeveral of these compounds.
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1. Introduction:

It is now recognized that pharmaceutical compouedsh the aquatic environment. A wide
range of drugs (antibiotics, antidepressants, eoostal anti-inflammatories, blood lipid-
lowering agents, anti-hypertensors and so on) baea found in wastewater treatment plant
(WWTP) effluents and surface waters, at concemtnatranging from the ng*ito the pg1*
(Halling-Sorensen et al., 1998; Ternes, 1988Ipin et al., 2002 ; Kimmerer, 2004).
Therefore, more and more studies are directed tbassessing the risk of human
pharmaceuticals in the aquatic environment. Inc¢bigtext, the question of the potential risk
of endocrine disruption due to hormones used ifracaption and hormone replacement
therapy (HRT) needs to be addressen. well known now that many chemicals capable of
endocrine disruption are found in the aquatic emment (Colborn et al., 1993; Sumpter,
2005), but the contribution of human pharmaceutitalthis contamination has not yet been
defined.

A large number of studies investigating the ocauresand effects of natural and synthetic
estrogen steroids (ethinylestradiol, estradiokoes and estriol) and estrogen-like molecules
have been conducted, and the risk is now well decued. A few studies have been
conducted on the risk related to anti-androgens&er, 2005), and surprisingly, virtually no
studies have been conducted on the occurrencestdggns in wastewater and surface water
and their effect on non-target organisms.

Gestagens (also called progestogens, progestagensgestins) are hormones that produce
effects similar to those of progesterone (P4). Bstgrone is a C-21 steroid hormone
involved in the female menstrual cycle, pregnamuy the embryogenesis of humans and

other species (Rozenbaum, 2001; Hardman et alg)1Sthce natural progesterone is
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inactivated very rapidly in the organism, seveyaltBetic progestins have been developed.
Progesterone and synthetic progestins act througlear receptors, mainly the progesterone
receptor (PR) but also through other receptors asahe androgen receptor (AR), estrogen
receptor (ER), glucocorticoid receptor (GR) andenatiocorticoid receptor (MR). Synthetic
progestins can have various hormonal activitiesogenic, anti-androgenic and androgenic
(Table 1).

Gestagens are compounds that can pose a riskefagtiatic environment, at least for fish, in
which gestagens play a role in the control of spag/behavior (Kobayashi et al., 2002). In a
recent study (Kolodziej et al., 2003), the synthetiogestin medroxyprogesterone acetate
(MPA) and other steroid hormones were found in W\éTiRient samples. The authors
highlighted that, considering the levels found stneompounds were able to elicit
pheromonal responses in fish that could alter thelfvavior and interfere with their
reproduction (Kolodziej et al., 2003).

Reviewing the use of steroid hormones in Francefowrd that there were 18 different
natural and synthetic gestagens used but only tmaroence studies and no environmental
risk assessments. In this paper we therefore pesigoeview the knowledge on progestins

and to conduct a preliminary assessment of thefoiswastewaters and surface waters.

2. Phar macology of gestagens:

2.1 Classification of gestagens:

Progesterone is the only natural gestagen: alr ottidecules are synthetic and are often

referred to as progestins or synthetic progeshinghis paper, the terms “gestagen” and
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“progestin” will be used throughout to describetggens in general and synthetic progestins,
respectively. Synthetic progestins differ from pgetgrone by several chemical modifications
(Appendix A) and are classified accordingly. Bryetihere are derivatives of J#-
hydroxyprogesterone (pregnanes), ofoti@erhydroxyprogesterone and 19-norprogesterone
(norpreganes), and of 19-nortestosterone (estaamgtgonanes). There are large differences
in the biological effects of progestins: some cegspnt estrogenic activity (norethisterone,
tibolone) while others are well known to displayiaandrogenic activities (cyproterone and

chlormadinone acetate); these different propediessummarized in Table 1.

2.2 Mechanism of action and activity of gestagenmammals:

Natural progesterone (P4) has progestagenic, attbgenic, anti-aldosterone and mild anti-
androgenic activities. P4 mainly acts through ttegpsterone nuclear receptors PRA and
PRB and modifies the transcription of target gdikzenbaum, 2001). The main genomic
activities are:

* preparation of the uterus for nidation, then maimig gestation.

« inhibition of the secretion of pituitary gonadostilins,

* blastocyte implantation,

e anti-estrogenic effect by induction of 17-hydroxysid dehydrogenase, which
accelerates the conversion of estradiol into estrand by induction of estrogen
sulfotransferase.

* anti-mineralocorticoid action by inhibition of alskerone receptors, which induces a

decrease in plasma sodium by increasing its uriakmyination.
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P4 can also produce non-genomic effects. Suchtsféee reported to be faster than genomic
effects (hours versus days) and can trigger diftengetabolic reactions and receptors
(GABA, NMDA and acetylcholine receptors). P4 playsole in oocyte maturation and
modulation of reproductive signaling in the brdng also has a sedating action by
potentiating the GABA effect on GABA(A) receptonsaan impair the glucose metabolism
(Hardman et al., 1996; Rozenbaum, 2001; Pharma@grad®s).

Synthetic progestins are mainly used in associatitiman estrogen in oral contraception.
Progestin activity may differ from natural P4 (Talil): some can display estrogenic activities
(tibolone [TBL], levonorgestrel [LNG]), while otheiare stronger anti-androgenics
(cyproterone acetate [CPA]). Synthetic progestiesgenerally more potent than P4; as an
example they are reported to be much more effeativitors of the secretion of
gonadostimulins (Pharmacorama, 2008). Progestatshalve several other metabolic effects,
depending on their chemical structure. For exangil@nylated gestagens, particularly
gestodene (GSD), have been demonstrated to imylmithrome P450 enzymes (Rozenbaum,

2001; Kuhl, 1996).

2.3.Structure activity relationships:

As noted above, progestins can have subtle difteem their mode of action. This is related
to chemical modifications at key points of the gahstructure of gestagens (Rozenbaum,
2001; Stanczyk, 1996). By acting on these key goinhis possible not only to modulate the
progestagenic activity but also to switch the afstito other steroid pathways. The key points

are shown in Figure 1 and the structure—activilgti@nships are summarized in Table 2.
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2.Material and methods;

This paper has two main goals: i) to review thet@doological and pharmacological
knowledge on progestogens used in human medicipeotade an overview of the biological
effects of these molecules and ii) to assess thesexe to the aquatic environment by
calculating predicted environmental concentrati@tsCs) and to provide a preliminary
characterization of the risk for gestagens.

To do so, the scientific literature was revieweslyell as the following databases and books:
the Banque Claude Bernard (BCB), a complete, freadh databank on human
pharmaceuticals (http://www.resip.fr), the BIAM dhase (www.biam2.org), the drugs.com
drug database (www.drugs.com), the Micromedex Den@ddatabank (from Thomson
Micromedex, available at www.micromedex.com/prodldrugdex), the Martindale
compendium’sComplete Drug Reference (Martindale 2002)l_es progestatifs (Rozenbaum,
2001) and the Goodman and Gilmaitse Pharmacological Basis of Therapeutics (Hardman
et al. 1996). Special attention was paid to theatmatsm and active metabolites of gestagens.
As highlighted in previous studies on pharmaceigjcaetabolism is one of the most
important processes that can reduce the quantitipsarmaceuticals reaching the aquatic
environment. Moreover, human metabolism can gise to metabolites (Figure 2) that must
be considered when assessing the environmentaBesdse et al., 2008; Huschek et al.,
2003). Finally, as highlighted above in the stroetactivity relationships, modifications in
chemical structure can result in important modtfaas in activity, both quantitatively and
qualitatively.

Preliminary exposure assessment was implementedlbylating PECs, as described in

Besse et al. (2008), using the following equation:
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consumptionx Fexcretax Fstp
WWinhab x hab x Dilutionx 365

PECsurfacewater =

PEC is expressed in mg-.Lising the following parameters: consumption isghantity
(mg.year?) of an active molecule consumed by the populaticer 1 year in a defined zone
(generally a country); hab is the number of inteafitd and 100 the correction factor for the
percentages; 365 is the number of days per yegry@'); WWinhab is the volume of
wastewater per person per day (default value = 28@abitants’ day™); dilution is the
dilution factor from WWTP effluent to surface wagddefault value set at 10); Fexcreta is the
excretion fraction of the active molecule; Fstphis fraction of emission of the drug from
wastewater treatment plants (WWTPSs) directed ttasarwater, which can be defined as (1-
WWTP removal fraction).

PEC gestagens were calculated using the actualr@mofiprogestogens provided by the
French Medical Product Safety Agency (Agence Frisegde Sécurité Sanitaire des Produits

de Santé, AFSSAPS, Paris).

3. Results

3.1.Metabolism data

Metabolism and pharmacokinetic data for progestnedimited (Stanczyk, 2003). No reliable

excretion fraction value could be determined, exéapcyproterone acetate (CPA). However,

reviewing metabolism data highlighted very valuahbfermation on the metabolites of

gestagens, particularly progestins, that can he$grbe the hazard for the aquatic
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environment. All gestagens are metabolized extehsiollowing the same general pathway:
in the liver, they are mainly submitted to reductend hydroxylation. Reduction generally
acts primarily on a double-bond of ring A then be ketone function of carbon 3. These
structural modifications lead to metabolites that be pharmacologically active but whose
activity differs from the parent compounds. Thegmircompound and metabolites can
subsequently be sulfo- and glucuroconjugated poi@xcretion (Stanczyk, 2003;
Rozenbaum, 2001). Information on gestagen metasaktsummarized in Table 3 and
detailed in Appendix B. Although some metabolitegvyrogestagenic properties are formed,
it should be noted that some metabolites haverafgigntin vitro estrogenic activity (Garcia-
Becerra et al., 2002; Larrea et al., 2001). Thsleen shown for metabolites of gestagens
structurally related to testosterone (Appendix BJ &as a strong implication for the hazard
and risk assessment related to gestagens. For gestiome, nomegestrol acetate,

promegestone, norgestrienone and norelgestromidatzowere found.

3.2. PEC calculation and comparison with field measurements:

Since no quantitative excretion data were availatiler than for CPA, the calculation of

PEC values for progestogens remains limited ang cmservative PEC values, assuming no
metabolism, could be calculated. Moreover, sinag few studies have been conducted on
progestagens in the environment, no data exish@ WWTP removal rates for these
molecules. Therefore, to limit the uncertainties, ealculated PEC values for the WWTP
influent, without considering the WWTP removal rated dilution factor. The results are
displayed in Table 4. Since lynestrenol and norgede are prodrugs, their consumption

amounts were summed with the amounts of noretlisée(NET) and levonorgestrel (LNG),
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their corresponding active metabolite, respectivigycalculate a more accurate PEC. PEC
values for progestins range from less than the hip.lthe hundred ng1 level.

Norelgestromin and norgestrienone show very low R&Qes, even with conservative
assumptions; consequently, these two moleculesarexpected to be present in the aquatic
environment. P4 showed a high PEC of more than/R lpmwvever, like all other gestagens,
P4 is submitted to extensive metabolism and omlgets of the parent compound are excreted,;
therefore, lower concentrations are expected irath&tic environment. Moreover, it has
been shown that P4 was highly removed in WWTP4) wihigh proportion sorbed on sludge.
(Esperanza et al., 2007).

Only a few studies on the occurrence of progestgethe environment have been
conducted to date and LNG and NET are the maingstagens that have been investigated.
Kuch and Ballschmitter (2000) did not find NET aetin WWTP effluents, whereas LNG
was found in only one sample, at the low conceiotnatf 1 ng.T*. A study in French rivers

did not detect LNG or NET, (Labadie and Budzin&ip5a). Another study (Solé et al.,
2000) did not reveal the presence of LNG, NET agpsterone in surface waters and WWTP
effluents. Other studies (Petrovic et al., 2002)énde alda et al., 2002) report the presence
of NET, LNG and P4 in WWTP effluents or in sedimarers (Table 5). Three very recent
studies also report the occurrence of gestagedi$farent environmental samples (Table 5):
P4 has been found in hospital and urban WWTP eftiim concentrations up to 33 nd.|
(Pauwels et al., 2008); several gestagens haverheasured (Chang et al., 2008) in the low
ng.I" range in effluents and surface waters; P4, LNGME®@ have been found in surface
water and groundwater samples at the‘hghge (Vulliet et al., 2008). Finally,
medroxyprogesterone acetate (MPA) was found imefil samples (Kolodziej et al., 2003).

MPA was detected in four of eight effluents testetcconcentrations ranging from 1 ngto

10
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15 ng.I*. MPA was also detected at low concentrations @Z~g.T") in wetland samples.
For MPA, the maximum effluent value of 15 ngfound in one effluent sample (Kolodziej et
al., 2003) is equal to the conservative PECs deteuirfor influents, suggesting that this
molecule could be excreted in significant amouBisce PECs remain conservative because
of limited data, the calculated values are muckéighan the range of the measured values
(i.e., ng.T). This difference could be mainly related to esiea metabolism and low

excretion amounts of the unchanged parent molecule.

4. Discussion:

4.1. Concentrations entering the aquatic environment

Given the limited metabolism data, most particylénle lack of quantitative excretion data, it
was only possible to calculate conservative PE@s;wimits their environmental relevance.
Although it was not possible to calculate the ettorefraction for gestagens, some evidence
(Verhoeven, 2001; Stanczyk, 1990; Vos, 2003) sugges natural progesterone and some
progestins related to testosterone (i.e., LNG, NENTO and GTD) have excretion fractions of
a free and/or conjugate unchanged molecule rarfging about 5 to 10%. Applying this
excretion fraction range to calculated PECs gie#imed values in the range of field
measurements. Field measurements from the studglotiziej et al. (2003) suggest that
MPA could be excreted in higher amounts as an urgdghmolecule.

Some gestagen metabolites could be present atrligheentrations. Although no excretion
value could be calculated, there is some evidamtesi literature for higher excretion rates

than parent compounds.

11
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271 Concentrations of pregnanediol (main metabolitB4¥ entering the aquatic environment
272 could be of environmental concern. Assuming a 1%&6etion fraction value for this

273 compound (Grady et al., 1952; Sommerville and MaxriL950) gives a PEC for WWTP

274  influent of about 340 ngl. Pregnanediol is also physiologically excretedrime, in daily

275 rates ranging from 1 mg for men to 70 mg for pregweomen (Hardman et al., 1996), giving
276 acumulated excretion over a year of about 15@kdrfance (data not shown). Added to the
277 assumed PEC levels described above, this givesotmations entering WWTPs of about 370
278 ng.l'%. This metabolite is reported to be inactive. Meit has undoubtedly been present in
279 the environment for decades, and there is no evaldrat any biological effect is related to it.
280 However, considering the rates of its release timoenvironment through WWTPSs, which
281 should have considerably increased with the us&lah HRT, concerns are being raised and
282 studies should investigate the fate and toxicityheg molecule.

283 Other metabolites with estrogenic activity couldftwend in surface waters at higher levels
284 than parent compounds. Following an oral admirtistneof NET (Stanczyk and Roy, 1990),
285 there was five times morexdp-tetrahydro-NET (free and conjugated) than NETgfaad

286 conjugated) in urine. The same study showed thak toinary amounts of358-tetrahydro-
287 LNG (free and conjugated) were 15 times higher tiogad amounts of LNG. Although there
288 is a need for more studies, especially to determiéTP removal rates of these molecules,
289 these results indicate that wastewater effluergltefor 3i-5p-tetrahydro-NET and &5-

290 tetrahydro-LNG could be up to 45 rid.and 240 ng:f, respectively (by taking into account
291 maximum values for NET and LNG reported in TablEn8 assuming comparable removal
292 rates for parent compounds and metabolites). Thexethere is evidence that most relevant
293 compounds according to the environmental exposutlebalogical activity have not been

294 targeted yet.

12
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4.2. Fate and behavior in the aquatic environment

Except for P4, for which high removal rates in WWTahd rapid degradation in surface
water are expected (Esperanza et al., 2007; Lalaadi®udzinski, 2005b), no data are
available on the environmental half-lives and ddgtin pathways for gestagens. This is a
significant limitation for the environmental assesst of gestagens and limits the relevance
of the environmental concentrations of metabolii@sulated above. It is not possible to draw
any conclusion on the degradability of these mdes;but the following assumptions can be
made. First, the degradability of synthetic progmstould be lower than for natural P4,
although this is an indirect assumption. Synthgtagestins are specifically designed to have
higher body half-lives than P4, which is rapidladtvated. Moreover, a parallel can be
drawn between estrogens and gestagens. Synthatiglestradiol (EE2) is reported to be
more resistant to bacterial biodegradation thanraaestradiol (E2) (Ying et al., 2003;
Jurgens et al., 2002), whereas the photodegradaties are similar (Jurgens et al., 2002).
Resistance to bacterial degradation could be elatelifferences in stereochemistry and the
presence of a C17 ethinylated group in EE2. Sifgilaynthetic progestins (and their
metabolites) could be more resistant to bacteraddyradation, especially NET, LNG, TBL
and norgestimate, which also have an ethinylatadtion on C17 (Appendix A) but also
CPA, MPA and CMA, which display acetate groups drY CAppendix A). Second,
pharmaceuticals are often considered to be pseadisfent contaminants (Daughton, 2003),
because they are introduced in the aquatic envieoion a continual basis through WWTPs.
Given that gestagens are used throughout the geardl contraception and HRT, this

continuous release could balance a possible ragdadation.

13
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Concentrations of gestagens in sediment could dfeehithan those found in the water
column. This is suggested by the results of a s{ddgkins et al., 2003) in which P4 levels
found in sediment were 20 times higher than thosed in the water column. Moreover, Kd
values for NET and P4 have been calculated (Lopealdh et al., 2002) and the results
indicate that gestagens may have a general tendermogumulate in sediments, but this

remains to be confirmed.

4.3. Biological effects on aquatic species

Several progesterone receptors have been founshitRinter and Thomas, 1995; Todo et al.,
2000; Zhu et al., 2003) and gestagens play majes iia fish reproduction. They trigger
oocyte maturation (Lutes, 1985; Truscott et al92)%and ovulation in female fish (Scott et
al., 1983; Pinter and Thomas, 1999; Venkatesh.£1991). They also play a role in the
spermiation in males (Barry et al., 1990). Therefdnere is evidence that synthetic
progestins could interfere with endogen gestagefish and adversely affect their
reproduction. Moreover gestagens also act as plaresin fish and are involved in the
control of spawning behavior (Kobayashi et al., 20@t environmental concentrations,
gestagens could interfere with natural pheromonesiaerefore impair the physiological
responses and spawning behavior in fish (Kolod#tigl., 2003; Sorensen et al., 1990).
However, except for CPA, which was assessed fantsandrogenic properties, no
ecotoxicological data in fish were found.

Very few data are available on the ecotoxicity e$tgagens on aquatic invertebrates. A very
recent study, assessing the effects of estradi®2, &d MPA on the cladocer@eriodaphnia

dubia, showed no effect on reproduction at concentratranging from 5 ugtto 5 mg.r*

14
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(Jukowski et al., 2008). On the contrary, P4 wasashto induce the production of more
male-dominated broods in a 25-day assay at theeoration of 100 pgt (Kashian and
Dodson, 2004). Another study (Goto and Hiromi, 200&ermined a 48-h Egfor NET on
immobilization onDaphnia magna of 6.41 mg.1*, which is very higher than environmental
concentrations. No chronic toxicity was observadN&T on the total number of offspring,
reproduction frequency, total number of male ofifsgprand total number of molts at tested
concentrations (< 500 g, but the results suggested that there was a gigtiereffect
between EE2 and NET and the tested parameters.

No ecotoxicological data are available for metaslof progestins; however,
pharmacological data i) show that some of thesalpadites have a pharmacological activity
and ii) suggest that they could be found at higlogrcentrations than parent compounds in the
environment. Therefore, there is a potential fatdgical effects on non-target organisms.

The risk could be linked to mixture of gestagenssi@gens used by humans are only found at
very low concentrations in aquatic samples; howeaeumber of different molecules (18 in
France) are used. Moreover, since parent moleshl@s a main similar mode of action, there
is a real risk of additive or synergistic effeaighe environment. Finally, there is a risk of
synergistic effects between gestagens and estrogeistiown for P4 and EE2 (Goto and

Hiromi, 2003) and as such effects have been shoviminans (Rozenbaum, 2001).

4.4. Hazard characterization:

Although ecotoxicological data are still too lindtéo provide information for the hazard

assessment of gestagens, the review of pharmacalatgita can give valuable hints on the

biological effects of gestagens and their metab®liSurprisingly, the potential hazard posed

15
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by these molecules may not be limited only to ttegpstagenic activity, but also to
estrogenic and to anti-androgenic activity. Théedént types of biological activities to the
different molecules are discussed here and are suized in Figure 3. The hazard
characterization provided here is limited to aquagecies that display similar receptors to

those found in mammals; for other species, otheces (if any) should occur.

Progestagenic activity. The risk of progestagenic activity is obviously fivet to consider.
Natural progesterone and parent progestins haigndicant binding affinity and
transcriptional activity on the PR. Synthetic prsigyes have a higher activity than natural
progesterone. Dihydro metabolites of progestinehsbstantially less binding affinity to PR
than the parent compound but within the same rasgeogesterone. This has been shown
vitro for GES, NES and LNG (Larrea et al., 2001; Lemiusl.e 2000; Garcia-Becerra et al.,
2002). Some metabolites that can be excreted mehigmounts than parent compounds also
have a significant activity: DHD, 17-hydroxyprogesine and 2@-dihydroprogesterone\4-
tibolone, and to a lesser extent, reduced metasolitherefore, there is a potential hazard of
progestagenic activity in the environment. Considgethe low measured concentrations in
the environment, the risk posed by progestagerticitgccould be mainly related to the
mixture of gestagens and their metabolites.

A very recent study (Van der Linden et al., 20083diseveral modified CALUX assays to
detect hormonal activities in water samples. Tteeghors showed that there were multiple
hormonal activities in effluent samples. Progestégactivity was found in only half of the
samples, whereas estrogenic activity and glucammdiactivity was found in all the samples.
Higher progestagenic activity was found in an iridakeffluent sample than in municipal

effluents, suggesting that the contribution of ggehs used by humans to the aquatic
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391 contamination is not the major one. No activity i@snd in paper mill effluent, whereas a
392 previous study (Jenkins et al., 2003) detectedrabfwogesterone in sediment and surface
393 waters exposed to paper mill effluent in concerdrest 100 times higher than at a reference
394 site. No progestagenic activity was found in hadmffluents, perhaps because most of the
395 progestagen consumption is used for hormone replacttherapy or contraceptives and is
396 therefore used outside hospitals. NevertheleshaBdeen found in hospital WWTPs

397 (Pauwels et al., 2008).

398 PR activity was only found in a small stream butinaiver waters (Van der Linden et al.,
399 2008). This result suggests the absence or atyeagtow concentrations of gestagens in
400 surface waters. There is a need for more studiee $his result may stem from several

401 factors: i) the low half-life for gestagens, as basn shown for P4 (Labadie and Budzinski,
402 2005b); ii) the sorption of gestagens in sedimersuspended matter (Lopez de alda et al.,
403 2002; Esperanza et al., 2007); and iii), a lackeofsitivity of the ER CALUX assay. The
404 reference compound used was org2058, reported 18 hienes more potent than

405 progesterone in this assay. Given that most gestagtabolites have a progestagenic activity
406 similar to or lower than progesterone (AppendixiBis possible that the use of org2058 as
407 the reference compound is not sensitive enougletiectian environmental progestagenic
408 activity.

409

410 Estrogenic activity. Progestins derived from testosterone appear nsfwam into

411 tetrahydroderivatives, which present an estrogadciwity. This had been shown vitro for
412 GSD (Larrea et al., 2001; Lemus et al., 2000), NEArrea et al., 2001) and LNG, although
413 there are some contradictory results on this lasdeoule (Garcia-Becerra et al., 2002; Lemus

414 et al., 1992). The[B5a-tetrahydroderivatives from NET, GES and LNG hagerbshown to
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bind with thea subunit of the ER and displayauvitro transcriptional activities through the
Era equivalent to about 90% of that of estradiol ftrahydro-NET and tetrahydro-GES
(Larrea et al., 2001) and equivalent to about 80fkdtrahydro-LNG. Such derivatives are
structurally close to ethinylestradiol (Appendix. Aihydroderivatives also display, but to a
lesser extent, an estrogenic activity throughuERarrea et al., 2001; Garcia-Becerra et al.,
2002). Moreover, TBL is metabolized into two maietabolites that are known to exhibit
estrogenic activity: @and 3$-hydroy-TBL (Schindler et al., 2003, Rozenbaum, P00
Therefore, there is evidence that some gestagesboldes could act as estrogenic
compounds in the aquatic environment. The envirantateisk of estrogenic disruption
remains putative as vivo human tetrahydro-isomersof:5p3, major isomer) are different

from those that have been testeditro (3p-50 form). Since there can be differences in the
estrogenic activity of isomers (Larrea et al., 200dmus et al., 2000), there is a need to
clearly assess the estrogenic activity @5B-tetrahydroderivatives. Nevertheless, since NES
and GES are reported to have estrogenic activapl@ 1), there is strong evidence that their
metabolites display this activity.

As discussed above, concentrations of these maibHehtering the aquatic environment
could be higher than those of parent compoundsefiwes, there is a potential risk of
estrogenic activity. They have a similar mode diaacto estrogen: consequently,
tetrahydroderivatives and to a lesser extent, dingerivative metabolites from progestins
derived from testosterone are likely to contribat@n estrogenic risk for the aquatic
environment, by cumulative effect with each othad/ar with other natural or xenoestrogens

such as ethinylestradiol.
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Anti-androgenic activity. A risk of anti-androgenic activity cannot be exadd CPA, CMA

and DSP are progestins that have an anti-androgetiigty. Hydroxylated metabolites of
CPA and CMA are reported to be anti-androgenic @l 8o there is a possibility that the
mixture of these molecules is present in the aquetvironment in sufficiently high
concentrations to elicit anti-androgenic respomnsesn-target organisms. Exposure of snails
to nominal concentrations of 1.25 mg/l of CPA résdilin reduced length of male sex organs
(Tillmann et al., 2001); however, the authors caded that anti-androgens could be of lesser
concern for snails compared with estrogens andogeaiis. The results of a study on exposure
of Japanese medaka to anti-androgens (Kiparissis, @001) concluded that CPA had the
potential to alter testicular development and gagenesis in fish. However, tested
concentrations were in the pig.tange, higher than what is expected in the aquatic
environment for CPA. In a 7-day experiment, expesafifish to 250 ng.F CPA resulted in
decreasing circulating levels of estradiol andastgtrone (Sharpe et al., 2003). In the same
study, a significant decrease in plasma testos¢eimrels in males exposed to 100 Hgaind

10 ng.I" in females was observed after 14 days. Vitellog@msma levels were not affected
by CPA exposure at the tested concentrations. 3$irecexcretion fraction of unchanged CPA
are reported to range from 5 to 20% (Appendix Bg,influent PEC ranges from 10 to 40
ng.l", a comparable concentration that elicited effecfish. Concentrations of CPA in
surface waters could be lower, depending on WWTHbral rates and degradation time. On
the other hand, other anti-androgenic compounds asicCMA and hydroxylated metabolites
of CMA and CPA could act additively. There is agudtal risk of anti-androgenic activity

related to gestagens, although there is a neaddoe studies.

4.5. Selection of relevant gestagens according to the environmental concern
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In previous work on pharmaceuticals (Besse andi&G2008), a prioritization was conducted
on in order to identify the compounds of high cander the environment. The prioritization
strategy previously implemented was not applicablgestagens mainly because of the lack
of a reliable excretion fraction. Theoreticallycduld be possible to rank gestagens and their
metabolites by comparing their consumption amoantstheir relative binding affinities to
PR and ER, but even in this case, the availabke al& too limited and heterogeneous to
classify them accurately.

Nevertheless, it is possible to target a few complsuor which occurrence studies and
ecotoxicological assays should be implementedyirgi assess the risk of endocrine
disruption, in accordance with each respective bfpesk (i.e., progestagenic, estrogenic and
anti-androgenic). This risk of endocrine disruptionaquatic species is based on the
biological activity observed in mammals, therefarés limited to fishes and possibly to
invertebrates that display similar steroid receptban in mammals.

MPA is the parent progestin that has been fourtderhighest amounts (Kolodziej et al.,
2003); therefore, other occurrence and toxicitgligs should be directed toward MPA.
Occurrence studies should also be conducted on MHh is the third-ranked molecule in
terms of consumption amounts (Table 5). As DHG a&nhy metabolized in the active DHD,
occurrence studies should also investigate thisadecule.

Tetrahydro-metabolites of LNG, GSD and NET, andrtietabolites of TBL, are likely to
exert an estrogenic activity. Since GSD is usddwamounts (Table 5), concentrations of
this compound and its metabolites entering therenment are expected to be negligible. On
the contrary, occurrence and ecotoxicological gisidhould focus ornuHp tetrahydro-

metabolites of LNG and NET and on Bydroxylated metabolite of TBL.
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CPA, CMA and their hydroxy metabolites should bsted for occurrence and toxicity
because they display a significant anti-androgenitvity.

Given that pregnanediol could be excreted in sigaiit amounts, it should be tested for
ecotoxicity and occurrence.

Finally, for all the molecules cited above, degtamastudies are needed to determine their
removal rates in WWTPs and their fate in the aguartivironment (sorption to sediment and

degradation time).

Conclusion

This study was the first one conducted on the enwirental risk of gestagens used by
humans. Although it was not possible to conclud¢henenvironmental risk due to limited
data on the fate of these molecules, it was passibhssess the hazard and the biological
effects of gestagens and their metabolites andtalsarget relevant metabolites for further

studies. The following conclusions, which remairb&oconfirmed, can be drawn.

e Synthetic progestins are expected to be foundfinezft samples and possibly in
surface waters, mainly as metabolites, in concgatrs.possibly in the ng1and even
the 100 ngT* range.

* Residual parent compounds and some active metabaolith progestagenic activity
could interfere with spawning behavior in fish.

* Metabolites of progestins derived from nortestastercan act as estrogenic
compounds and therefore may act additively witreokenoestrogens such as

ethinylestradiol.
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* Some progestins such as chlormadinone acetateyanoterone acetate and their
metabolites have anti-androgenic properties andpoag a risk for aquatic species.

e Taken separately, progestins might not preserskafor the aquatic environment;
however, since they are expected be found in thig@mment as mixtures, there is a

risk of additive or even synergistic effects.

Therefore, as several other authors (Sumpter 20f}#)son et al., 2008), we consider that
synthetic gestagens merit more attention than tiaene received to date. There is a need to
conduct other studies to clearly assess the risthbaquatic environment, notably
occurrence studies and ecotoxicological assaysé&abolites and degradation tests for some

parent gestagens and metabolites.
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