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Abstract: Aninventory is presented of pharmaceuticals with a potential to affect
human fecundity via exposure through the human food chain. Pharmaceuticals
are reviewed in particular with repect to their mechanism of action, especialy in
viewd endocrine disruption, their use pattern and their detection and persistence
in the environment asimportant indicators of possible human exposure viathe
food chain. Sectionson mechanismsd toxicity to fertility and on nutritional
exposure pathways are followed by an extensivereview of aseriesd relevant
classesd pharmaceuticals.Finaly, risk assessment approaches are reviewed. This
work has been conducted asthe first phasein the EU-FP6 project Food &
Fecundity (F&F) as part of theidentificationof pharmaceutical compounds of
interest for further analysis in food matrices.
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18.1 Introduction

The volumedf pharmaceuticals consumed in the European Union (EU) is
large, with the number o different substances used estimated as appr oxi-
mately 3000 in human medicine (Fent et al., 2006), e.g. anagesics,
anti-inflammatory drugs, antibiotics, contraceptives. A large number of
pharmaceutical products (PP) are also used in veterinary medicine, e.g.
antibiotics and anti-inflammatory drugs. Possble accumulation of these
pharmaceuticalsin the environment has not been o great concern in the
past. However, with the improvement d the accuracy and sensitivity o the
detection methodsthe awarenessd the presenced pharmaceuticallyactive
compoundsin the environment has increased. The EU-FP6 project 'Food
and Fecundity’ was aimed at the identification of possibly hazardous
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concentrations of pharmaceutical residues in the food chain, specifically
with respect to adverse effects on fertility. As a first step in the project, an
inventory of relevant pharmaceuticals was made.

The prime relevant characteristic of pharmaceuticals of interest is their
known effect on fertility, through an endocrine mechanism of action. We
have therefore reviewed pharmaceuticalsfor causing infertility,sexual dys-
function in men or women, and altered libido. In Section 18.2, a detailed
description of disordersfalling into each category is given together with
evidence reported in the literature.

In Section 18.3 exposure pathways of pharmaceuticalsin food areidenti-
fied. The link between three media (soil, surface water and groundwater) is
shown, indicating possible cross-contamination. The classification of main
pathways s given together with detailed description of how dispersion of
pharmaceuticalsin the environment may occur. Finaly, the importance of
water as PPs transportation media is stipul ated.

Sections 18.4-18.13 provide an overview of pharmaceuticals which are
suspected of affectinghuman fecundity. The classesdf interest identified are
as follows: non-steroidal anti-inflammatory drugs, NSAIDs (ibuprofen,
naproxen, diclofenac and indomethacin), antipyretic drugs (acetamino-
phen), peroxisome proliferators (clofibrate and gemfibrozil), antihyperten-
sive drugs (methyldopa), anticonvulsants (carbamazepine, valproic acid,
phenobarbital and phenytoin), selective seratonin reuptake inhibitors
(SSRIs) (fluoxetine hydrochloride, fluvoxamine maleate and sertraline},
beta-blockers (propranolol, metoprotol and atenolol), progestins (ethyno-
diol diacetate, norethindrone and levonorgestrel) and estrogens (17a-ethy-
nylestradioi), antibiotics (sulfamethoxazole-trimethoprim combination,
tetracycline, doxycycline, minocycline and erythromycin). The key factors
which affectedinclusion d PPs in the list were: evidence of adverse effects
related to fertility and fecundity, production volume, presence and perss
tence in the environment, and ability to reach target populations through
relevant exposure pathways. The resultsd thefindingsare included in the
description of PPs.

Therisk assessment processfor compounds present in food is discussed
in Section 18.14, starting from the classical components: hazard identifica-
tion, dose-responseassessment, exposure assessment and risk characterisa-
tion. Special attention is given to approaches currently accepted by
regulatory agencies. Additionally, owing to limitations d adopted tech-
niques, a probabilistic assessment is described for both dose-responseand
exposure assessment, which alows replacing point estimates with the range
d plausiblevalues together with their uncertainties. Finally,{ quantitative)
structure—activity relationships models are discussed. These models act as
asupportive tool in therisk assessment processand are potentially capable
d reducing the number o animal tests.

There are significant gaps in the knowledge of whether and how phar-
maceutical residues reach effectiveexposure levelsand affect human fecun-
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dity owing to alack of dedicated research. However, the growing amount
o literature devoted to assessment of PPs in relation tofecundity indicates
increased concern and recognition of this class of chemicals as being able
to cause problems. There are ample indications of endocrine-modulating
effects of these compounds. On the other hand, critical data on many
aspects of PPs’ mechanism o action, production volumes, environmental
concentrations and persistence are missing. Thisinventory is a compilation
of our knowledgedf PPs, and prictitises compounds o concern for further
study of concentrations in food matrices as a basis for a better informed
risk assessment.

18.2 Classification of the mechanisms by which
pharmaceuticals affect fecundity

18.2.1 Infertility
Infertility is one element  a spectrum o reproductive disorders that
includes miscarriage, congenital abnormality, premature delivery and till-
birth (Gnoth ez al., 2005, Waghmarae, 1972). I nfertility,defined as thefailure
to conceive after two years of unprotected intercourse, is fairly common,
affecting about 15% o all couples at some time during their reproductive
lives (Fernandez et al., 1992; Kolettis, 2003). It is generally detected only
when a coupleis actively trying to conceive. It can be difficult to draw firm
conclusions about trendsin infertility rates but the high number of patients
currently attending fertility clinics suggests a growing problem. Causes of
infertility inwomen includefailure of ovulation, tubal damage, endometrio-
sisand hostile cervical mucus (Olive et al., 2003; Wardle et af., 1985; Zawar
et af., 2003). In men, sperm defects, coital factors such asimpotence or ret-
rograde ejaculation, and hypogonadism may be implicated (Boyd, 1988;
Oehninger & Alexander,1991). In as many as30% of cases,a cause cannot
befound (Tadokoro et al.,1997).Drugs and other toxinsmay be responsible
in a number of cases, but, in general, the effects of drugs on fertility have
been poorly studied. The activity o the gonads (testes or ovaries) is regu-
lated by the pituitary gonadotrophins, follicle-stimulating hormone (FSH)
and luteinising hormone (L.H) (Knobil, 1988a). Secretion of both hormones
is controlled by gonadotrophin-releasing hormone (GnRH) from the
hypothalamus (Knobil, 1988b,1990; Weiner, 1996). FSH regul ates the devel-
opment o Sertoli cdls (which are involved in sperm maturation) in the
testes, and the Graafian follicle in females. LH controls formation o the
corpus luteum in females and testosterone production by the Leydig cells
in males, Both FSH and LH regulate estrogen production and ovulation.
Decreased amounts of FSH and/or LH reaching the testes can inhibit
spermatogenesis.

About 30% o infertile women have anowlatory infertility (Baird,
1979). They may be present with amenorrhoea (primary or secondary),
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oligomenorrhoea (infrequent or irregular periods) or occasionally with
regular menstrual cycles but low or undetectable serum progesterone
concentrations in the putative luteal phase. Secondary amenorrhoea is
defined as the absence d menstruation for at least six monthsin awoman
with previously normal and regular menses {Marti, 1991). Hyperprolacti-
naemia iS a common finding in women with amenorrhoea or oligomenor-
rhoea (Godo,1984;Judd et ai.,1976; Molitech, 1992); thiscan be drug-induced.
Drugs known to increase prolactin include methyldopa (Arze et al., 1981),
metoclopramide (Anclerson et al., 1981; Rossi e al., 2002), cimetidine
(Gonzales-Villapando et al., 1980), phenothiazines (Yarkoni ef al., 1978)
and cestrogens (Furuhjelm et 2/, 1980). Amenorrhoea is also associated
with high-dose corticosteroids (Turkington & Maclndoe, 1972), danazol
(Dmowski, 1988) and isoniazid (Klein ef ai., 1936).

18.2.2 Sexual dysfunction

Sexual function may be divided into three categories reflecting the sexual
response cycle: (1) libido or sexua desire; (2) arousal, including erectile
functionin men and lubrication in women; and (3) release. Drugscan affect
one or more areas o the response cycle. Understanding of the sexual
response remainsincompletebut thereisevidence o dopaminergic, adren-
ergic, muscarinic and serotonergic involvement. In general, increase in
sexual behaviour by dopamine (Giuliano & Allard, 2001) and inhibition by
serotonin (Barneset al., 1979} have been reported. Libido isinfluenced by
reproductive hormones and by the emotional and physical health of the
individual . Testosterone is necessary for normal sexual arousal, probably in
both men and women, and in men testosterone deficiencyis associated with
impotence (Buvat, 2003).

181.3 Sexual dysfunction in men

The aetiology of erectile dysfunctionis often vascular but other contribu-
tory factors include drug therapy, endocrine disease and neurological dys
function (Hafez & Hafez, 2005). Male sexua function depends on the
coordination of neurogenic, hormonal and psychological mechanismsand
disruption of one or more of these may result in erectile dysfunction.
About 25% dof casesdf erectile dysfunctionarebelieved to be drug-induced
(Keene & Davies, 1999; Sidi et al., 1986). The classes of drugs most fre-
quently implicated are antihypertensives (Della et al., 2003; Dusing, 2005;
Kloner, 2003), antidepressants (Labbate et al., 2003; Rosen and Marin, 2003;
Rudkin et al., 2004), anti psychotics (Segraves, 1988), (Compton & Miller,
2001) and anti-epileptics (Smaldone et al., 2004).Ejaculation isachieved via
stimulation o apha-adrenergic receptors, leading to contraction o the
smooth muscleaof the prostate, seminal vesiclesand vasdeferens. Disorders
of gaculation comprise gjaculatory failure and retrograde ejaculation in
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which semen passes intc the bladder. A number of drugs have also
been implicated in these disorders. High rates of erectile dysfunction and
ejaculatory failure are associated with the older adrenergic blockers reser-
pine (Cameron ¢f al., 1996; Dail et al., 1987) and guanethidine (Moss &
Procci, 1982), which are no longer used. Clonidine (Beeley, 1984; Hedlund
& Andersson, 1985) and rnethyldopa (Melman et af., 1984; Newman &
Salerno, 1974) have also caused loss of libido, erectile dysfunction and
ejaculatory failure. The alpha-adrenergic blockers indoramin (Holmes &
Sorkin, 1986; Pentland et al., 1981) and prazosin {Hedlund & Andersson,
1989; Smith & Talbert, 1986) can cause ejaculatory failure and retrograde
ejaculation.

The incidence of sexual dysfunction in men taking diuretics is between
two and six times higher than in men taking placebo (Chang et af., 1991).
Thiazides may cause reduced libido,erectile dysfunction and problems with
ejaculation (Joseph & Schuna, 1990; Muller el al, 1991). The underlying
mechanism is unclear as thiazides lack significant hormonal, autonomic or
central nervous system effects but a direct effect on smooth muscle is
thought to be responsible. Ercctile dysfunction is well documented with
propranolol and can occur with other beta-blockers (Bathen, 1978; Frances
& Kaplan,1982; Silvestri et al., 2003). The problem is more likely with lipid
soluble beta-blockers but has also been reported with atenolol (Morrissette
et al., 1993; Silvestri et al., 2003) and with ophthalmic timolol (Fraunfelder
& Meyer, 1985; Katz, 1986). Reduced perfusion pressure caused by a drop
in blood pressure or a direct effect on smooth muscle may be responsible.
Calcium channe! blockers seem to cause fewer problems with sexual func-
tion than diuretics or beta-blockers although there are several published
case reports of erectile dysfunction (Fovaeus et 4f., 1987; Sparwasser et al.,
1998).

18.2.4 Sexual dysfunctionin women

In women, sexual dysfunction has not been thoroughly investigated and the
underlying mechanisms are not fully understood. Most reported problems
relate to orgasm dysfunction,reduced lubrication or loss of libido, Thiorida-
zine has been known since 1961 to inhibit ejaculation in men but it was not
until 20 years later that the first report of inhibition of female orgasm was
published (Shen & Park, 1982; Shen & Sata, 1983,1990).

Failure to achieve orgasm is one of the most cermmon sexual adverse
effects of psychotropic drugs in women. This problem has been described
with antidepressants (tricyclics or TCAs; monoamine oxidase inhibitors or
MAOTs, and SSRIs). Such effects have also been reported with MAOIs
{(Lesko et al., 1982; Moss, 1983; Pohl, 1983; Shen & Mallya, 1983}, TCAs
(Cohen & Bartlik, 1998), clozapine (Hummer ez al., 1999), risperidone
(Kelly & Conley, 2006; Wirshing ¢t al., 2002) and the antihypertensives
clonidine and methyldopa (Beeley, 1984; Smith & Talbert, 1986).
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1825 Alteredlibido

Loss of libido or sexual desire is frequently attributed to medicationin both
men and women. In women, loss of libido is the commonest reported form
of sexual dysfunction; it is extremely difficult to quantify and manage.
Changes in desire may be due to illness, stress or fatigue, or may be drug-
induced. In controlled studies women have rarely been questioned about
the effect of medication on sexual functionand therefore most reports of
altered libido are anecdotal or case reports.

Several antihypertensives, including clonidine and methyldopa, reduce
female libido (Beeley,1984; Cavalier, 1995; Meston ef al., 1997}, Studies of
both men and women taking methyldopa report an incidence of decreased
libido ranging from 7 to 14% (Chowdhury, 1987; Weiss, 2991). Spironolac-
tone has anti-androgenic effects and is clearly linked with decreased libido
(Cuttler ef al.,1979; Mantero & Lucarelli, 2000). Psychotropic drugs affect
sexual desire in men and women by several possible mechanisms,including
sedation, effects on central or peripheral neurotransmitters, or effects on
hormones (e.g., prolactin} (Clayton & Shen, 1998). Antidepressants have
been reported to decrease sexual desire (Rosen ez al.,1999). MAOIs, par-
ticularly phenelzine, are frequently implicated (Gupta ezd. 1999; Warneke,
1994). The SSRIs have all been reported to decrease libido, possibly as a
consequence of an indirect effect on dopamine; the incidence in men and
women may be as high as 40% (Kanalay & Berman, 2002; Meston, 2004;
Montejo-Gonzales et al., 1997; Rosen etal.,1999). In general, rates of sexual
dysfunction appear to be greatest with the SSR1Is, followed by MAOIs then
TCAs. Rates of sexual dysfunction appear to be similar for all the SSRIs
and it is not known if switching between them will diminish sexual side
effects.

Case reports of decreased libido with anxiolytics have been published;
centrally mediated sedation and muscle relaxation are thought tobe respon-
sible. Cimetidine has been reported to cause loss of libido, possibly because
of its anti-androgen activity (Biron, 1979; Pierce, 1983; Webster, 1979). This
is likely to be dose-related. The influence of testosterone on libido is well
recognised and any drug that reduces serum testosterone nay lead to a
loss of sexual desire. In men, this includes drugs such as estrogens
(Matuszkiewics-Rowinska et al., 1999),anti-androgens (Bancroft et al., 1974;
Holzbeierlein et al., 2004) and gonadorelin analogues (Falkson et a/., 1993;
Holzbeierlein et al., 2003; Kher & Kalla, 1996).

38.3 Exposure pathways of pharmaceutical productsin food

The main exposure pathways for pharmaceuticals ending in human food
chain are shown in Fig. 18.1. In Fig. 18. 1the links between soil,surface water
and groundwater are emphasised, indicating that any contaminant in one
of these media may eventually contaminate the other two. There are three
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main pathwaysthrough which dispersiond pharmaceuticalsin theenviron-
ment may occur: (i) thelocal pathway in the vicinity of the production line;
(ii) the distribution/dispersion through farmed animals; (iii) the distribu-
tion/dispersion due to consumption by patients. Pathways (ii) and (iii) are
named distribution/dispersion becauseinitially the distribution o the phar-
maceuticals takes place to patients/farmed animals and in the next stage
the dispersionin theenvironment occursthrough human excreta or poultry
litter or cattle manure.

The locd pathwayswould depend on the level of security implemented
at the production line and would be represented by the main pathways
consisting of (4) in Fig.18.1intheformdf leakagein the soil,groundwater,
surface water or air and by (3) in the form d wastewater which is dis-
charged directly or after pre-treatment into the sewage treatment system.
Another pathway would be related to disposal, incineration or treatment
d waste products, which isnot shownin thefigure. In thisstudy we presume
that the local exposure pathways are negligible due to proper safety mea-
suresimplemented at the production site.

The second exposure pathway is through veterinary medicinal products
administered to food-producinganimals,in Fig.18.1represented by (2). This
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link provides a quiteshort and direct | i rk between the drug and supply food
chain for human consumption. As can beseen in the figure, after the veteri-
nary medicinal product has been administered to the animal it can end up
in the meat products, eggs and through milk into dairy products. In the EU
Directive 2001/82/EC d the European Parliament and of the Council on
the Community code relating to veterinary medicinal products amended by
Directive2004/28/EC o the European Parliament regulate the use of vet-
erinary medicinal productin the EU and if these directivesare followed no
adver se effects should occur in consumers. The main cause for concern is
the possibility that some substances are used by farmers without proper
control, in which case the residues d the drugs may end up in food for
human consumption. This pathway can lead to a less direct link to human
and environmental exposure through anima excreta which may contami-
nate the soil, surface waters and groundwater around farms. In some
cases poultry litter and cattle manure are used in agriculture and it may be
that in some cases the residuesand metabolites end up in agricultural prod-
ucts for human consumption. However, more research in this area is
required, There is a possibility that the drug residues are dispersed due to
leaching and run-off, while dispersion through air due to evaporation from
fields where poultry litter and cattle manure are applied is likely to be
negligible.

The third pathway, denoted as route 1 in Fig. 18.1, considered in this
study is through pharmaceutical productsconsumed by patients. It is pre-
sumed that there are two main routes for the drugs to end up in the eavi-
ronment.The first oneisby patients discarding the unused drugsin domestic
waste which further may end up in landfills (route 6). Leaching from land-
fills may contaminate thesoi| and groundwater, though the soil would rep-
resent a filter which would reduce the amount d drug residues that would
reach groundwater. However, in some cases the groundwater table may rise
to the bottom of the landfill, establishing a direct link to the leachate. The
landfill effluent after treatment may be discarded in surfacewaters or soil
from whereit can contaminate groundwater. A SO, in some cases the landfill
effluent may be discharged in the loca sewage system or directly into the
sewage treatment plant for further treatment. After the passage through
the sewage treatment plant when part of the drug residual would be
removed, it may be discharged in surface waters or soil. Also, it may be
present in the sewage sludge which may further be used inagriculture. Such
applicationisregul ated withinthe EC by the Council Directive86/278/EEC
on the protection of the environment, and in particular of the soil, when
sewage sludge is used in agriculture.

From theabove considerationsitisevident that water isavery important
medium for transport of PPs, since the PP residues can potentially end up
in the sewage system and sewage treatment works through different path-
ways and from there can be dispersed in the environment. Also, water is
essential for sustaining lifeon our planet and therefore any contaminant
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ending up in surfacewater or groundwater can have a large impact on the
safety of humans and environment.

18.4 Pharmaceutical productspotentially affectinghuman
fecundity and their mechanism of action

Oned the objectivesd thiswork was to create a prioritisation list of PPs
bearinga potential d affecting human fecundity by entering thefood chain.
The list is based on an extensive Literature search while considering the
following criteria:

o Doestheavailabledataindicate existenced amechanism o actionwith
an effect on fecundity?

e Isthe production volume sufficiently large to cause concern?

e Hasthe PP been detected in food and/or environment?

« Isthe PP sufficiently persistent in the environment?

In this chapter pharmaceutical compounds which have been selected
according to the above selection criteria are evaluated in detail, prior to
further investigationin the EU-FP6 project Food & Fecundity (F&F). The
compounds investigated belong to the following groups of pharmaceutical
products: NSAIDs, antipyretic drugs, peroxisome proliferators, antihyper-
tensive drugs, anticonvulsants, SSRIs, beta-blockers, steroid contraceptives
and antibiotics.

185 Non-steroidal anti-inflammatory drugs

The production volume of NSAIDs ishigh and NSAIDs are prescribed in
high amounts. In addition, they have been detected in environmental
samples, albeit at low concentrations. Mechanistically, NSATDs may play a
role in at least one type of female infertility involving disruption of sex
hormone homeostasis. Prostaglandin inhibition appears to increase the
incidence d luteinised unruptured follicle syndrome, a condition in which
normal ovarian follicular development isfollowed by an elevation of serum
progesteronecompatible with ovulation, but the cycle remainsanovulatory
because the follicular wall remains unruptured (Killick & Elstein, 1987;
Marik & Hulka, 1978). Rat and rabbit studies have reported ovulation
inhibition in association with the prostaglandin inhibitor, indomethacin
(Armstrong & Grinwich,1972; O*Grady ef al.,1972; Espey et €l,,1982). The
currently available animal data have raised an as-yet unresolved dispute
about the possiblefertility effects of NSAIDs. | n women, ultrasound scans
o follicular development have been used to show a fivefoldincrease in the
incidence o this syndrome in the presence d some NSAIDs (Kiilick &
Elstein, 1987). The prolonged use  NSAIDs, which may occur in the
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Table18.1 The consumption of NSAIDsin the Netherlandsin defined daily
dose (DDD)

Pharmaceutical, 2000 2001 2002 2003 2004

I buprofen 29093500 30426100 31550800 31926100 24283400
Naproxen 36432400 36715000 35531500 33585600 29445500
Indomethacin 4404800 3934600 3574500 3316100 2890100
Diclofenac 54018300 53731200 52343500 51529900 48853700

treatment of chronic pain and inflammation of rheumatological conditions,
is most likely to be associated with this antifertility effect. Smilar findings
have been reported for both COX-1 and COX- 2 NSAIDs (Killick &
Elstein, 1987; Pall et af., 2001).

In conclusion, the low environmental levels argue against an actual risk
of NSAID residues for human health. The high productionand use, in addi-
tion to possiblefertility effectswith a mechanistic plausibility argue towards
the opposite.

NSAIDsmay be considered part of PCPP (pharmaceuticals and personal
care products), which is a large and very varied group of chemicals for
which it is not possible to make general statements on their relevance for
F&F. The consumption of NSAIDsin the Netherlands in defined daily dose
(DDDs) wasestimated as given in Table 18.1.

18.5.1 Ibuprofen

Ibuprofen nay inhibit follicular collapse, bul this effect is only seen in a
small group of study subjects (Uhler et al, 2001). Ibuprofen has been
detected in the environment:

STP effluent, Italy, 0.121 ug/T. (Zuccato et al., 2005)

STP effluent, Finland, 0.004-0.064 ng/L (Lindqvist et ai., 2005)

STW effluent, UK, median 3.086 pig/L {Ashton et al.,2004)

STP effluent, Killby, Sweden, 0.15 pg/L. (Bendz et al., 2005)

STP effluents, survey, 0.05-7.11 jig/L. (Andreozzi et al., 2003)

German rivers, <0.005-0.139 ug/L (Halling-Sd@rensen et al., 1998)
Effluent sedimentation tank, up to 12 pg/l. (Halling-Sgrensen €t al.,
1998)

River Elba, up to 0024 pg/L (Wiegd ef al., 2004)

o STP effluent, California, USA, 0.007-0.037 ug/L (Grosset al., 2004)
Santa Ana River, California, USA, 0.013-0.151 ug/L. (Gross et al.,
2004)

STP effluent, Switzerland, up to 2.2 pg/L (Tauxe-Wuerschet .., 2005)
STW effluent, UK, 1,979--4.239 pg/L (Roberts & Thomas, 2006)

River Tyne, UK, 0.144-2.370 pg/L. (Roberts & Thomas, 2006)

STP effluents, Canada, 0.079-1.885 ug/L. (Metcalfe et al., 2003)

e @2 © o © o ©
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Ibuprofen has been detected in German drinking water at 0.003 pig/L (Webb
et al., 2003).

1852 Naproxen

Naproxen significantly reduced ovulatory efficiency and progesterone (PG)
production both in vive and ir vitre in human chorionic gonadotropin
(hCQG)-treated rabbiis (Zanagnolo et al.,1996). Naproxen has been detected
in the environment:

e Sewage freatmnent plant (STT) effiuent, Finland 0.017-0.057 ug/L
(Lindgvist et ai., 2005)

* River Elbe, up to 0.032 pg/L. (Wiegel et ai., 2004)

° STP effluent, Kiillby, Sweden, 025 pg/L. (Bendz et al., 2005)

STP effluents survey, 1.12-5.22 ug/I. (Andreozzi et al., 2003)

STP effluent, California, USA, 0-0.089 pg/L (Gross et al., 2004)

Santa Ana River, California, USA, 0-0.022 ug/L. (Gross er al., 2004)

STP effluents, Canada, 0.021-0.524 pg/L (Metcalfe et al., 2003)

185.3 Diclofenac

Diclofenac inhibits ovulationin the rat and rabbit (Armstrong & Grinwich,
1972; Espey, 1983; O*Grady et nl., 1972). Diclofenac delays implantation
in the rat (Carp e «l., 1988). Diclofenac has been detected in the
environment:

STP effluent, France, 0.25-0.41 pg/L (Ferrari et al., 2003)

STP effluent, Greece, 0.89 pg/L. {Ferrari et al., 2003)

STP effluent, Italy, 0.47-5.45 pg/L. (Ferrari et al., 2003)

German rivers, 0.015-0.49 pug/L. (Halling-Sgrensen et d., 1998)
STW effluent,UK, median 0.424 ng/1. (Ashton et ai., 2004)
STW effluent, UK, 0.261-0.598 ug/L. (Roberts & Thomas, 2006)
STP effluent, Finland, 0.011-0.040 pg/L (Lindqvist € al., 2005)
STP effluent, K#llby, Sweden, 0.12 pg/1. (Bendz et al., 2005)
STP effluents survey, 0.68-5.45 ug/L. (Andreozzi el al., 2003)
STF effiuent, Switzerland, up to 1.9 pg/L (Tauxe-Wuersch et 4l., 2005)
River Elbe, up to 0.033 pug/L (Wiegel et al., 2004)

STP effluents, Canada, 0.005-0.359 ug/L. (Metcalfe et al., 2003)

Diclofenac has been detected in German drinking water at 0.006 pg/L
(Webb et al., 2003).

18.5.4 Indomethacin

Administration of indomethacin has been demonstrated to induce delayed
follicular rupture or luteinised unruptured follicle (LUF) in previously
ovulating women (Stone et gf,, 2002). Indomethacin affects fertility: it is
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concluded that theantifertility effect of indomethacin at the time d implan-
tation is exerted by reducing progesterone concentrations in plasma
and uterine fluid, possibly affecting steroidogenesis, and by reducing the
percentagedf albuminin plasmaand in uterinefluid, probably by increasing
renal excretion o albumin. These effectsd indomethacin provide an envi-
ronnent withinthe uterusthat would not support embryo implantation and
development (El Banna et al.,1993). Tndomethacin been detected in the
environment:

o German rivers,up to 0.121g/L (Halling-Sgrensen et al., 1998)
o STP effluents, Canada, 0.010-0.378 g/l (Metcalfe et al., 2003)

18.5.5 Conclusions on non-steroidal anti-inflammator ydrogs

There islittle evidencefor an adverse effect on fecundity by ibuprofen or
naproxen. In addilion, the removal efficiency during sewage treatment for
both compounds is higher than 90%. Both diclofenac and indomethacin
affect fecundity at least partly through an endocrine-disruptingmechanism
and have been detected in the environment. Diclofenac has been detected
in STP effluentsand even in drinking water. In addition, it is used in higher
amounts than indomethacin. Based on these data, diclofenacwould be first
and indomethacin second in possible risk.

18.6 Antipyreticdrugs

18.6.1 Acetaminophen ar paracetamol

Acetaminophen or paracetamol iS a non-opiate, non-salicylate analgesic
and antipyretic drug. It is present in more than 850 over-the-counter and
prescriptionformulas (Prescott, 2000). In humans acetnrninophens can sig-
nificantly lower basal levelsdf gonadotrophin and estradiol (Cramer et al.,
1998) and can therefore be considered as possible endocrine disrupters.
Several in vivo animal studies suggest that acetaminophen may also alter
some hormone-regulated processesin reproductive tissues, It was reported
to reduce the reproductive capacity, testicular weight and spermatogenesis
of mice (Reel et al.,1992) and reduced estradiol-induced uterine peroxidase
activity and nuclear progesterone receptor protein in immaturemice(Patel
& Rosengren, 2001). Tt has been detected in surface water monitoring
studiesat concentrations d up to 10 pg/L (Boxall, 2004; Daughton & Ternes,
1999; Lam et al., 2004).

18.6.2 Conclusions on acetaminophen

Considering the amount d acetaminophen in use nowadays, presence in
the environment and theevidence d itseffects on fecundity, this compound
is relevant for further investigation,
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Table 82 The consumption d lipid regulatorsin the Netherlandsin defined
daily dose (DDD)

Pharmaceutical 2000 2001 2002 2003 2004
Clofibrate 89050 83277 72237 59263 53325
Gemfibrozil 6202900 6090700 5727000 5462000 5058300

18.7 Peroxisome proliferators

Exposure to some peroxisome proliferators leads to toxic effects on sex
organ function, possibly by alterationsd steroid hormone metabolism. This
mechanism nar ks these drugs as possible endocrine disruptors. Two exam-
ples of widdy used peroxisome proliferators are thelipid regulators clofi-
brateand gemfibrozil. The consumption of lipid regulatorsintheNetherlands
in DDD was estimated as given in Table 182.

18.7.1 Cldfibrate

Clofibrate affects hCG and progesterone concentrations (Hashimoto ez nl.,
2004). Clofibrate has a selective stimulatory effect on the hormonal action
o estradiol in the mammary gland but not in the uterus (Xu et al., 2001).
The clinical sgnificanced these findingsis unknown; however, according
to the manufacturer {Ayerst Laboratories, New York), clofibrate use has
been associated withimpotence and decreased libidoin men. Clofibratehas
been reported to be uterotrophic to immature femalerats (Chandra ez al.,
1982), but otherscould not confirm thesefindings (Ashby ez a., 1997). Clo-
fibrate has been detected in the environment:

STP effluent, Italy, 0-0.68 pg/L (Ferrari et al., 2003)
o STPeffluent, Sweden, 0.46 1Lg/L. (Ferrari et al.,2003)
« River water, various locations,up to 1.75g/L. (Halling-Sgrensen et al.,
1998
ST P)effl uent, Switzerland, 0.020-0.025 ug/L (Tauze-Wuersch et al., 2005)
e STW effluent, UR, up to 0.044 pg/L. (Roberts & Thomas, 2006)
« STP effluents, Canada, 0.002-0.044 pg/L (Metcalfe et al., 2003)

Clofibratehas been detected in groundwater and surface water up to con-
centrations 0.100 pg/L (Stalker ef al., 2004). Clofibrate has been detected in
German drinking water 0.070 ;1g/L (Webbet al.,2003) and in drinking water
in the concentration of 0.025-0.100 pg/L (Stolker et al., 2004).

U.7.2 Gemfibrozil
Exposure to environmental levels of gemfibrozil leads to bioconcentra-
tion of the drug in plasma and a reduction o plasma testosterone levels
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(Mimeault et al., 2005). Gemfibrozil affectshCG and progesterone concen-
trations (Hashimoto et al., 2004). Mal e ratsgiven about 17 timesthe average
daily human dose of gemfibrozil showed inconsistent and equivocal lower
ratesd fertility relative to the concurrent controls (FitzGerald et al., 1984).
Gernfibrozil is occasionally associated with impotence and decreased libido
(Bain et al., 1990; Pizarro et al., 1490). In vitro studies using mt tissues have
reported that gemfibrozil and other inducers of hepatic peroxisome prolif-
eration may =alter the steroidogenic function of Leydig cdls (Liu et al.,
1996).

Exposure to gemfibrozil resultsin decreased expression of enzymesthat
inactivate estradiol. The reported increased expression df aromatase may
explain why male rats exposed to gemfibrozil have higher serum estradiol
levels. These higher estradiol levels in male rats have been thought to be
mechanistically linked to Leydig cell hyperplasia and adenomas (Corton
et al., 1997).

Gemfihrozil has been detected in the environment:

River Elbe, up to 0027 jig/l. {Wiegel et al., 2004)

STP effluent, Killby, Sweden, 0.18 pug/L (Bendz ef al., 2005)

STP effluent, California, USA, 0.015-0.065 ug/L (Gross et l., 2004)
Santa Ana River, California, USA, 0.001-0.059 ug/L. (Gross et al.,
2004

STP )efﬁuents survey, 0.84-4.76 pug/L (Andreozzi et al., 2003)

o STP effluents,Canada, 0.005-1.493ig/I. (Metcalfe ef al., 2003)

18.7.3 Conclusions on peroxisome proliferators

Both clofibrate and gemfibrozil are candidatesfor further study in view o
their endocrine-mediated mechanismdf action aswell as their environmen-
tal detection.

18.8 Antihypertensive drugs

1881 Methyldopa (Aldomet)

Methyldopa isa drug that is used to treat high blood pressure. It works by
relaxing the blood vessels so that blood can flow more easily through the
body. Methyldopa decreased sperm count, sperm motility, the number o
late spermatids and the male fertility index when given to male rats at 200
and 400 mg/kg/day (3.3and 6.7 times the maximum daily human dose when
compared on the basisd body weight; 0.5 and 1 times the maximum daily
human dose when compared on the basis o body surface area) (Weiss,
1991). Methyldopa appearsin breast milk (Beardmore ef al., 2002; White
et al., 1985). Methyldopa interferes with sex hormone homeostasis via an
increasein prolactin levels Elevated prolactin serum concentrations inhibit
gonadotropin secretion and sex steroid synthesis. Because prolactin con-
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centrations higher than 60 pg/1. are associated with anovulation, women
with hyperprolactinemia typically present with mengrual irregularities
such asoligomenorrhea or amenorrhea and infertility. |n addition, approxi-
mately 40-70% of women with hyperprolactinemia will have galactorrhea
{Arze et al., 1981). Hyperprolactinemia in men, although rare, may cause
decreased libido, erectile dysfunction,infertility,galactorrhe, or gynecomas-
tia (Ou et a., 1991; Moiitch, 1992). Methyldopa has been detected in the
environment:

e River Leg 175 pg/L (Richardson & Bowron, 1985)

18.8.2 Conclusions on methyldopa
Methyldopais relevant for further analysis, based on its endocrine modula-
tion, reported effects on fecundity and presence in the environment.

189 Anticonvulsants

The consumption d anticonvulsants in the Netherlands in DDD was esti-
mated as givenin Table 18.3.

1891 Carbamazepine

Carbamazepine affects sex hormone homeostasis through increases in
serum sex hormone-binding globulin (SHBG) concentrationsin both men
and women with epilepsy. Over time, the increase in serum SHBG levels
leads to reduced bioactivity of testosteroneand estradiol, which may result
in reduced potency in men and menstrual disordersin some women, and
thus to reduced fertility (Isojarvi et al., 2005). Use o carbamazepine is
associated with changesin serum sex-hormone levelsand sperm abnormali-
ties in men with epilepsy (Iscjarvi et al., 2004; Mikkonen et nl., 2004).
However, Roste et al. (2003) could not demonstrate any significant changes
insemen quality.Mderatsfed carbamazepine for 30-60 days had decreased

Table18.3 Theconsumption of anticonvulsants in the Netherlands in defined
daily dose (DDD)

Pharmaceutical 2000 2001 2002 2003 2004

Carbamazepine 10352500 10216900 10175100 10134200 10028900
Valproic acid 10877000 11378900 12017200 12648200 13301600
Phenobarbital 3278100 3240900 3034300 2962300 2972100
Phenytein 6288200 5893700 5550700 5338900 5175200
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testicular weight, sperm cell concentration, live sperm, and percentage of
progressively noti | e spermatozoa (Soliman et al., 1999). Carbamazepine is
highly persistent in the environment:

e STP effluent, Berlin, Germany,>1 pg/L (Zuehike ef al., 2004)
o Several STP effluents, Italy, 03 ug/L (Zuccato et al., 2005)
STP effluent, Kallby, Sweden, >1 pg/L (Bendz er al.,2005)
River Elbe, Germany, >1 png/L. (Wiegd et al., 2004)

STP effluent, France, 0.98-1.2 pg/L (Wiegel et al.,2004)

STP effluent, Greece, 1.03 pg/L. (Wiegd et al., 2004)

STP effluent, Italy, 0.3-0.5 ug/L. (Wiegel et al., 2004)

STP effluent, Sweden, 0.87 ng/L. (Wiegd et af., 2004)

STP effluents survey, 0.87-1.2 ug/L (Andreozzi et «l., 2003)
STP effluent, Peterborough, Canada, 0.251ug/l. (Miao & Metcalfe,
2003)

e  STP effluents, Canada, 0.007-0.126 pg/L (Metcalfe et ui., 2003)

Carbamazepine has been detected in groundwater up to concentrations of
11pg/1. (Heberer, 2002; Stolker et al., 2004). Carbamazepine has been
detected in drinking water in the concentration o 0.030 pg/L (Heberer,
2002; Webb er al., 2003) and up to 0.025 ug/L (Stolker et al., 2004).

-*

18.9.2 Valproic acid

Valproicacid medicationis possibly endocrine disrupting asit may modu-
late serum androgen concentrationsand it reducesserum FSH levelsin men
with epilepsy.In women, use of valproicacid appears to be associated with
afrequent occurrence d reproductive endocrinedisorders characterised by
polycystic changes in the ovaries, high serum testosterone concentrations
(hyperandrogenism) and menstrual disorders (Isojarvi et al., 2005). Use of
valproic acid isassociated with changesin serum sex-hormone levels,Sperm
abnormalities and a lower testicular size/body mass index (BMI) ratio in
nen with epilepsy (Mikkonen et al., 2004; Roste et /., 2003). Valproic acid
has not been detected in the environment so far.

18.9.3 Phenabarbital

Phenobarbital increases serum SHBG concentrations in both men and
women with epilepsy whichinfluencessex hormone homeostasis. Over time,
theincrease in serum SHBG levels leads ta reduced bioactivity d testos
terone and estradiol, which may result in reduced potency in men and
menstrual disorders in somewonen, and thus to reduced fertility (Isojarvi
et al.,2004). Phenobarbital inhibits the biological clock contrel of ovulation
in hamsters (Alleva & Alleva, 1995). Phenobarbital delays ovulation and
affectsoocyte function in therodent (Stoker et al., 2001). Phenobarbital has
not been detected in the environment so far.
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1894 Phenytoin

Phenytoin isan endocrine modulator asit increasesserum SHBG concen-
trations in both men and women with epilepsy. Over time, the increasein
serum SHBG levelsleads to reduced bioactivity of testosterone and estra-
diol, which may result in reduced potency in men and menstrual disorders
in some women, and thus to reduced fertility {Isojarvi et al., 2004). Phenyt-
oin inhibitsboth the first ovulationand uterine development in gonadotro-
pin-primed immature rats (Tamura et al., 2000). Phenytoin has not been
detected in the environment <o {ar.

1895 Conclusionson anticonvulsants

Several anticonvulsants affect fecundity through an endocrine-disrupting
mechanism and are consumed in large quantities, but only carbamazepine
is highly persistent and bas been detected in STP effluents, in groundwater
and even in drinking water.

18.10 Serotonin reuptake inhibitors

SSRIs are aclassd antidepressants. They act within the brain to increase
the amount of the neurotransmitter, serotonin (5-hydroxytryptamine or 5-
HTP), in thesynapticgap by inhibiting its reuptake.

18.10.1 Fluoxetine hydrochloride (Prozac)

There was a significantincrease in the incidence of sexual dysfunction (i.e.
delayed orgasm or ejaculation, impotence) in humans taking fluoxetine.
Sexual dysfunction was positively correlated with dose. Individualsexperi-
enced substantial improvement in sexual function when the dose wasdimin-
ished or the drug was withdrawn. Men showed moreincidence of sexual
dysfunction than women, but women's sexual dysfunctionwasmore intense
than men's {Gregorian e al., 2002; Hu et al., 2004; Montejo-Gonzalez et ol.,
1997; Montgomery et al., 2002). Fluoxetine affectssex hormone homeostasis
through the elevation d. prolactin levels, and a modest elevation persists
during administration; however, possibly associated clinical manifestations
(e.g. galactorrhea and breast enlar gement) wereobserved (Ficicioglu et al,,
1995; Haddad & Wieck, 2004; Yorgensen et al., 1996; Masala et al., 1979;
Meltzer ef d.,1982). Decreased ovary weight,and cor pora luteal depletion
and uterine atrophy wer e observed in females receiving fluoxetine alone
(Cortes et al., 1978, Fel et al., 2004,2005).

In rat reproduction studies, there is an increase in stillborn pups a
decrease in pup weight and an increasein pup deaths following maternal
exposure to fluoxetine during gestation and during both gestation and
lactation {Nulman & Koren, 1996; Stanford & Patton, 1993). The effect of
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fluoxetine on labour and delivery in humansis unknown. Fluoxetine crosses
the placenta; therefore, there is a possibility that Ruoxetine may have
adverse effects on the newborn (Gentile, 2005; Heikkine et al., 2002;
Hendrick et al., 2003; Morisson et al., 2005; Pohland et al., 1989). In humans,
the relatively slow elimination of fluoxetine (elimination half-life of 1-3
days after acute administration and 46 days after chronic administration)
and its active metabolite, norfluoxetine (elimination haf-life o 46 days
after acute and chronic administration), leads to significant accumulation
d theseactivespeciesin chronic use and delayed attainment o steady state,
even when afixed doseis used. After 30 days d dosing at 40 mg/day, plasma
concentrationsdf fluoxetinein the range d 91-302 ng/ml and norfluoxetine
in the range of 72-258 ng/m! have been observed. Plasmaconcentrationsdf
fluoxetine were higher than those predicted by single-dose studies, because
fluoxetine'smetabolismisnot proportional todose. Nerfluoxetine, however,
appearsto have linear pharmacokinetics. |tsmean terminal half-life after a
singledosewas 8.6 days and after multiple dosing was 9.3 days. Steady state
levels after prolonged dosing are similar to levels seen at 45 weeks. The
long elimination half-lives of fluoxetine and norfluoxetine ensure that,
even when dosing is stopped, active drug substance will persist in the body
for weeks (primarily depending on individual characteristics, previous
dosing regimen, and length of previous therapy at discontinuation). Thisis
of potential consequence when drug discontinuation is required or when
drugs are prescribed that might interact with fluoxetineand norfluoxetine
following the discontinuation of fluoxetine (Johnson et al., 2005; Wilens
et al., 2002; Young & Ashton, 1996).

Fluoxetine and its metabolite norfluoxetine were detected at levels
greater than 0.1ng/g in all tissues examined from fish residing in a munici-
pa effluent-dominated stream in North Texas, USA (Brooks et ai., 2005).
Fluoxetine was detected in most STP effluents and some surface water
samplesin the lower Great Lakes (Lake Ontario and Lake Erie), at sites
near the two $TPs for the city of Windsor (ON, Canada), and at sitesin
Hamilton Harbour (ON, Canada) (Metcalfe @ al., 2003). According to a
BBC report (BBC, 2004) tracesd the fluoxetine can befound in thedrink-
ing water according to the UK Environment Agency.

18102 Fluroxamine maleate (Luvox)

Similar to fluoxetine, fluvoxamine also cause a significant increase in the
incidence of sexual dysfunction (i.e. delayed orgasm or gjaculation, impo-
tence) in humans. Sexual dysfunction was positively correlated with dose.
Individuals experienced substantial improvement in sexual function when
the dose was diminished or the drug was withdrawn. Men showed more
incidence o sexual dysfunctionthan women, but women's sexual dysfunc-
tion was more intense than men's (Dorevitch & Davis, 1994; Gregorian
d al., 2002; Montejo-Gonzalez et al., 1997; Montgomery et al., 2002). In
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another study in humans, the incidence of sexua dysfunction during
fluvoxamine therapy in healthy volunteers is 35% (Nafziger e al., 1999).
Fluvoxaminehasan elimination half-lifedf 15 hoursin patients with normal
hepatic function. In patients with cirrhosis and the elderly, there may be as
much as a 40-50% reduction in clearance and dosing should be adjusted
accordingly.

18.10.3 Sertraline (Zoloft)

A decreasein fertility wasseen in one of two rat studiesat a dosed 80 mg/
kg (four times the maximum recommended human dose (MRHD) on a
mg/m? basis) (Davies and Klowe 1998). When femalerats received sertra-
line during thelast third d gestation and throughout lactetion, there was
anincreasein the number d stillborn pups and in the number of pupsdying
during thefirst four days after birth. Pup body weightswer e also decreased
during the first four days after birth. These effects occurred at a dose o
20mg/kg (Ltimes (i.e. thesame as) the MRHID on amg/m?® basis).The no
effect dosefor rat pup mortality was10 mg/kg (half the MRHD on amg/m?
basis). The decreasein pup survival was shown to be due to i utero expo-
suretosertraline, The clinical significanced theseeffectsisunknown.There
are no adequate and well-controlled studiesin pregnant women. Sertraline
and its metabolite desmethylsertraline were detected at levelsgreater than
0.1ngfg in dl tissues examined from fish residing in a municipal effluent-
dominated stream in North Texas, USA (Brookset al., 2005).

18.10.4 Conclusionson serotonin reuptake inhibitors

In previous studiesfluoxetine hydrochloride showed clear effects On fecun-
dity. Although environmental levelsdf fluoxetine hydrochloride may be low,
the mere fact that itshalf-life isvery long (daysingead o hours, asit isfor
most pharmaceuticals) means that it can persist in the body for weeksand
accumulatedue to prolonged exposure. Fluvoxamine’s half-lifeisalso rela-
tively long and clearly has an effect on fecundity but no data on environ-
mental levels are available. Data on sertraline also shows possible effect on
fecundity but there is no data on environmental levelsin the European
setting. For fluoxeting, an endocrine mechanism d fecundity effects has
been indicated. For both other compounds the situation islessclear, but in
view of their commen primary mechanism d action further sudy of this
class of compounds is warranted.

18.12 Beta-blockers

The consumption of beta blockers in the Netherlandsin DDD was esti-
mated asgivenin Table 18.4.
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Table18.4 The consumption of beta blockersin the Netherlands in defined daily
dose (DDD)

Pharmaceutical 2000 2001 2002 2003 2004

Propranclol 9300300 9092100 8967400 9025200 9030500
Metoprolol 80386700 86849600 92654400 98935200 108001000
Atenolol 57244000 60216300 62832400 66683700 70251900

18111 Propranolol

Propranolol has beenidentified as having endocrine-disrupting potential as
it affects both total and freetestosterone(Rosen ez al.,1988; € Sayed et al.,
1998). Propranolol inducesa significant decrease in percent o progressive
motility of sperm, a significant increase in sperm head and tail abnormali-
ties, and histopathological alterations in testis, epididymis and semina ves-
icles (el Sayed et al., 1998). Studies on the binding of propranole! in rat
Leydigcell culturessuggest that propranole! iscapable of inhibiting testos-
teronesynthesisin the testis (Tinajero et al.,1993). Propranolol actsin vitro
as a spermicide for human sperm at a concentration of about 2 X 107 m
(Zipper et al., 1982). Propranolol has been detected in the environment:

« STPeffluent, Killby, Sweden, 0.03 ug/L (Bendzet al., 2005)

o STP effluents survey,.01-0.09 pg/I. (Andreozzi et al., 2003)

e STW effluent, UK, 0.195-0.373 1g/L (Roberts & Thomas, 2006)
* STW effluent, UK, median 0.076 pg/L (Ashton et al., 2004)

18112 Metoprolol

Metoprolol affects both total and free testosteronelevels (Rosen et al.,1988;
e Sayed er al., 1998). Metoprolol induces a significant decrease in percent
d progressive motility of sperm, asignificant increase in sperm head and
tail abnormalities,and histopathological alterations in testisepididymis and
seminal vesicles (€l Sayed e «l., 1998). Metoprolol has been detected in
surfacewater up toconcentrati ons of 0.100 pg/L (Stolker et ai., 2004). Meto-
prolol has been detected in the environment:

o STP effluent, Kiillby, Sweden, 0.19 pg/L (Bendz et al., 2005)
o SITP effluents survey, 0.08-0.39 pg/L. (Andreozzi ef al., 2003)
o River Saale, >0.100 pg/L (Wiegel et al., 2004)

18113 Atenolol

Atenolol affects both total and free testosterone levels (Rosen et al., 1988;
el Sayed et al., 1998). Atenolol induces a significant decrease in percent
progressivemotility of sperm, a significant increase in sperm head and tall
abnormalities, and histopathological alterations in testis, epididymis and
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seminal vesicles (el Sayed et al., 1998). Atenolol causes a significant reduc-
tion in testosterone release by rat Leydig cells (Fogari er al., 2002; Khan
et al., 2004). Atenolol has been detected in the environment:

STP effluent, Killby, Sweden,0.14 pg/L (Bendz et al., 2005)
» Several STP effluents,Italy, 0466 pg/L (Zuccato et al., 2005)

18.11.4 Conclusonson beta-blockers

All three beta-blockers are endocrine modulatorsas they affect testoster-
one levels and spermatogenesis. However, metoprolol and atenolol are
consumed in far higher quantities than propranclol. In addition, all three
compounds have been detected in the environment.

18.12 Steroid contraceptives

General

Table 18.5 is a summary d the steroids currently used as contraceptives.
Table18.6isa summary o the combined oral contraceptive preparations
available on the market.

Pharmacological effects of progestins in oral contraceptives

A number d pharmacol ogical effectscontributeto thecontraceptive effects
of progestins. These i ncludeinhibiting ovulation by suppressing the function

Table 185 Contraceptive progestins

Relative Relative
progestational androgenic
Classcompound  Name activity activity

(arbitrary units)  (arbitrary units)

19 Nor-festosterone progestins

Estranes Norethindrone 1 1
Norethindroneacetate 1.2 1.6
Ethynodiol diacetate 1.4 0.6

Gonanes Levonorgestrel 53 83
Norgestrel 2.6 42
Norgestimate 1.3 1.9
Desogestrel S 34
Gestodene 12.6 8.6

Pregnane progestins
Megestrol acetate 0.4 0
M edroxyprogesterone 0.3 0

acetate
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Table 18.6 Available combination oral contraceptives

o Type of
Name Progestin {mg) estrogen (mcg)
50 mog Ogestrel/Ovral Norgestrel (0.5) EE (50)
estrogen Necon/Nelova/ Norethindrone (1.0) Mestranol (50)
Norethin/Norinyl/
Ortho-Novum 7/50
Ovcon 50 Norethindrone (1.0) EE (50)
Norlestrin 1/50 Norethindrone acetate EE (50)
(1.0)
Demuten 50/Zovia Ethynodiol diacetate EE (50)
1/50 (1.0)
<50rnay Lo-Ovral/ Norgestrel (0.3) EE (30)
estrogen L ow-Ogcstrel
plus Oveon 3B Norethindrone (0.4) EE (35)
monophasic Desogen/Ortho-cept  Desogestrel (0.15) EE (30)
Levien/Levora/ Levonorgesirel (0.15)  EE (30)
Nordette
Ortho-Cyden Norgestimate (0.25) EE (35)
Necon/Nelova/ Norethindrone (1.0) EE (35)
Norinyl/Norethrin/
Ortho-Novum 1/35
Mircette Desogestrel (0.15) EE (20)
Brevicon/Modicon/ Norethindrone (0.5) EE (35)
Necon/Nelova
0.5/35
Loestrin 15130 Norethindrone acetate EE (30)
1.5
Alesse/Levlite Levonorgestrel (0.1) EE (20)
Locstrin 1/2¢ Norethindrone acetate EE (20)
(1.0)
Demulen/Zovia 1/35  Ethynodiol diacetate EE (35)
(L.0)
<50 meg Ortho-Novum7/7/7 Norethindrone EE (35, 35, 35)
estrogen (0.5,0.75,1.0)
plus Tri-Levlen/Triphasil/ ~ Levonorgestrel EE (30, 40, 30)
multiphasic Trivora {0.05, 0.075,0.125)
Jenest Norethindrone EE .(35,35)
(0.5,1.0)
Necon/Nelova/ Norethindrone EE (35, 35)
Ortho-Novum 05, 1.0
10411
Ortho Tri-Cyclen Norgestimate EE (35, 35, 33)
(0.18,0.215,0.250)
Tri-Norinyl Norethindrone EE (35, 35)
(05,1.0,05)
Estrostep Norethindrone acetate  EE (20, 30, 35)

(10, 1.0, 1.0)
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o the hypothalamic-pituitary-ovarian (HPO) axis; modifying the subse-
quent pituitary surged LH and FSH;stowing transport o the ovumthrough
the Fall opian tubes, which limits the time availablefor fertilisation; thicken-
ing cervical mucus, which impedes sperm transit; and inhibiting the activa
tion o spermatic enzymes required for ovum penetration (capacitation).
Thus, the primary mechanism o oral contraceptives defines these com-
pounds as endocrine disruptors.

Family tree of contraceptiveprogestins

Synthetic progestins used in oral contraceptives can be classified as those
that are structuraly related to progesterone or testosterone, Progestins
structurally related to progesterone include progesterone itself and
medroxyprogesterone acetate compounds that have 21 carbons. Progestins
structurally related to testosterone are structural derivativesd testosterone
and are not synthesised from testosterone. Removal of the methyl group
from the testosterone molecul e produces norethindrone, a compound with
high progestational activity, high oral activity,and almost no androgenicity.
Adding an additional methyl group forms an ethyl group and produces the
compound norgestrel, which has even greater progestational activity than
norcthindrone. Norgestrel issynthesised chemically into dextro-norgestrel,
aninactiveform, and levonorgestrel, the activeform. Another classification
of progestinsusesthe terms gonane or estrane and is based on the number
o carbons: gonaneshave 17 carbons,and estranes have 18 carbons. A family
tree o contraceptive progestinsis presented in Table 18.7.

Biologically active forsms of progestins

When assessing a contraceptive progestin, several factors need to be con-
sidered. Thefirstconsideratian iswhether the progestin isin activeformor
needs to be converted. Some progestins are prodrugs that must be con-
verted to biologically active forms. The next is the progestin’s affinity for
human tissues, including inhibition o ovulation and binding affinity to
human receptors. The third consideration is the pharmacokinetic profile,
including half-lifeand bioavailability. The clinical relevance o animal data
compared with human data should also be assessed. Five estrane progestins
arein commercia use. Threed these - norethindrone acetate, ethynodiol

Fable 18.7 Family tree of contraceptive progestins

Gonanes (levonorgestrel family} Estranes (norethindrone family)
Levonorgestrel Norethindrone

Desogestrel Norethindrone acetate
Norgestimate Ethynodio! acetate

Festodene Lynestrenol
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diacetate, and lynestrenol — are prodrugs. Before these three can exert
progestational activity, they must undergo biochemical conversion to nor-
ethindrone, their biologically active form (Stanczyk & Roy, 1990). Levo-
norgestrel and gestodene ateé gonane progestins that are active in their
currentforms. Desogestrel and norgestimate areprodrugs that mustundergo
biochemical conversion in the liver. Desogestrel is transformed to 3-
keto-desogestrel, which is its only active form, whereas norgestimate is
converted tolevonorgestrel and levonorgestrel-3-oximewhich areits active
forms (Stanczyk, 1997).

Bioavailability O progestins

Theextent towhich a contraceptive progestin enters thecirculation without
undergoing hepatic metabolism determines its bioavailability. There is a
great deal of interindividual variability in the bioavailahility of contracep-
tive progestins. The range goes from gestodene (>90%) and levonorgestrel
(-90%) to the metabolites produced by norgestimate (<25%). Norethin-
drone and 3-keto-desogestrel (active form of desogestrel) arein the inter-
mediate range at approximately 64% and 62%, respectively(Back et al.,
1918,1981; Orme et al., 1991; Stanczyk & Roy, 1990).

Serum half-lives

Serum half-lives of contraceptive progestins are not absolute values, but
change depending on whether women receive progestin only or oral con-
traceptiveswhich additionally contains an estrogenic compound. Levonorg-
estrel has been shown to have the longest half-life of 15 hours. Both
3-keto-desogestrel (the active form of desogestrel) and gestodene have
half-livesof 12 hours, and the half-lifed norethindrone is7 hours (Fotherby
& Caldwell, 1994). All progestinswere given in combination with ethinyl
estradiol (30-35 pg).

Plasma levels

Plasmalevels d norethindrone (1000 1.g dose) and levonorgestrel (1501g
dose) after asingle oral dose indicate that a considerably higher level df
norethindrone (about 14 ng/mL) occurs within the first hour as compared
with levonorgestrel (about 2 ng/m1.). However, level sof norethindrone fall
precipitously to undetectable levels—below 1 ng/mL at 24 hours compared
to levonorgestrel, which is still detectable at 48 hours (Stanczyk,1994).

Relative binding affinities for human uterine progesterone receptor

In vitro studiesd uterine progesterone receptor binding d progestinsgive
a range o relative binding affinities (RBAs), depending on the species
studied, various study parameters and compounds used for comparison.
Compounds such as levonorgestrel (LNG) have a very high afinity for
the human uterine progesterone receptor, as does 3-keto-desogestrel (3-
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keto-DSG), levonorgestrel-17-acetate (LNG-17-acetate) and gestodene
(GSD).Two prodrugs, desogestrel (IDSG) and norgestimate (NGM), do not
bind to thehuman uterine progesteronereceptor. Among the norgestimate
metabolites, levonorgestrel-3-oxime (LNG-2-oxime) has a very low RBA
for human uterine progestin receptors, even though serum levels may be
high. LNG-17-acetate, however, has substantial progestational activity, but
is barely detectable in serum following administration d norgestimate
(Juchemet al.,1993).

Dose/ovulation inhibition dependence

In studies looking at various progestins combined with 3Q-35ug ethinyl-
estradiol (EE), the progestin dose needed for ovulation inhibition varied
widely from high dosesfor norethindrone (approximately 400ug per day)
and norgestimate (200 g per day), to levonorgestrel and desogestrel (60 jig
per day), to smaller doses for gestodene (approximately 30 g per day)
{Teichmann, 1996).

Effect d oral contraceptives on sex hormore binding globulin/testosierone
The resultsare presented (Van der Vange er al.,1990) of astudy comparing
seven oral contraceptiveswith regard to their effect on SHBG, total testos-
terone (total T), and free testosterone (free T).The oral contraceptives al
contained EE (30-40 ug per dose) but different typesand doses o proges-
tin.In thisstudy, the increasesin SHBG were extremely variable, and total
T varied to alesser degree. (Oneoral contraceptive, CPA 2000 CPA ug/EE
35 pg, actually caused total T to increase.) Despite these variations, al the
oral contraceptives reduced free T to asimilar degree. A decrease in free
T isconsidered the most important factor when evaluating the effect o oral
contraceptives on ache and other androgenic conditions.

Oral contraceptive effects 0N androgens

The effects of two 20 pg EE oral contraceptives, LNG 100 pg and noreth-
ndrone acetate (NETA) 1000 g, were compared (Thorneyeroft ef al.,1999)
on androgen levelsand acne lesion counts. Patientswer e evaluated at base-
lineand during cycle3 (days17 to21) for androgen and SHBG levels,acne
lesion count and weight.Resultsdemonstrated that, amongthe41 evaluable
women at the end of the study, there werestatistically significant reductions
in all measured androgen levels.At theend o three cycles, both 20 ug EE
formulations decreased androgens and increased SHBG from baseline,
athough the oral contraceptive with NETA increased the mean SHBG
more than the oral contraceptivewith LNG. Compared with the formula-
tion consisting of EE and LNG, the formulation consisting of EE and
NETA was associated with two timesgreater relativeincreasein SHBG. At
the same time, the formulations had equivalent decreasesin bioavailable
testosterone.
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Oral contraceptive changesin biochemical markers of androgenicity
Changes in biochemical markers of androgenicity were studied in 58 young
women (>14 years old) randomised to placebo (n =29) or a low-dose oral
contraceptive, EE 20 ug/LNG 100 pg(a = 29). Mean percentage changes
from baseline were determined at the end of cycles 4 and 6. Statistically
significant (P < 0.05) reductions were noted in 3e-androstanediol glucuro-
nide (3a-diol G), as well as marked reductions in the treatment group
in androstenedione (A), androsterone glucuronide (AG), dihydrotestos-
terone (DHT), total testosterone (TT) and dehydroepiandrosterone
sulphate (DHEAS), although the reductions were not statistically signifi-
cant. Statistically significant reductions in the oral contraceptive group
were observed for A, AG and 3a-diol G vs. increases with placebo. The
oral contraceptive significantly decreased androgen levels in ovarian (A,
TT) and peripheral (3a-diol G) compartments as compared to placebo
(Stanczyk et al., 2000).

Adverse effectsof progestins
Adverse effects of progestins are reviewed for individual compounds
below.

18.12.1 Ethynodiol diacetate

Following oral administration of ethynodiol diacetate plus mestranol to
mice, increased incidences of pituitary tumours were observed in animals
of each sex. Ethynodiol diacetate plus ethinyloestradiol was tested for car-
cinogenicity by oral administration to mice and rats. In mice, it induced
increased incidences of pituitary tumours in animals of each sex and of
malignant tumecurs of connective tissues of the uterus In rats, malignant
mammary tumours were produced in animals of each sex (ZARC Mono-
graphs, 1979a).

18.12.2 Norethindrone, norethindrone acetate

Aneuploidy was observed in oocytes of mice treated with high doses of
norethindrone acetate. In a test for dominant lethal mutations in which
female mice were exposed orally to norethindrone acetate, no increase was
seen in one strain of mice, and a second strain showed an increase only
when females were mated within two weeks of treatment, However,
the compound did not induce aneuploidy or chromosomal aberrations in
cultured human lymphocytes. Neither norethindrone nor its acetate was
mutagenic to bacteria (IARC Monographs, suppl. 1987).

Norethindrone and its acetate were tested by oral administration in mice
and rats, and by subcutaneous implantation in mice. In mice, norethindrone
and its acetate increased the incidence of benign liver-cell tumours in males;
norethindrone increased the incidence of pituitary tumours in females and
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produced granulosa-cell tumours in the ovaries o females. Norethindrone
increased theincidence of benign liver-cell tumours and benign and malig-
nant mammary tumours in male rats (IARC Monograph,1979b). Ratsfed
34 mg/kg body weight (bw) per day norethindrone acetate (about 100
times the daily human dose) for two years had an increased incidence of
neoplasticnodulesdf the Liver;an increasein theincidenced uterine polyps
was seen in females (Schardein, 1980). In rats given weekly intramuscular
injectionsfor 104 weeks o norethindrone enanthate at doses of 10, 30 and
100 mg/kg bw (20, 60 and 200 times the daily human contraceptive dose),
there was a dose-related increase in pituitary gland tumours in males,
whereas in females no effect on pituitary glands was observed with the
lowest dose and a reduction in pituitary tumours was observed with the
highest dose. Benign mammary tumourswere observedin malesat all doses,
but there waslittle effect in females; the incidence of malignant mammary
tumours was greatly increased in both males and females given the two
higher dose levels and wes dose-related. A dose-related increase in the
incidence d liver tumours was also seen in animals of each sex (H Etreby
& Neumann, 1980).

18123 Levonorgestre

The combination of T plusLNG suppressed sperm production much more
than T alone (Bebb et al., 1996). Some 67% o the T plus LNG group
achieved azoospermia (33%for T alone group). Severe oligospermia devel-
oped in 94% of the T plus LNG group compared with the 61% T alone
group. T plus LNG also suppressed sperm production more rapidly than T
alone. Time to azoospermia was 9.9 £ 1.0 vs. 15.3 £ 1.9 weeks in the T plus
LNG and T alone groups, respectively (mean + SEM; P < 0.05).

Consumption of Levonorgestrel

The consumption d defined daily doses d estrogens with progestogens in
fixed proportions in the Netherlands in 2000-2004 is estimated as given in
Table18.8. The table shows that the use of Levonorgestrel incontraceptives
in Netherlandsishigher than the use of other progestogens. This combined
with longer haf-life implies a possbility of higher environmental
concentrations.

18.12.4 Conclusionson progestins

From the above-compiled data on progestins, Levonorgestrel seem to be
the most relevant compound for further anaysis, since in experimental
studies it showed significant effects on fecundity. Though there are no
reported results on presence in the environment, we believe that this is
mainly due to lack of attempts for detection of thiscompound in the envi-
ronment. We must take inta account that the amount o Levanorgestrel
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Table18.8 The consumption of defined daily doses (DDD) df estrogens with
progestogens in fixed proportionsin the Nstherlands in 2000-2004

Pharmaceufical 2000 2001 2002 2003 2004

Estrogen with 17925900 15678100 14017600 13563700 914490
Iynestrenol
(Ministat @)

Estrogen with 5501200 5458900 5424400 5471800 596630
norethisteron
(Neocon 8)

Estrogen with 254781700 275320400 298341600 318354500 82111800
levonorgestrel
(Microgynon ®)

Estrogen with 139903000 125862600 104173300 94577100 5761400
desogestrel
(Marvelon &)

Estrogen with 59303500 59994700 51045000 47089300 5214500
gestodeen
(Meliane ®)

Estrogen with. 5327500 5057000 4440000 4118900 345290
norgestimaat
(Cilest ®)

Estrogen with 5072400 9349400 9809000 3216800
drospirenon
(Yasmin ®)

Estrogen with 109740 71101
norelgestromine
(Evra ®)

Total 482742800 492444100 486791300 493094040 98232011

used is high, which suggests a high likelihood for presencein the environ-
ment, especially wastewater treatment plants, and that the half-life isrela-
tively long, which suggests a possibility for bioaccumulation.

18.12.5 Ethynylestradiol

The synthetic analogue of 17B-estradiol, 17a-ethynylestradiol (EE2), is a
potent xenoestrogen and the most widely used estrogenic component of
modern oral contraceptive preparations in the world. Around 95-98% o
plasma EE2 is bound, virtualy al to albumin {Akpoviroro et al., 1981).
The affinity to the hormone-binding proteinsin serum, including SHBG,
albumin and a-fetoprotein strongly influence the in vivo estrogenicity of a
compound. Onty the unbound fraction, less than 5% d the total, is consid-
ered biologically active (Orme et al.,1983). It is estimated that about 98%
of the endogenous 17B-estradiol is bound to binding proteins, especialy
SHBG, resulting in only a small percentage available to the cells (Ben
Rafael et d., 1986).
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The mgjor site of metabolism for EE2 is the liver, with the two major
metabolic pathways being 2-hydroxylation and 168-hydroxylation. These
pathways result in anumber d metabolites, which are then conjugated with
glucuronide and/or sulphate, and are considered to be biologically inactive
(IARC Monographs, 1979a). However, a major portion of EE?2 is conju-
gated directly with glucuronic acid and excreted in the urine.

In contrast to the metabolites d natural estrogens, a significant propor-
tion of themetabolites of EE2 are excreted by the faecal route. I n radiola-
belled studies, the ratio of faecal/urine radioactivity has been reported to
he. about 4:6, and the total recovery o radioactivity from both sourcesis
about 80%. One study reported that about 30% is excreted in the faeces,
of which one-thirdisexcreted asthe unchanged form (which may be aresult
o deconjugation in the colon). The remainder is excreted in the urine
mainly as the EE2 glucuronide conjugate, Other glucuronide (and to a
lesser extent sulphate) conjugates include: 2-hydroxyoestradiol; 2-methoxy-
ethynyloestradiol and 3-methoxy-2-hydroxy-ethynylestradiol. It has been
reported that only 1% of unchanged EE is excreted in the urine, athough
a higher value o 16% has also been reported. De-ethynylated estrogens
(e.p. estrone, 17f-estradiol and estriol) only account for 1-2% of the dose
in women (Orme et al.,1983).

Effects of 17o-ethiynylestradiol related tof ecundity

EE2 is used as an oral contraceptive in humans and as such its effects on
fecundity in humans iswell known. Theeffectsof EE2 on animals has been
investigated in several studies and some results are given below. These
studiesmay give someindication of what the no observed effect concentra-
tion (NOEC) and lowest observed effect concentration (LOEC) in humans
might be.

Therelative estrogenic potency (REP) of EE2 compared with 173-estra-
diol and estimated using in vitre assays has been stated to be between 05
and 5.71 (Tanaka et al. (2001), REPEEZ = 05, Korner et al. (2001), REPEEZ =
0.91; Gutendorf and Westendorf (2001), REPgg, = 1.25, 1.25 and 5.71).

The effects of exposure to EE2 upon the reproductive success of a
marine fish was investigated recently (Robinson et al., 2003). Sand goby
(Pornatoschistus minutus) were exposed for seven months to EEZ or a
sawage effluent containing known xeno-estrogens (alkylphenol polyethox-
ylates) and bred using within treatment crosses. Nominal exposure concen-
trations were 6 ng/LL. EE2, 0.3 or 0.03% v/v sewage effluent. At the end o
the breeding trials, expression of hepatic zona radiata protein (Zrp) and
vitellogenin (Vtg) mRNA were determined. Exposure to 6 ng/l. EE2
induced Zrp and Vtg mRNA expression in male and female sand goby,
impaired male maturation and reproductive bebaviour, reduced female
fecundity and reduced egg fertility. Asaconsequence, fertile egg production
d the EE2-exposed population was reduced by 90%. Exposure to sewage
effluent (0.3% v/v) increased adult mortality and female Zrp and Vtg
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mRNA expression, but did not induce male vitellogenesis. Exposure to EE2
and 0.3% vlv sewage effluent impaired development of the male urogenital
papilla. Fish exposed to 0.03% v/v sewage effluent produced more fertile
eggs than those exposed to 0.3% effluent, or those receiving no effluent.

In another study (Berg er i., 1999) two synthetic estrogens, diethylstil-
bestrol (DES) and EE2, were injected into the yolks of embryonated eggs,
At a dose as low as 2 ng EE2/g egg, all male embryos became feminised,
containing ovary-like tissue in the left testis. The extent of feminisation of
the testes was determined by measuring the relative area of the ovary-like
component. Persistent Mullerian ducts oviducts in male embryos, and mal-
formations of the Mullerian ducts in females occurred at 2 ng EE/g egg and
higher doses. DES was approximately one-third to one-tenth as potent as
EE2. The morphological changes studied were dose-dependent, indicating
that they are useful as test end points for estrogenic activity. Feminisation
of the left testis in males proved to be the most sensitiveend point

Papoulias ez al. (1999) evaluated the effectsof a model environmental
estrogen, EE2, on the Japanese medaka (Cryzias fatipes, a freshwater fish)
using a nano-injection exposure. Gonad histopathology indicated that a
single injection of 0.5-2.5 ng EE2/egg can cause phenotypicsex-reversal of
genetic males to females. Sex-reversed males had female-typical duct devel-
opment and the secondary sex characteristics were generally consistent
with phenotype. No instances of gonadal intersexes were observed. EE2
also appeared to reduce growth but not condition (weight-at-length) and
exposed genetic females appeared to have a higher incidence of atretic fol-
licles relative to controls. The results suggested that EE2 may influence
sexual differentiation and development.

Scholz and Gutzeit (2000) exposed Freshly hatched Japanese medaka
(Oryzias latipes) for two months to nominal EE2 concentrations of 0, 1, 10
or 100 ng/L under semi-static conditions. The exposure period was followed
by a six week recovery period in order to detect long-lasting effects on
sexual differentiation.Sex ratio, gonadal growth, spawning, fecundity, histol-
ogy as well as ovarian gene expression of aromatase was monitored. Growth
was unaffected in all treatment groups. At 100 ng/L, all genetically male
rnedaka were sex reversed and had developed an ovary. At lower test con-
centrations, no alteration of testicular structure was detected (including
testis-ova or ovarian-like structures) and male fertility appeared to be
unchanged. Ta genetic females, significantly reduced ovarian weight was
observed at 10 and 100 ng/L as well as a significantly decreased egg produc-
tion rate. There was a 80% reduction in egg production at10 ng/I. and com
plete inhibition occurred at the highest test concentration, likely to be
caused by the absence of males. Aromatase, which is normally only expressed
in ovaries, was also detectable in testis Of genetic males exposed to 10 ng/L.

A full life-cycle study with fathead minnow (Pimephales promelas)
revealed a variety of effects on survival, growth, gross development, gonad
development, sex determination and reproductive maturity (Lange ez al.,
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2001). Newly fertilised embryos (<24 h old) were exposed to nominal con-
centrations of 0.2, 1,4, 16 and 64 ng/1. in flow-through conditions at 25 +
1°Cfor 305 days (four days pre-hatch and 301 days post-hatch). Exposure
concentrations were confirmed by radioimmunoassay analysis and ranged
from 58 to 84% with mean measured values =70%. Hatching success of
embryos was not significantly different from controls at any exposure con-
centration (NOEC »64 ng/L). Larval growth was reduced at 16 ng/T. and a
NOEC of 4 ng/L identified at day 28&. In addition, juvenile fish growth was
reduced when sampled at days 28 and 56 and NOEC and LOEC values of
1 and 4 ng/L were reported, respectively.

Gross morphological changes were seen in fish at test concentrations of
16 and 64 ng/L. No male{ Wt h appropriate secondary sexual characteristics
and territorial behaviour) were seen after 172 days post-hatch at a concen-
tration of 4 ng/I. or above. Histology of exposed fish at 56 days post-hatch
revealed a female :male sex ratio of 84:5 (with ova—testes in 11%o0f fish) at
a concentration of 4.0 ng/L. No significant effects were seen at lower test
concentrations. After 172 days post-hatch, no testicular tissue was observed
in any fish exposed to 4 ng/L. Thus the NOEC and LOEC values based on
gonad histology were 1 and 4 ng/L, respectively.

There are several other studies reported in the open literature where
similar results to the above are reported (Metealfe et af., 2001; Nash et a/.,
2004; Wenzel et ai., 2001; Zillioux et al., 2001).

Production volume and wuse of [7a-ethylnyiestradiol

EE2 can be used in human medicine to treat various gynaccological disor-
ders and post-menopausal breast cancer. However, its largest use is in oral
contraceptives, when it is usually administered in combination with a syn-
thetic progestin. Its concentration in the contraceptive pill ranges from 20
to 50 pg, with 35pug most commonly prescribed (Archand-Hoy et al.,
1998).

An annual use of 0.029 tonnes of EE2 has been estimated in the UK
(Webb, 2000). By comparison, it has been estimated that 0.088 tonnes of
oral contraceptives (EE2 and mestranol) are used annually in the US
(Archand-Hoy et @l.,1998).

Persistenceof 17a-ethylnylestradiol in the environment
Synthetic estrogens (EE2 and mestranol) are more resistant to microbial
degradation than natural steroids (estradiol, estrone, estriol). The data on
the physicochemical properties of EE2 and its environmental fate (Table
18.9) indicate that the compound is relatively persistent in the aquatic
environment. It is likely that adsorption of EE2 to soil is a major removal
process (log &, = 3.8).

It has been reported that EE2 is highly stable and is not sufficiently
eliminated during biological treatment of the wastewater (Ternes et al.,
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Table 189 Physicochemical propertiesand environmental fate data

Physicochemical property Vaue

Physical state at ambient Salid
temperature

Water solubility 47-19 mg/L!

Octanol-water partition 3.62-4.7
coefficient (log Kpw)

Organic carbon water partition 3.8 (4.5)
coefficient (log Ke.)

Type of degradation

Aquatic-abiotic Sorptionisthe mgjor removal processwith
photolysisbeing of lower importanceand
volatilisation being negligible

Aquatic-biatic A number o laboratory studies have indicated
that EE2 isrelatively persgtent
Terrestrial No data are available on the persstence of

EE2in soil though it is likely that adsor ption
tosoil is a major removal process

1999). Severa studies have examined the persistence of EE2 in rivers
(Jurgens et al., 2002), activated sewage and wastewater effluent, After the
primary treatment of the sewage, the mean percent o remaining EE2 is
equal t075%. After the secondary treatment, approximately 65% remain-
ing EE2 was detected (Tabak et al., 1981). These values correspond to the
study of EE2 removal ratesin French STPs (mean removal rate - 40%,
Cargouet et al., 2004). In this study, it was estimated that EE2 accounted
for 35-50% o the estimated estrogenic activity in rivers. Close persistency
values were observed by Kuch and Ballschmiter, 2000 (43%). The law
removal rate d EE2 can be explained by its sow microbial degradation
during the treatment process (Tabak ez al., 1981; Ternes et al., 1999). In
addition, EE2 concentrations in the STPs can be increased by the partial
conversiond other drugsinto this molecule (Kuhnz et al., 1997).

Additionally, reportsfrom laboratory biodegradation studies (Desbrow
et al.,1998) indicated that EE2 was highly stable and persistent in activated
sludge, with no detectable degradation occurring after 120h of treatment.
The solubility of EE2 in pure water and sewage treatment water was
reported to be 42 and 4.7 mg/L, respectively, which was three-fold less
soluble than natural steroidal estrogens. This Pat is believed to contribute
to the increased resistance d EE2 to biodegradation as compared with
natural steroidal estrogens.

According to Ying et al., 2002, EE2 was principally persistent under
sel ected aerobi cconditions.Camparatively, 70-80% of added estradiol {(E2)
was mineralised to CO, within 24 h by biosolidsfrom wastewater treatment
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plants,whereast he mineralisation of EE2 was25-75-fold less. EE2 was also
reported to be degraded completely within six days by nitrifying activated
sludgeand resulted in the formation of hydrophilic compounds.

EE2 was found to be microbially degraded (Colucei and Topp, 2001).
According to the studies, the dissipation half-life of EE2 ranged from 7.7
days at 4°C to 3 daysat 30°C.

Exposure routes

There are several exposure routes that may lead to contamination of food
or water with EE2. If we neglect routes 3 and 4 (seeFig. 18.1) related to
effects which would exist just in the vicinity of the production plant and
should be negligible if the necessary precautions are in operation at the
plant, then the most likely exposure route would be route 1 in Fig.18.1.
After the human usage part of the EE2 would either be discarded and end
up in landfills (route 5) or would end up in sewage through human excreta
(route 6) and from there would enter an STP.

EE2 can be further transported from a landfill as effluent through the
landfill effluent treatment system, and from these into the sanitary sewage
or STP (route &), or could be released into surface waters or land (route
13), dependingon the level of treatment applied to it. Landfill leachate can
percolate the containment system and pollute soil and groundwater (route
15); however, this exposure route should not represent a significant threat
to the environment in a well-designed and maintained landfilland therefore
will not be considered further.

The sewage sludge from a STP,among other options like incineration for
example, may be disposed into a landfill, route 11, 0r could be used in agri-
culture, route 16. The EU Directive which regulates the use of sewage
sludge in agriculture is 86/278/EEC. However, this Directive does not
mention endocrine disrupters such as EE2 or E2, and therefore tests for
such EDs are not required.

From the agricultural fields the endocrine-disrupting chemicals {EDCs}
may be transported to surface waters, soil and groundwater by leaching,
dissipation and sun-off, route (18). If EE2 is transported to surface waters
it may end up in the food chain by bicacumulation in fish or aswater for
domestic use, and if it reaches groundwater it may further be used as tap
water for human consumption. Once sewage sludge is applied to agricul-
tural fields, EE2 may end up in pats through plant uptake. However,
Directive 86/278/EEC instructs that sludge must not be applied to soil in
which fruit and vegetable crops are growing or grown, or less than 10
months before fruit and vegetable crops are to be harvested. Grazing
animals must not be allowed access to grassland or forage land less than
three weeks after the application of sludge.

Unless direct measurements show otherwise, the risks from EE2 being
present in the air due to evaporation from landfills, STPs and agricultural
fields where sewage sludge isapplied, will be considered to be negligible.
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Evidence for presence of I7a-ethylnylestradiol in the environment

Several studies were examining the presence of EE2 in STPs in raw sewage
as well as effluent.In a study by Stumpf ef al. (1996) EE2 was detected in
all 20 STPs investigated above the quantification level of 1 ng/L and in 15
effluents>10 ng/L.. The median concentration of EE2 was 17 ng/L and the
maximum 62 ng/L.. Similar results have been, found in the UK where con-
centrations in effluents were up to 7 ng/L. EE2 (Aheme and Briggs, 1589;
Desbrow et al., 1998).

Belfroid et al. (1999) reported that EE2 was detected at one occasion in
three and two STP effluent samples in Netherlands, respectively. The data
also showed that concentrations of all hormones were higher in domestic
effluents than in industrial effluents.

Ternes ef ol. (1999) reported that in the raw sewageof the Brazilian STP
of Penha/Rio dc Janeiro, the natural estrogens 17B-estradiol and estrone
were detected with aver ageconcentrations of 0.021 and 0.040 pg/L, respec-
tively. In the German municipal STP close to FrankfurtrMain the raw
sewage Was contaminated by E2 and estrone with average concentrations
of 0.015 and 0.027 pg/L, respectively. The evaluated removal rates were
much lower than those obtained in the Brazilian STP. For instance, the loads
of estrone and EE2 were not appreciably reduced while passing through
the German STP. Considering the standard deviation no elimination rate
could be evaluated. The differences between the absolute removal rates of
the German and Brazilian STP might be caused by the low temperatures
in the German sampling period with =2 °C on average compared to above
20°C in Rio de Janeiro. E2 and 16c-hydroxyestrone were eliminated with
a higher efficiency than EE2 and estrone. In German STPs median values
could be evaluated for EE2 in the range of 1 ng/L (detection limit). Tn
comparison, the concentrations of EE2 were higher in Canadian effluents
compared with those determined in the German STP effluents (median:
9ng/L).

In a study performed by Larsson et al. (1999), the effluent from STP in
Sweden was analysed. The results revealed significant levels of estrogenic
substances in sewage effluent water (4.5 ng/L for EE2). The steroids were
mainly present in unconjugated form. Since humans primarily excrete both
natural estrogens and EE2 as conjugates {(Ranney, 1977), these results
suggest that deconjugation (activation) occurs within the sewage system,
and/or that the conjugates are more rapidly degraded. The ratio between
EE2 and natural estrogens in the water is higher than the theoretical ratio
based an human secretion rates of natural and synthetic estrogens (von
Rathner and Sonneborn, 1979),indicatinga faster degradation of the natural
estrogens. Larsson et al. (1999) reported that the bile of fish caged down-
stream of the STP contained estrogenicsubstances at concentrations 10*-
10° times higher than water levels. The estimated EE2 concentration in the
creek was 1.5 ng/L during the experiment, taking into account the flow rate
through theSTP and the dilution in the creek, while the EE2 concentration
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in bile from caged juvenilerainbow trout exposed to diluted sewage effluent
water for four weeks showed concentrations of EE2 of approximately
1 ug/g bile. This shows that exposure to different environmental estrogens
results in accumulation of prominent amounts of these substances.

A recent study by Cargouet et al. (2004) showed that the concentration
of EE2 in STP influents in Paris area has a mean vahie ranging from 49 to
7.1 ng/1., which represents 11-15% of the total detected steroids.

All these results show that EE2 is present in the raw sewage as well as
effluent of STPs irrespective of the country were the tests are performed.
Once released in the surface waters/rivers the effluent is diluted and depend-
ing on the extent of dilution EE2 may be detectable or not.

In the UK, immunoassay detection revealed the presence of EE2 in
rivers in concentrations below 5ng/L in September 1982 and 2-15 ng/L in
August 1987 (Aherne and Briggs, 1989). In Germany, in the Ruhr district,
EE2 has been detected in surface water in concentrations between <1 and
4 ng/L. (Stumpf et al., 1996).

Caged fish held downstream of most STW produced vitellogenin, indi-
cating the presence o estrogenic substances (Harries et al., 1996, 1997,
Purdom ez al.,1994). The nature of the inducer(s) was, however, not clearly
elucidated.

Hohenblum et /. (2004) monitored surface waters in Austria for EE2
and some other compounds,and found EE2 in four samples with maximum
concentration of 0.33 ng/L.

Vogel et al. (2003) studied continuous infiltration experiments over a
period of two years and run-off experiments in order to investigate the
behaviour of EDCs in agricultural soils after sewage sludge application. In
infiltration experiments transport of EE2 towards lower soil layers was
observed. They did not detect considerable EE2 concentrations in the
leachate, leading them to the conclusion that adsorption to the soil netrix
andfor biodegradation prevent in Ssone cases a direct EE2 transport to
groundwater. However, since the experimental conditions were very spe-
cific (groundwater table =90 cm below ground surface, high soil organic
matter) infiltration of EE2 to the groundwater under certain conditions
cannot be ruled out. Recent studies have shown that disposal of animal
manure to agricultural land could lead to movement of estrogenic steroids
into surface and groundwater (Peterson et al., 2001). Peterson et af. (2001)
measured 17B-estradiol concentrations ranging from 6 to 66 ng/L. in mantled
karst aquifers in northwest Arkansas. The observed 173-estradiol concen-
tration trends imitated the changes in stage over the recharge event. The
contamination was-associated with poultry litter and cattle manure waste
applied on the area.

Hohenblum & al. (2004) detected EE2 in one sample of 112 tested,
though 17B-estradiol was detected in about half the samples. This
study supports the findings of Vogel es @/ (2003) that the adsorption to
the soil matrix and/or biodegradation prevent a direct EE2 transport to
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groundwater. The maximum concentration of E2 found was0.79 ng/L while
EE2 was 094 ng/L.

18.12.6 Conclusonson 17c-ethylnylestradiol
Thereis awarenessdf theimportance of investigating the presence of EE2
in the environment, and many d the previous studiesincluded EE2 as the
main representative of the synthetic steroids

Ascan be seen from the above studies, evidence exists o the presence
of EE2 in the environment. EE2 was found basically in every medium
where an attempt was madefor its detection, i.e.raw sewage, STP effluent,
riversand even groundwater. We are not aware o any attempt being made
to detect EE2in landfills, landfill effluent or agricultural fieldswheresewage
sludge is applied. The detection of EEZ2 is difficult since its concentrations
inthe environment areusually on the detection limit, but thiscertainly does
not mean that the risk from EE2 is negligible. EE2 can cause changes in
animals in very | ow concentrations. Chronic exposure under laboratory
conditions,inctuding studiesof chronic exposureover two completegenera-
tions, to aslittle as 1 ng/L. EE2 (below the limitsd chemical detection for
most effluents) was sufficient to sex reverse male zebrafish and 1.5ng/L
stimulated vitellogenesisin juvenilefish (Om et ai., 2003; Hahlbeck et nl.,
2004). Bioaccumulation, asshown by Larsson et ¢, (1999), can increasethe
EE2 concentrations by several orders of magnitude. One should also not
forget that EE2 concentrations in the STPs can be increased by the partial
conversion of other drugs into this molecule (Kuhnz et ai., 1997). Findly,
several studieshaveshown that EE2 is more persistent in the environment
than the natural estrogens.All the above facts make EE2 a compound of
major interestfor further study.

18.13 Antibiotics

The consumption of antibioticsin the Netherlandsin DDD isestimated as
given in Table18.10.

18131 Sulfamethoxazole—rimethoprim combination

Trimethoprim is a folic acid antagonist. As such, it can cause abnormal
embryo development in experimental animals (Helm et ai.,1976). A role of
trimethoprim therapy in human birth defects has not been established.
Treatment with a sulfamethoxazole/trimethoprim combination causes a
drop in sperm concentration between 7 and 88%. Possible mechanismsfor
thiseffectisfolatedeprivation of spermatogenic cellsthrough theinhibitory
action of trimethoprim on dihydrafolate reductase (Murdia et al., 1978). A
decrease in sperm concentration and total number of sperm has been
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Table1810 The consumption of antibiotics in the Netherlands in defined daily
dose (DDD)

Pharmaceutical 2000 2001 2002 2003 2004

Trimethoprim 1592200 1575300 1530200 1554100 1503100
Sulfamethoxazole/ 2403900 2284800 2206300 2141900 2070700

trimethoprim

Doxycycline 12059200 11825300 11382000 10813900 10507400
Tetracycline 1239660 1086542 945461 887715 870980
Minocycline 1355100 1412200 1372700  1373%00 1504500
Erythromycin 602910 609710 5470220 489480 478670

reported after treatment of rams with sulfamethoxazole-trimethoprim
combination (Tanyildizi & Bozkurt, 2003).

Treatment with a sulfamethoxazole—trimethoprim combination leads to
a significant impairment of spermatogenesis (Crotty et al., 1995). In vitro
analysis of human sperm function by Hargreaves et al. (1998) has shown
that the combination with trimethoptim increases the sensitivity of sperma-
tozoa to the drug approximately 10-fold. Trimethoprim and sulfamethoxa-
zole are highly persistent (Bendz et af., 2005). Sulfamethoxazole has been
detected in the environment:

STP effluent Killby, Sweden, 0.02 pg/L (Bendz et al., 2005)
o STP effivents survey, 0.05-0.09 ug/l. (Andreozzi et al., 2003)
= STW effluent, UK, median <0.050 pg/L (Ashton ef al., 2004)
River Elbe, up to 0.070 pg/L {Wiegel ef al., 2004)
o Several STP effluents, Italy, 0.13 pg/l. (Zuccato et al., 2005)
» River water, about 1.0 pg/L (Halling-Sgrenson ef al.,1998)
o STP effluents Wisconsin, USA, 0.05-0.37 ug/LL (Karthikeyan & Meyer,
2006
STP )efﬁuent, Germany, median 0.40 ug/L. (Hirsch et ai., 1999)
Surface water, Germany, median 0.03 g/L. (Hirsch et al., 1999)
STP effluent, Canada, median 0.243 pg/I. (Miao et al., 2004)
STP effluents, Sweden, 0.135-0.304 pg/L {Lindberg et al., 2005)

Trimethoprim has been detected in the environment:

e STP effluent Killby, Sweden, 0.04 g/l (Bendz et ai., 2005)

STP effluentssurvey, 0.04-0.13 pg/L. (Andreozzi et al., 2003)

STW effluent, UK, median 0.070 pg/L (Ashton et al., 2004)

STW effluent, UK, 0.218-0.322 pg/L. (Roberts & Thomas, 2006)

River Tyne, UK, 0.004-0.019 pg/I. (Roberts & Thomas, 2006)

River Elbe, up to 0.040 ng/l. (Wiegel et al., 2004)

STP effluents, Wisconsin, USA, 0.05-0.55 rig/L. (Karthikeyan & Meyer,
2006

. STP)efquent, Germany, median 0.32 pg/L. (Hirsch et al.,1999)
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e STP effiuents, Canada, 0.009-0.194 pg/L. (Metcalfe et al., 2003)
e STP effluents, Sweden, 0.066-1.34 ig/L. (Lindberg et al., 2005)

18.132 Teracycline

Tetracycline appears to be relatively non-toxic to spermatogenesis (Kush-
niruk, 1976; Timmermans, 1974). It has Sgnificant effects on sperm move-
ment. Effects have been seen at concentrations as low as 2.5 mg/ml, well
within those achieved following therapeutic doses of the antibiotic {Harg-
reaves et al., 1998). Tetracyclines are rapidly metabolised and moreover
form relatively stable complexes with metal cations (Miao et al., 2004).
Another sour ceclassifies tetracyclineas non-degradable (Halling-Sgrenson
et ah,1998). Nevertheless,it has been detected in STP effluents.Tetracycline
has been detected in the environment:

e STP effluents, Wisconsin, USA, 0.05-0.37 ug/L (Karthikeyan & Meyer,
2006)

o STPeffluent,Canada, median 0.151 pg/L. (Miaa er al., 2004)

* River water, about 1 pug/L. (Halling-S¢renson et al., 1998)

18.13.3 Doxycycline
Doxycycline decreases hyperactivation of cryopreserved human sperm
(King et al., 2997). Doxycyclinehas been detected in the environment:

o STP effluents, Canada, 0.04 ug/l. (Miao et al., 2004)
STP effluents, Wisconsin, USA, 0.05 ng/l. (Karthikeyan & Meyer,
2006)

e STP effluents, Sweden, up to 915 ng/L. (Lindberg et al.,2005)

e Sweden sewage dudge: some samples had 1.5 mg/kg dry weight
(Lindberg et al., 20053

18.13.4 Minocycline

Minocycline has been shown to be toxic to sperm (Schlegel et al., 1991).
Minocycline may interfere with oral contraception, causing breakthrough
bleeding (De Groot ef al.,1990). No datawere availableon persistence and
environmental fate.

18.13.5 Erythromycin

Erythromycin had significant effectson rapid movement o sperm at con-
centrations>100 pg/ml (Hargreaves et al., 1998). Erythromycin application
in pregnancy is associated with an increase in cardiac malformations in
infants(Kallen & Qlauasson, 2003; Kallen ef al,, 2005). It may inhibit hepatic
degradation of carbamazepine and theophylline (Blagg & Gleckman, 1981,
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Mitch, 1989). It has a prolonged stability with a half-life d over one year
(Zuccatoet a., 2005) and has been detected in the environment:

o STPeffluents,ltaly, 47 ng/L (Zuccato et al., 2005)

e STP effluents, Canada, 80 ng/L. (Miao et a/., 2004)

o STP effluents, Wisconsin USA 20ng/L. (Karthikeyan & Meyer, 2006)
River water,around 1 pg/L. (Halling-Sgrenson et al., 1998)

STP effluents, Germany, median level 2.5 pug/L(Hirsch et ah,1999)
Surface waters, Germany, median level 150 ng/1. (Hirsch et al., 1999)
STP effluent, UK, up to 290 ng/l (Roberts & Thomas, 2006)

River water, UK, up to 70 ng/L. (Roberts & Thomas, 2006)

River water, Germany, up to 70 ng/L. (Wiegel et ai., 2004)

STW effluent, UK, nean 109 ng/L (Ashton et al., 2004)

18.13.6 Conclusions 0N antibiotics

The sulfamethoxazole-trimethoprim combination appears to be the most
important pharmaceutical in this group in view of mechanism of action,
persistence and environmental exposure. Second in this group is erythro-
mycin, for which the mechanism d action islessclear but the effects are
relevant for fertility. In addition, thiscompound isstable in the environment
and has been detected through many environmental studies. These com-
pounds share significant effects on spermatogenesis and sperm function,
which warrant their inclusion in this compilation, although the mechanism
o actionis less clear. Further study is needed as to the possible causation
d these effects through endocrine mechanisms. Although doxycycline
has the highest usage pattern, limited information on effects on fertility
and on persistence precludes conclusionson the priority of studying this
compound.

1814 Risk assessment

Accordingto the European ChemicalsBureau guidance (European Chemi-
cas Bureau, 2003) the assessment of compaunds is based on four main
components. hazard identification, dose-response assessment, exposure
assessment and risk characterization. A detailed description o these com-
ponents is given below.

Additionally, risk assessment can be extended and supported with the
help o (quantitative) structure-activity relationships (QSARs), which
assess compounds from the point & view of their structural properties.
Moreover, ii specificrestrictions on data collected so far are met, QSARs
may be useful in reducing the number d animal tests.

In the frame of the current study, the hazard identification step includes
selection o compounds which bear the intrinsic potential to disrupt the
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human endocrine system and cause fertility and fecundity problems in
target populations. The key factors, which influenced the selection, were
identified as follows {Luijten et af., 2005):

* Potential and subsequent evidence df adverse effectsrelated tofertility
and fecundity.

¢ Production volume.

e Presencein the environment (STP effluent, rivers, groundwaters, sail,
etc.).

o Pers)j stencein the environment,

o Ability to reach the target populations through relevant exposure
pathways.

18.14.1 Dose-responseassessment
The objectived the dose—response assessment is to analyse results of in
vivolin vitro studiesfor subsequent estimation of so-called threshold doses/
concentrations,which do not produce adverse effects on species/cells being
tested. Tu therisk characterisation step these results are extrapolated using
uncertainty factors to obtain safe dosesiconcentrations of the compound
for target populations.

There are severa approaches for estimation of such threshold values,
which depend on the acceptance by regulatory agencies,data available and
subpopulationsd interest:

o NO (low) observableadverse effect level (N(L)YOAEL);
e benchmark dose (BMD);
* probabilistic analysis (PA).

Each approach hasinherent advantages and disadvantages. Firstly, among
currently accepted approachesBMD ismore accurate in estimation of 'safe€
doses. Secondly, the BMD approach can beextended by applying probabi-
listicanalysis, which is based on resamplingand combines ranges of plausi-
blc dose estimates together with their uncertainties. Additionally, by
applying distributionsof uncertainty factorsinstead o point estimates, it is
possbleto estimate risks for different subpopulations (general/sensitive).
Finally, it is possibleto apply these approaches in a consecutive manner.

No (low) observable effect level
The N(LYOAEL representsthe highest experimental dose for .which no
adver se effects have been documented (Crump et al., 1995). Thisapproach
is currently recognised and accepted by all regulatory agenciesboth in EU
and USA.Theprincipal procedurefor calculation d N{LYOAEL is NOS-
TASOT dose (Crump et al., 1995).

Although simple and straightforward, the N(L)OQAEL bas many limita-
tions, such as:
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o the selection of a ‘safe’ dose is limited to the set of experimental
doses;

* N(L)OAFEL varieswith the number of species being tested;

e the slope of the dose-response plays tittle role in determining
N(L)OAEL;

o if no'safe dose was determined, a new set of studies should be carried
out, which is both time and resource consuming.

In case of failure to determinea N(LYOAEL from theinitial studies, another
option is to use LOAEL (lowest observable adverse effect level) and addi-
tionally introducing another uncertainty factor (usually 10).

Benchmark dose

The BMD (Crump, 1984) is the statistical lower confidence limit for a
dose that produces a predetermined change in response rate of an adverse
effect (benchmark response, BMR) compared with background. Unlike
N(L)OAEL, BMD takes into account the whole dose-response informa-
tion by fitting the mathematical model to dose-response data. Therefore,
slopes are taken into account, which decreases the uncertainty o tho result-
ing 'safe doses.

The sequence of steps for determination of BMD is the following:

1. Fit a mathematical model to the data (Crump, 1984): using maximum
likelihood procedures, the predefined model (polynomial, Weibull, etc.)
is being fitted to the set of dose—response pairs.

2. Definition of BMR: define the changein response rate, specificto given
study (typical valuesare 1%, 5% and 10%) and with the help of fitted
model determine the corresponding dose (this doseis the point estimate
which is the basis of confidence limits calculation) (Crurnp er af.,
1995).

3. Determination of BMD (Cox & Lindley 1974): BMD is defined to be
the lower confidence limit of the dose obtained on step 2. In most cases,
95% lower limit is sufficient.

The BMD is currently accepted by US Environmental Protection Agency
and is increasingly recognised as the more accurate approach than the
NOAEL.

Probabilistic analysis

PA (Slob & Pieters, 1998) represents 'sale’ dose in terms of distribution,
thus combining the range of plausible valuestogether with their uncertain-
ties, The basicideais to replace the point estimateobtained by, for example,
the BMD approach by theset of values, generated according to some pre-
defined distribution model (usually log-normal). Therefore, the first steps
are similar to BMD approach. For generation of the set of values some
resampling technique can be used (Monte Carlo oOr Latin hypercube) (\VVose,
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2000). In the risk characterisation step, the resulting distribution can be
combined with distributions of uncertainty factors to obtain uncertainty
distribution of 'safe’ human dose.

18.14.2 Exposureassessment

The objective of exposure assessment is to quantify the doses of the com-
pounds, identified in hazard identification step, which are taken by target
populations. The results of exposure assessment are then compared with
dose—response assessment results in the risk characterisation step.

The core of exposure assessment includes identification of relevant
pathways of exposure (Luijten ef al, 2005) and estimation of total
chemical intake with respect to these pathways. Estimation of total
chemical intake is based on both chemical concentrations in food and
consumption patterns. The exposure assessment methods can be subdivided
into three classes:

® screening tools;
o tools based on specific data;

* confirmatory methods.

Tools which are based on specific data are especially useful in risk charac-
terisation step for comparison with results of dose—response analyses. There
are three currently applied techniques to combine chemical concentration
and consumption patterns (Kroes et al., 2002):

e Point estinates: assume single (best guess) estimates for both concentra-
tion and consumption.

o Sinple distributions: a method that employs distributions of consump-
tion variables but uses a fixed value for the concentration. The results
are more informative than those of the point estimates because they
take account of the variability that exists in food consumption
patterns.

o Proebilistic analysis: variables are described in terms of distributions
to characterise their variabilities and/or uncertainties. The method takes
account of all the possible values that each variable could take and
weights each possible outcome by the probability of its occurrence.

Provided that data are adequatc and models are selected properly,
probabilistic assessment should provide the most realistic estimates of
exposure.

When data are adequate, it is preferable to apply simple distributions
and probabilistic analysis for exposure assessment because they both take
into account the probabilistic nature of consumption patterns. The compari-
son of the results, obtained with the help of these two techniques, will
determine the most suitable approach for risk characterisation. Finally,
since PA replaces point estimates with distributions, this provides additional
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data for comparison with results of dose-response assessment (also repre-
sented by distributions).

18143 Risk characterisation

Thefinal stage of ISk assessment process combines results obtained from
previous steps, The main objective isto compare results of dose—response
assessment and exposure assessment in order to identify the strategy for
eliminating/reducing the risk.

Estimation of referencedose

Referencedose(RfD) (Environmental ProtectionAgency,1993) isthedose
d the chemical,whichisregarded to be safe for target population. RfD is
theresult of extrapolation of 'safe’ dosesestimated for species being tested
during dose-responseassessment. | n order to extrapol ate dosesto sensitive
humans uncertainty factors are applied:

RID - N(L)OAEL
UE, xUE x...xUFE,

(18.1)

where UF, corresponds to ith uncertainty factor. The most widely applied
uncertainty factorsinclude (Crump et al., 1995):

e H (interhuman): describes variation in sensitivity in target population
(default 10).

+ A (animal to man): accountsfor the uncertainty in extrapolating animal
data to humans (default 10).

e & (subchronic to chronic): accountsfor the uncertainty in extrapolating
from subchronic to chronic NOAELs (default 10).

The value of the denominator in equation. (18.1) should not exceed 10°.

More advanced approaches, such as probabilisticanalysis, assume distri-
butions of uncertainty factors instead of point estimates, This gives more
flexible results provided there are enough data for determination of such
distributions (but default lag-normal distributions are considered to be
plausible) (Vermeire ef al., 20013,

Comparison of dose-responsedata and exposure data

The final stage of risk characterisation iS t0 compare dose-response and
exposuredata and draw a conclusionon further actions. The comparison is
based on evaluation d the margin of safety (MOS) (European Chemicals
Bureau, 2003). The possible outcomes of the comparison and therefore of
the whole risk assessment process are the following:

Need for further information and/or testing.

e At present no need for further information and/or testing and no need
for risk reduction measures.

* Need for limiting therisk.
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W.144 Quantitativestructure-activity rlationships

QSARs are estimation methods developed and used for prediction of spe-
cificeffects/properties of chemicals which are basecl on the structure of the
substance. QSAR models have been created for a range of end points,
including several toxzicological and ecotoxicological end points and physi-
cochemical/fate parameters (European Chemicals Bureau, 2003).

In case of exposure assessment, in the absence of experimental dala, e.g.
if it is not possible to obtain reliable measured data, specific physicochemi-
cal/fate parameters may be derived by applying QSARS. For the risk char-
acterisation step, if the comparison of exposure and dose-response steps is
inconclusive, OSARs may serve as a supporting tool in taking decisions.
Additionally, QSARs may also be used to optimise the testing strategies.

It should be noted that estimates resulting from QSARSs cannot be the
only basis of risk assessment for a given compound, since QSARS are an
estimation method and therefore there is a certain probability that the
estimate is poor. Instead, QSARSs should be seen as a complementary tool,
which evaluated together with dose-responseand exposure assessment can
provide a more complete understanding of the characteristics of the sub-
stance. Furthermore, the result of QSARs should be evaluated for consis-
tency in the light of available experimental data and validated estimates
from other end points.

The development of a QSAR is based on the assumption that chemical
substances which reach and interact with a target site by the same mecha-
nism do so because of their similar chemical properties. Since different
mechanisms of interaction usually will depend on different properties,
QSARsmust be generally developed for each mode of action.Some QSARs
axe developed using quantitative data in order to predict a quantitative
parameter. There arc two types of predictive methods:

e formalised methods;
expert judgement.

Forrnalised methods are methods which can be subjected to validation, e.g,
applied by one assessor and are both reproducible and transparent to other
assessors.They are basecl on mathematical computations and/or fixed rules.
Critical evaluation of the models should be carried out, including the evalu-
ation of the appropriateness and validity of the descriptor variables, the
evaluation of the form of the models and the methods used to construcl t he
models. These modelsshould be applied critically acknowledging the limita-
tions of the model, such as which compounds are within the domain of the
model. Consequently, the specific information concerning the model which
is used should be made available to the other assessorsin order to ensure
transparency and reproducibility (European Chemicals Bureau, 2003).
Methods based on expert judgement rely en the expert's experience and
intuition. They are generally non-quantitative methods based on structural
similarity and/or analogues. These methods should be used with caution, as
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they rely on thejudgement of the individual assessor and may not berepro-
ducible by the others.

For a QSAR to be usad for the risk assessment process, it is necessary
that the end point estimated is compatible with an end point used in the
risk assessment. If such compatibility exists, then the GSAR can be used
for such purposesas.

e assigting in data evaluation;

« contributing to the decision-making process on whether further testing
is necessary to clarify an end point d concern and, if further testing is
needed, to optimise the testing strategies, where appropriate;

o establishing parameters (descriptors) which are necessary to conduct
the exposure and/or effectsassessment;

o identifyingeffectswhich may bedf potential concern on which test data
are not available.

Validated QSARs are not currently available for human health-related
toxicity end points. Instead, expert judgement is used inthelight of data on
close structural analogy and/or the presenced ‘structural alerts' (i.e. frag-
ments associated with affects) in the substance. However, recently t he tech-
niqueshave been developed aiming to incorporate advanced classification
schemesin order to categorise compounds on the basis of numerical rep-
resentation o their chemical structure (Asikainen et al., 2006).

1815 Conclusons

Aspart o the Food & Fecundity EC FP6 project, a prioritisation list has
been created of pharmaceutical compounds with the potential to enter the
environment and the human food chain and with suspected or proven
ability to affect human fecundity through an endocrine mechanism o
action. Thelist is based on an extensive literature search while considering
thefollowing criteria:

1 Do the available dataindicate existenceof an endocrine mechanism of
action with an effect on fecundity?

2. Istheproduction volume sufficiently large to cause concern?

3. Has the PP been detected in food and/or environment?

4. |sthe PP sufficiently persistentin the environment?

The chapter dso discusses the endocrine and alternative mechanisms
by which the drugs can affect human fecundity in men and women. An
overview of possible pathways by which pharmaceutical products can enter
the environment and human food chain are discussed, identifying water as
the mgjor media for transport and dispersion d pharmaceutical products
in the environment and therelore providing potential 10 also enter the
human food chain. The currently available dataaretoolimited to allow for
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definitive conclusions about human risks due to environmental exposures
to endocrine-active drug residues. On the other hand, this study shows that
such exposures are actually occurring, although seemingly below thresholds
for human concern. However,given trends of increasing production and use
of the drugs involved, both environmental and human exposure levels are
likely to increase as well. When estimating the related actual risks for
human health, additional consideration should be given to the fact that
exposures to a range of pharmaceutical residues are likely to occur simul-
taneously, increasing the chance for combined exposures above thresholds
of significant endocrine effects. The increasing amount of emerging new
data also illustrates the enhanced awareness about hazards and anticipated
possible risks of endocrine-disrupting pharmaceutical residues for human
fecundity.

It is concluded Lhat for a series of pharmaceuticals, current data on pro-
duction, use pattern and environmental fate warrant further study on pos-
sible human exposure and health risks. The risk assessment paradigm is
reviewed and will be applied to forthcoming data on concentrations of the
selected compounds in drinking water and foodstuffs. These analyses will
enable informed conclusions about current risks of human exposure to
pharmaceutical residues via the food chain.
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