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ABSTRACT

A number of investigations during the last two decades describe adverse trends in male
reproductive health, which have been proposed to be caused by environmental factors
with endocrine disrupting properties. In contrast to many other toxicants, endocrine
disruptors often do not show linear dose-response relationships typical of those found in
traditional toxicological studies. For many compounds, low-dose exposure causes
effects opposite to the ones seen after high-dose exposure. In addition, the timing of
exposure has been found to be critical. Hence, to correctly assess the impact of
endocrine disruptors on reproductive health requires in-depth knowledge of their
mechanisms of action.

This thesis aimed at identifying the mechanisms underlying the effects of cadmium
(Cd), phthalates and phytoestrogens on testicular steroidogenesis. For this purpose, in
vitro as well as in vivo models were used. Cd was found to inhibit testosterone synthesis
in vivo by down-regulating LH receptor gene expression and reducing the testicular
levels of CAMP and StAR protein. In addition, Cd caused a pronounced increase in
testicular prostaglandin F,, (PGF,,), suggesting that Cd exerts its suppressive effect on
steroidogenesis also by inducing the inhibitory PKC pathway. Pre-treatment with zinc
(Zn) protected completely against Cd-induced effects on testosterone and PGF,,,.
Furthermore, we observed that Cd exposure increased glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) mRNA expression in the testis. GAPDH is a potent
coactivator of androgen receptor-mediated transcription and the up-regulation found in
our study is probably a compensatory response to reduced testosterone concentrations.
This finding is interesting since GAPDH has been proposed to have an important role in
the regulation of apoptosis as well as sperm motility. We discovered that mono-(2-
ethylhexyl) phthalate (MEHP), the active metabolite of the frequently used phthalate di-
(2-ethylhexyl) phthalate (DEHP), stimulates Leydig cell steroidogenesis in vitro, by a
CAMP- and StAR-independent mechanism. MEHP exposure caused a similar effect in
granulosa cells. Gene expression analysis revealed that MEHP is likely to stimulate
steroidogenesis by increasing the amount of cholesterol available for steroid synthesis.
In the last investigation, we examined the effects of low-dose phytoestrogen exposure
on testosterone synthesis during puberty in male goats. Isoflavones present in clover
increased plasma concentrations of testosterone and free as well as total triiodothyronine
(T3). T3 has previously been shown to induce testosterone synthesis and it is possible
that an elevated T3 secretion underlies the increased plasma testosterone levels.

Reduced fertility and reproductive tract malformations affect both the individual and the
society. Hence, a sound knowledge of reproductive toxicants is of crucial importance.
The findings presented in this thesis provide new insights into the reproductive
toxicology of endocrine disruptors and may be valuable for risk assessment purposes.

Key words: Endocrine disruptors, reproductive toxicology, cadmium, phthalates,
DEHP, MEHP, phytoestrogens, steroidogenesis, testosterone, Leydig cell



ABBREVIATIONS

All abbreviations are explained when they first appear in the text.

Note that AR is used as abbreviation for both adrenergic receptor (paper IlI)
and androgen receptor.
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INTRODUCTION

History and mechanisms of endocrine disruption

A functional endocrine system is essential for development, growth and
reproductive functions in humans as well as wildlife. Hence, identifying
substances that interfere with hormone synthesis and/or hormonal signalling is
of crucial importance.

The first reports of substances adversely affecting endocrine functions came in
the mid 20" century. Among the first compounds to be identified were the
insecticide  dichlorodiphenyltrichloroethane  (DDT) and the drug
diethylstilbestrol (DES). Burlington and Lindeman showed in 1950 that DDT
interfered with the development of secondary sex characteristics in cockerels,
whereas a number of studies in the 1960°s described how DDT exposure
resulted in eggshell thinning and subsequent nesting failures in birds
(Burlington & Lindeman 1950, Ratcliffe 1967, Bitman et al. 1969, Porter &
Wiemeyer 1969). Whether the changes in eggshell thickness is caused by the
estrogenic actions of o,p"-DDT or the inhibitory effects of the persistent
metabolite p,p”-dichlorodiphenyldichloroethylene (p,p"-DDE) on prostaglandin
synthesis is still under evaluation (Lundholm 1997, Holm et al. 2006). Today
it is well established that DDT (i.e the different isomers and metabolites) have
both estrogenic and antiandrogenic properties and that exposure may result in
numerous reproductive tract malformations in animals of both sexes (Bornman
et al. 2007). For this reason, DDT has been banned in most industrialized
countries since long. However, it is still used in some developing countries
against insect-borne diseases such as malaria.

In contrast to DDT, DES was specifically designed for its potent estrogenic
activity and it was used by pregnant women to help prevent miscarriage. At the
time when DES was introduced, in the late 1940°s, studies had shown that fetal
death in utero was preceded by a premature decrease in estrogen level and
DES was prescribed to restore the hormonal balance (Smith & Smith 1949a,
1949b). However, in 1971 Herbst and colleagues found that in utero exposure
to DES was strongly associated with vaginal adenocarcinoma (Herbst et al.
1971). This study was followed by reports on DES-induced feminization
(hypospadias, microphallus, cryptorchidism) in the male offspring and a
reduction in female fertility (Giusti et al. 1995, Newbold 2004). Together, the
investigations on reproductive tract development and fertility led not to only to
the ban of DES but were also of general scientific value. DES was the first in
utero estrogenic toxicant to be identified in humans and as such it revealed the



potentially toxic effects of estrogens and estrogen-like compounds (Newbold
& Jeffersson 2005). Importantly, the discovery of detrimental reproductive
effects caused by DDT and DES exposure in wildlife and humans
demonstrated that also compounds with low acute toxicity could induce
adverse health effects, by disrupting endocrine regulation. In addition, due to
the widespread publicity these findings received, public concern was raised
about the influence of toxicants on human and animal health.

Since the first discoveries of synthetic substances with estrogenic properties
numerous other compounds, synthetic as well as natural, have been shown to
affect the endocrine system by different mechanisms. Collectively, such
substances are termed endocrine disrupting chemicals (EDCs), which is
defined by The International Programme on Chemical Safety (IPCS) as “an
exogenous substance or mixture that alters the functions(s) of the endocrine
system and consequently causes adverse health effects in an intact organism, or
its progeny, or (sub) populations” (IPCS 2002). At present, apart from
pesticides and pharmaceuticals, several heavy metals, industrial chemicals (e.g
polychlorinated biphenyls, phthalates) and naturally occurring phytoestrogens
are classified as EDCs.

EDCs may disturb endocrine functions by interfering with the synthesis,
secretion and signalling of peptide as well as steroid hormones. The
chlorotriazine herbicide atrazine is a good example of an endocrine disruptor
which effects can be ascribed to inhibition of peptide hormone synthesis. In
both male and female rats it reduces luteinizing hormone (LH) synthesis, by
affecting hypothalamic control of this hormone, thereby causing a delayed
pubertal onset (Cooper et al. 2000, Laws et al. 2000, Trentacoste et al. 2001).
Biosynthesis of steroids, on the other hand, is often affected by direct effects
on crucial steps in the synthesis pathway. For example, the fungicide
ketoconazole; a potent inhibitor of adrenal as well as gonadal steroidogenesis,
acts by selectively inihibiting steroidogenic p450 enzymes (Loose et al. 1983,
Gal et al. 1994). Apart from reducing or stimulating steroid hormone
production such compounds may change the androgen/estrogen ratio, thus
influencing e.g pubertal development and prostate homeostasis (Marty et al.
1999, Bianco et al. 2006). Some endocrine disruptors instead disturb the
release of hormones. Heavy metal ions, such as cadmium (Cd) and zinc (Zn),
have the capacity to change basal as well as stimulated secretion of LH and
prolactin from the pituitary (Cooper et al. 1987, Winstel & Callahan 1992).

Other substances, including previously mentioned DDT and DES, interfere
with hormonal signalling. This is probably the most common mechanism of
action of EDCs and today numerous chemicals have been identified as either
agonists or antagonists of steroid hormone receptors, primarily the androgen



receptor (AR) and estrogen receptors (ERS). Initial concern was primarily over
substances with estrogenic or anti-estrogenic activity, but during the last
decades the awareness of compounds acting at the AR has grown. The
pesticides linuron, vinclozolin and procymidone are all competitive AR
antagonists that inhibit androgen-regulated gene expression (Gray et al. 2001).
However, in the absence of the natural ligand dihydrotestosterone (DHT),
vinclozolin as well as its two primary metabolites M1 and M2 act as partial AR
agonists (M2>>vinclozolin>M1) (Wong et al. 1995, Molina-Molina et al.
2006), demonstrating that opposite effects could be induced by the same
compound, depending on the amount of endogenous hormone. The fact that
some chemicals show affinity for more than one hormone receptor also
contributes to the complexity of EDCs. The metoxhychlor metabolite 2,2-
bis(p-hydroxyphenol)-1,1,1-trichloroethane (HPTE) is both an ER agonist and
an ERP and AR antagonist, whereas vinclozolin antagonizes not only AR but
also progesterone receptor (PR) and mineralcorticoid receptor (MR) action
(Waters et al. 2001, Molina-Molina et al. 2006).

Endocrine disrupting effects can also be mediated through the aryl
hydrocarbon receptor (AhR). The AhR is a ligand-activated transcription factor
known to bind certain polcyclic aromatic hydrocarbons (PAHs) and
polyhalogenated aromatic hydrocarbons (PHAHs) such as 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) and induce the transcription of genes
involved in the metabolism of xenobiotics (Bemanian et al. 2004). However,
activation of AhR may also impair both estrogen-induced responses and
steroidogenesis (Safe 1995, Aluru & Vijayan 2006). The effect on estrogen
signalling is considered to be caused by AhR associating with ERa thereby
decreasing ER-induced gene transcription, whereas steroid synthesis is
inhibited by reduced expression of LH receptor, steroidogenic acute regulatory
protein (StAR) and cholesterol side-chain cleavage enzyme (p450scc)
(Fukuzawa et al. 2004, Aluru & Vijayan 2006, Khan et al. 2006).

A number of less well-described modes of actions of EDCs may show to be of
importance. Prostaglandins are important regulators of reproductive functions,
i.e ovulation, luteolysis and implantation, but their role in endocrine disruption
is only little studied (Olofsson et al. 1990, Goff 2004, Guillette 2006). Altered
prostaglandin synthesis has been associated with DDT-induced eggshell
thinning (see above) and prostaglandin F,, (PGF,,) is known to inhibit gonadal
steroidogenesis by down-regulating StAR mRNA and protein expression
(Chung et al. 1998, Fiedler et al. 1999). Other target sites for endocrine
disruptors are proteasome-mediated degradation of steroid receptors and germ
line DNA methylation (Tabb & Blumberg 2006). Epigenetic changes, such as
DNA methylation, can be inherited and as a consequence fertility problems
will be passed down to every subsequent generation. Anway and collaborators
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showed in rats that in utero exposure (E8-E15) to vinclozolin or methoxychlor
resulted in germ cell defects (sperm number and viability) that were
transmitted to at least the F4 generation (Anway et al. 2005). The reduced
spermatogenic capacity was detected in almost all males of the different
generations and correlated with altered DNA methylation in the male germ
line. In addition, it is likely that some effects of EDC exposure are caused by
interactions with the newly discovered membrane steroid hormone receptors.
Seven-transmembrane-spanning progestin and estrogen receptors have been
identified in several vertebrate species (including humans), whereas studies in
fish suggest the existence of a membrane androgen receptor (Thomas et al.
2006). Membrane steroid hormone receptors are G-protein coupled receptors
that, in contrast to nuclear hormone receptors, mediate rapid non-genomic
cellular responses (Carmeci et al. 1997, Thomas 2008). Many xenobiotics are
known to have non-genomic effects and in 2006 Thomas and Dong
demonstrated that a number of environmental estrogens, such as genistein and
bisphenol A, could bind to the membrane estrogen receptor G-protein coupled
receptor 30 (GPR30) and activate non-classical estrogen signalling pathways
(Loomis & Thomas 2000, Walsh et al. 2005, Thomas & Dong 2006).

Trends in male reproductive health and the possible impact of
endocrine disruptors

A number of investigations during the last two decades describe adverse trends
in male reproductive health, which have been proposed to be caused by
environmental factors. Observed changes include declining sperm
concentrations associated with poor semen quality and an increased incidence
of testicular cancer as well as reproductive tract malformations (i.e
cryptorchidism and hypospadias). By using meta-analysis, Carlsen and
colleagues could show that mean sperm concentrations among healthy men
had decreased by over 50 percent (from 113 x 10%/ml to 66 x 10%ml) during
the 50-year period from 1940 to 1990 (Carlsen et al. 1992). Auger and co-
workers noted in their study, of a French population, that the decline in sperm
concentrations was accompanied by a reduction of sperm motility (Auger et al.
1995). In addition, a recent Danish study showed that ~40% of the men had
sperm concentrations lower than 40 x 10%ml, which has been suggested as the
lower limit for optimal fertility (Bonde et al. 1998, Andersson et al. 2008).

However, it is likely that geographical differences exist. For example, an
analysis of semen parameters in men from the Seattle area revealed no
downward trend in sperm concentrations from 1972 to 1993 (Paulsen et al.
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1996). There is a considerable geographic variation also in the incidence of
testicular cancer, but in a majority of developed countries it is likely to
increase. Richiardi and his collaborators analyzed more than 27 000 testicular
cancer cases from Northern European countries and found, apart from large
regional differences, that the incidence is increasing (by 2.6-4.9% annually) in
all investigated countries except Denmark. On the other hand, the incidence
rate in Denmark (in 1995) was several-fold higher than in some of the other
countries studied, e.g 5-fold higher than in Finland and 7-fold higher than in
Lithuania (Richiardi et al. 2004). Also in France, Great Britain and most
industrialized countries in North America and Oceania there is a clear trend
towards an increased testicular cancer incidence (Moller 1998, Toledano et al.
2001, Huyghe et al. 2003, Walschaerts et al. 2008).

The incidence of hypospadias (ectopic urethral opening) is approximately 0.4
to 8.2 per 1000 male births and just as the testicular cancer incidence it is
increasing in both North America and Europe (Paulozzi et al. 1997, Gallentine
et al. 2001, Leung & Robson 2007). Cryptorchidism (undescended testes),
another reproductive tract malformation, occurs in approximately 1-9% of
newborn boys and appears to show the same trend over time as the
reproductive parameters described above (Boisen et al. 2004). Chilvers and
colleagues reported that the frequency of undescended testes in England and
Wales was twice as high in 1981 as in 1962 (Chilvers et al. 1984). A similar
result was obtained in a Danish study that compared the prevalence of
cryptorchidism in the late 1990°s with 40 years earlier (Boisen et al. 2004).

It has been hypothesized that these reproductive disorders comprise one
syndrome, the testicular dysgenesis syndrome (TDS), arising from a common
underlying disturbance during fetal life (Skakkebaek et al. 2001, Sharpe &
Skakkebaek 2008). A substantial amount of epidemiological, clinical and
experimental data supports this hypothesis. Epidemiological studies have
shown that a high incidence of testicular cancer is associated with a high
frequency of hypospadias and cryptorchidism, and vice versa. For example, in
Finland the rates of testicular cancer as well as hypospadias and
cryptorchidism are 3-5-fold lower than in Denmark (Virtanen et al. 2001,
Boisen et al. 2005, Virtanen et al. 2005). Clinical observations in patients with
androgen insensitivity syndrome (AIS) also provide evidence for a common
underlying entity. These patients experience not only disturbances in
androgen-dependent processes such as testicular descent, but also an increased
risk for developing testicular cancer (Savage & Lowe 1990). In fact,
cryptorchidism is one of only a few well-established risk factors for testicular
cancer (Dieckmann & Pichlmeier 2004).

In addition, it is possible to induce a TDS-like phenotype in laboratory animals
by in utero exposure of male fetuses to high doses of the plasticizers di-n-butyl
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phthalate (DBP) and di-(2-ethylhexyl) phthalate (DEHP). This exposure
regimen has been found to induce a high rate of disorders similar to the ones
associated with human TDS, i.e hypospadias, cryptorchidism and infertility
(Gray et al. 2000, Fisher et al. 2003).

The finding that environmental endocrine disruptors could interfere with male
sexual differentiation and give rise to a TDS-like phenotype in animal models
led to the theory that TDS in humans is induced not only by genetic defects but
also by environmental factors. Genetic alterations such as 45X/46XY
mosaicism and AR mutations give rise to severe forms of TDS, but for most
cases of mild to moderate TDS the cause is still unknown, strengthening the
hypothesis of environmental factors being involved (Skakkebaek et al. 2001,
Yong et al. 2003, Joensen et al. 2008). Recent investigations do indicate a
possible relationship between fetal EDC exposure and reproductive parameters
in humans. Swan and colleagues found a significantly reduced anogenital
distance (AGD), one of the most sensitive end-points for antiandrogenic
activity, in human males that were exposed prenatally to phthalates (Swan et
al. 2005). In addition, studies of human testis explants have revealed that fetal
Leydig cell testosterone secretion can be affected at very low (biologically
relevant) concentrations of EDCs (Fowler et al. 2007). On the other hand, as
the understanding of male reproductive tract development has advanced,
additional genetic causes have been identified. The over 300 AR mutations
discovered so far are able to induce effects of varying severity, from mild TDS
to complete feminization, and cryptorchidism has recently been associated
with mutations in insulin-like factor 3 (INSL3) as well as its receptor leucine-
rich repeat-containing G-protein-coupled receptor (LGR8) (Yong et al. 2003,
Ferlin et al. 2006, Bogatcheva et al. 2007).

For this reason, it is important to investigate the interplay between
environmental and genetic factors. It has been suggested that genetic
polymorphisms may influence the susceptibility to EDCs and this possibility is
important to further analyze.

Importantly, adverse effects of EDCs are not restricted to disturbances that
occur as a consequence of prenatal exposure. It is known, mainly from studies
of occupational exposure, that adult exposure to certain pesticides, heavy
metals and organic solvents can severely affect reproductive functions and
impair fertility in men (Lancranjan et al. 1975, Potashnik et al. 1978,
Potashnik et al. 1979, Kelly 1988).

The following sections provide a more detailed description of the reproductive
consequences of fetal, adolescent and adult exposure to each of the substances
investigated in the experimental part of this thesis.
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Cadmium (Cd)

Cd is a widespread environmental pollutant that occurs in nature at low
concentrations. It was discovered in 1817, but the industrial use was minor
until the beginning of the 20" century. Cd is used in polyvinyl chloride (PVC)
products, colour pigments, alloys and rechargeable nickel-cadmium batteries.
Additionally, Cd is used as an anti-corrosion agent and occurs in phosphate
fertilizers. Since Cd occurs naturally in ores together with non-ferrous metals,
zinc (Zn) and lead mining are important sources of environmental Cd pollution
As a consequence of the implementation of a more stringent European Union
environmental legislation (Directive 91/33/ECC), Cd usage within EU has
decreased considerably since the 1990°s. However, the worldwide Cd
consumption has increased dramatically during the 20" century (Jarup 2003,
Nordberg et al. 2007).

Cd has a very long biological half-life, about 10-40 years, in the human body
and is highly toxic (Nordberg et al. 1985). Cd may adversely affect several
organs, such as the kidney, liver, placenta, bone and testis (Nordberg 1971,
Goyer et al. 1994, Liu et al. 1998, Rikans & Yamano 2000, Piasek et al. 2001,
Brzoska & Moniuszko-Jakoniuk 2004). Due to its high toxicity, long
biological half-life and persistence in the environment Cd has gained an
increased interest over the last few decades.

Cd exposure

Humans are generally exposed to Cd by two main routes, ingestion and
inhalation. Cadmium chloride (CdCl,) is the main form associated with
ingestion, whereas Cd oxide (CdO) is the principle form associated with
inhalation exposure (ATSDR 1999). In the general, non-smoking, population
the largest source of Cd exposure is contaminated food. Most foods contain
low concentrations of Cd (less than 0.1 mg/kg), but organ meat (kidney in
particular) and shellfish may contain up to 1-2 mg/kg (WHO 2004). In heavily
polluted areas, Cd concentrations in main food (e.g. rice) may exceed 2 mg/kg
(Nordberg et al. 2002, Jin et al. 2004).

In 1989 the Food and Agriculture Organization/World Health Organization
(FAO/WHO) Joint Expert Committee on Food Additives (JECFA) set the
provisional tolerable weekly intake (PTWI) for Cd at 7 pg/kg body
weight/week, which corresponds to 70 pg/day (WHO 1989). The same expert
group kept the recommendation according to the most recent evaluation (WHO
2004). Apart from residents in heavily contaminated areas, the dietary Cd
intake is below 70 pg/day for a majority of the general population. However,
the intakes of Cd via foodstuff vary greatly between different countries. The
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estimated daily dietary intake in Greece is significantly higher than in other
European countries (50-70 vs. 10-30 pg) (Tsoumbaris & Tsoukali-
Papadopoulou 1994, Nasreddine & Parent-Massin 2002) (WHO 2004). In
Australia the dietary intake is estimated to be slightly higher than in most
European countries, spanning from 20 to 30 pg/day, whereas in Japan the daily
intake is approximately 20-70 pg (Satarug et al. 2002, Satarug et al. 2003,
Watanabe et al. 2004),. Differences in dietary intakes of Cd are well reflected
in the blood concentrations. Zhang and co-workers reported that the mean
blood Cd concentration in Japanese women was 1.92 pg/l; a concentration
several-fold higher than Cd concentrations recorded in German (0.44 ug/l) and
American populations (0.77 pg/l) (Zhang et al. 1997, Becker et al. 2002,
McKelvey et al. 2007).

Occupational exposure to Cd occurs primarily via the respiratory system, but
may also to a smaller extent involve the gastrointestinal route (Jarup 2002).
The smelting of non-ferrous metals and the production of Cd-containing
particles raises Cd levels in the air. In the operations associated with these
processes, Cd dust, and at temperatures high enough, Cd fume, arise (WHO
1992). In the 1940°s to 1960°s the air Cd concentrations often reached 1-5
mg/m® in occupational settings (Friberg 1950, Adams et al. 1969). Since then,
significant improvements in occupational hygiene have been made and
nowadays the concentrations in workplace environments are generally lower
than 0.05 mg/m® (Jarup et al. 1998). However, during the last 10-15 years,
several studies on occupational Cd exposure have shown that kidney
dysfunction occurs at very low exposure levels (Mueller et al. 1992, Jarup &
Elinder 1994, Jarup et al. 2000). This observation, together with the long
biological half-life of Cd, is the reasons for occupational Cd exposure still
being an important issue.

Another important source of Cd exposure is tobacco smoke, and a number of
Swedish studies have shown that blood and kidney concentrations of Cd are
significantly higher among smokers than non-smokers (Elinder et al. 1983a,
Nilsson et al. 1995, Barregard et al. 1999, Nordberg et al. 2000). For example,
Elinder and and colleagues found that ~ 90% of investigated smokers had
blood Cd concentrations above 0.6 pg/l, whereas ~ 90% of non-smokers
showed concentrations lower than 0.6 pg/l (Elinder et al. 1983a). Consistently,
a more recent study reported the mean Cd concentrations in smokers and non-
smokers were 1.1 pg/l and 0.28 pg/l, respectively (Becker et al. 2002).

One cigarette contains approximately 1-2.5 pg Cd, of which 10-20% is inhaled
during smoking (Menden et al. 1972, Friberg 1974, Elinder et al. 1983b,
Saldivar et al. 1991, Kalcher et al. 1993). During the burning of cigarettes
highly bioavailable CdO is generated and approximately 30-40% of the inhaled
CdO passes through the pulmonary epithelium into systemic circulation,
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whereas another 10% is deposited in lung tissues (ATSDR 1999, Zalups &
Ahmad 2003, Satarug & Moore 2004). Based on these data it can be estimated
that a person smoking one package of cigarettes a day will absorb about 1.5-
4.5 ug Cd. Importantly, inhalation of tobacco smoke raises the blood Cd
concentrations not only in active smokers but also in passive ones (Willers et
al. 1992, Shaham et al. 1996).

Although the Cd intake for most populations does not exceed PTWI there is
good reason for precaution. Recent studies clearly indicate that the current
PTWI is not restrictive enough to protect the general population. For example,
Hellstrom and collaborators found Cd-induced kidney dysfunction after dietary
exposure levels that were well within PTWI (Hellstrom et al. 2001).

Cd toxicokinetics

As mentioned above, the main routes of human Cd exposure are inhalation and
ingestion. Inhalation exposure occurs in the form of aerosols. A significant
proportion of inhaled Cd ends up in the gastrointestinal tract, since large Cd-
containing particles of limited solubility are translocated by mucociliary
transport (Moore et al. 1973, Adamsson et al. 1979). More finely dispersed Cd
aerosols, on the other hand, are efficiently absorbed. Whereas the absorption of
Cd in the lungs is about 50%, the gastrointestinal uptake is much less efficient
and only a few percent is absorbed (Jarup et al. 1998).

The gastrointestinal uptake of Cd occurs mainly in the duodenum and early
jejunum (Andersen et al. 1994). The chemical form of Cd present in the
intestine greatly influences the absorption as well as the subsequent transport
to target organs (IARC 1992). Depending on the dietary source of Cd, there are
several different forms of Cd that can be presented to the enterocytes of the
intestinal mucosa (Zalups & Ahmad 2003). The absorption rate is also
determined by factors such as animal species, nutritional status and stage of
development. The nutritional iron status appears to be particularly important
and iron deficiency can lead to significantly increased Cd absorption (Flanagan
et al. 1978, Akesson et al. 2002, WHO 2004).

Cd bound to metallothionein (Cd-MT) can cross the epithelium in intact form
and enter into the capillaries of lamina propria to be delivered into portal
circulation (Cherian 1979). The major mechanism for Cd uptake in enteroytes
was believed to rely on divalent metal transporter 1 (DMT1), a transmembrane
transport protein capable of transporting iron (Fe) and a number of other
divalent cations (Conrad & Umbreit 2000, Zalups & Ahmad 2003). However,
a recent study of DMT1-dysfunctional mice has revealed the existence of
another, yet unidentified, pathway for intestinal Cd absorption (Suzuki et al.
2008). The basolateral transport of Cd is mediated by metal transporter protein
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1 (MTP1) (Ryu et al. 2004). Additionally, high Cd concentrations can damage
the plasma membrane, resulting in the release of Cd to the capillaries (Zalups
& Ahmad 2003). Once inside the enterocyte, Cd can induce the transcription of
metallothionein (MT) 1 and 2. The binding of Cd to MT-1 and MT-2 leads to
retention of Cd in the intestinal mucosa and subsequently a lowered amount of
Cd reaching the target organs (Ouellette et al. 1982, Lehman & Klaassen
1986).

After its entry into systemic circulation Cd binds primarily to albumin, which
transports Cd to the epithelial cells in target organs (Nordberg & Nordberg
1987). Other transport molecules for Cd in blood plasma are MT, transferrin
and possibly the low-molecular-weight thiols glutathione (GSH) and cysteine
(Cys) (Nordberg & Nordberg 1975, Chan et al. 1993, De Smet et al. 2001,
Zalups & Ahmad 2003). Cd bound to albumin is mainly taken up by the liver,
whereas Cd bound to MT is preferentially distributed to the kidney (Nordberg
& Nordberg 1975, Groten et al. 1991).

Regardless of exposure route, the liver is by far the primary organ that takes up
the largest quantity of Cd during the initial hours after exposure (Kjellstrom &
Nordberg 1978). A large proportion of Cd absorbed in the intestine is delivered
first to the liver via portal circulation. In the liver Cd is taken up by
hepatocytes from the sinusoidal capillaries. The subsequent up-regulation of,
and binding to, MT-1 and MT-2 causes retention of Cd in the liver and thereby
constitutes an important detoxifying mechanism (Coyle et al. 2002). However,
when hepatocytes get overloaded with Cd the protective mechanisms are
overwhelmed and oxidative stress, lipid peroxidation and finally cell death
arise (Stohs et al. 2000, Kim et al. 2003). As a consequence, Cd bound to MT
is released into hepatic circulation from apoptotic/necrotic hepatocytes (Zalups
& Ahmad 2003). Importantly, some of the Cd taken up by hepatocytes is
secreted into the biliary canaliculi and subsequently into the common bile duct
and the duodenum. In this way a portion of Cd can be excreted via the feces.
As mentioned earlier the kidney is sensitive to Cd exposure and renal
dysfunction can arise at exposure levels lower than PTWI (Hellstrom et al.
2001). Due to its small size, Cd bound to MT is filtered freely at the
glomerulus and Cd-MT is the predominant form present in the luminal
compartment of the nephron (Jarup et al. 1998). Cd-albumin is not as
efficiently filtered through the glomerular membrane and hence only a small
percentage of Cd bound to albumin in plasma passes into the proximal tubule
lumen. Both Cd-MT and Cd-albumin is taken up by tubular cells through
endocytosis (Choi et al. 1999, Erfurt et al. 2003). Similar to its actions in the
liver, Cd induces the transcription of MT-1 and MT-2 genes, and at high levels
it causes oxidative stress, lipid peroxidation and interference with CaMg-
ATPase in basolateral membranes (Jarup et al. 1998, Leffler et al. 2000).
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Reproductive effects of Cd: insights from animal models

Adverse reproductive effects of Cd exposure in animals were reported as early
as the mid 1950°s (Parizek & Zahor 1956). The testis is particularly sensitive,
but exposure to Cd alters also ovarian, adrenal and pituitary functions (Piasek
& Laskey 1994, Ricard et al. 1998, King et al. 1999, Piasek & Laskey 1999).
In addition, Cd is a potent teratogen (Fernandez et al. 2003). Cd administered
during gestation gives rise to profound teratogenic effects in a number of
species, including rodents and amphibians (Chernoff 1973, Sunderman et al.
1992). The nature of the changes induced is dependent on the dose as well as
the stage of embryogenesis and the species studied (Thompson & Bannigan
2008). In Xenopus laevis Cd treatment causes gut malformations and heart
lesions, whereas in rodents it affects neural tube closure and limb development
(Webster & Messerle 1980, Sunderman et al. 1992).

At lower doses, in utero Cd exposure influences reproductive parameters.
Johnson and collaborators found that Cd treatment during gestation caused
estrogen-like effects in the female offspring (Johnson et al. 2003). The authors
reported that in utero exposure to Cd (0.5 and 5 pg/kg bw) advanced vaginal
opening and increased the epithelial area and number of terminal end buds in
the mammary gland. Cd is known to bind ERs and activate ER-dependent gene
transcription in vitro, and this mechanism is likely to underlie the estrogenic
activity in vivo (Stoica et al. 2000, Wilson et al. 2004a). Consistent with this
theory, Johnsson and colleagues observed that the co-treatment with the
antiestrogen ICI-182,780 blocked the in vivo estrogenic effects of Cd.
Perinatal exposure to low doses of Cd has also been found to affect the
expression of ERa, ERB and PR in the brains of male and female mice
(Ishitobi et al. 2007).

Cd has been found to accumulate in the ovary and in the adult female animal it
inhibits ovulation and affects ovarian steroidogenesis (Varga et al. 1993,
Piasek & Laskey 1994, 1999). In addition, Cd has been reported to exhibit
estrogenic activity, manifested by increased uterine weight and promoted
development of mammary glands, also in the adult (Johnson et al. 2003). Cd
has been found to affect gonadal steroidogenesis in nonpregnant as well as
pregnant animals. Piasek and Laskey described the effects of subcutaneous Cd
injections (3 or 5 mg/kg bw) on steroidogenesis in cycling and pregnant rats
(Piasek & Laskey 1994). Both doses significantly reduced progesterone and
estradiol synthesis, with the most pronounced effects seen on estradiol
production in proestrus or early pregnancy. Mechanistic studies have revealed
that Cd inhibits progesterone synthesis in granulosa cells by down-regulation
of StAR and p450scc (Zhang & Jia 2007). The same article reported that co-
treatment with 8-bromo-cAMP blocked the decline in progesterone secretion,
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indicating that Cd exerts its action by interfering with cAMP synthesis and/or
signalling, which in turn leads to a reduced expression of StAR and p450scc.

In the male gonad, Cd can cause testosterone suppression, failure of
spermiation, reduced sperm motility, increased incidence of Leydig cell
tumors, and at high doses testicular damage (Nordberg 1971, Laskey et al.
1984, Bomhard et al. 1987, Waalkes et al. 1988, Laskey & Phelps 1991, Hew
et al. 1993, King et al. 1998, Liu et al. 2001, Yang et al. 2003, El-Demerdash
et al. 2004). Cd is localized mainly in interstitial blood vessels and to some
extent in Leydig cells, whereas only very low/undetectable concentrations are
found other testicular cell types (Nordberg 1972, Danielsson et al. 1984, Bench
et al. 1999). Although only 1-2% of an administered Cd dose is taken up by
the testis, it is particularly sensitive (Gunn et al. 1968). Cd up-regulates the
MT-1 and MT-2 transcription also in the testis but lacks the ability to induce
MT translation, which has been suggested as the underlying mechanism (Ren
et al. 2003b, 2003a). In addition, it is likely that the major Cd-binding protein
in the testis is not MT, but a different metal-binding protein named testicular
metal-binding protein 3 (TMBP-3) (Waalkes et al. 1984).

Exposure to Cd, in vitro as well as in vivo, reduces testosterone synthesis. The
inhibitory effect of Cd on steroidogenesis is detected at doses/concentrations
that do not affect Leydig cell viability or induce testicular necrosis, indicating
a specific disruptive mechanism (Laskey et al. 1984, Laskey & Phelps 1991).
Although Leydig cell testosterone synthesis is very sensitive to Cd exposure,
Leydig cells seem to be much more resistant than other testicular cell types to
the general toxicity induced by Cd. At Cd exposure levels associated with
apoptotic or necrotic events in spermatocytes and Sertoli cells no degenerative
effects are detected in the Leydig cells (Zhou et al. 1999, Lymberopoulos et al.
2000). Recent findings indicate that more subtle changes within Leydig cells
could trigger the apoptosis of other testicular cells. Ozawa and co-workers
found that heme oxygenase-1 (HO-1) derived from Leydig cells induced
apoptosis of premeiotic germ cells and testosterone is well-known germ cell
survival factor (Erkkila et al. 1997, Ozawa et al. 2002).

Although the detrimental effect of Cd on testicular steroiodogenesis has been
known for a long time, the underlying mechanisms largely remain to be
discovered. Laskey and Phelps concluded from in vitro experiments that Cd
was able to block human chorionic gonadotropin (hCG)-stimulated
testosterone synthesis via inhibitory site(s) of action subsequent to the LH
receptor and CAMP production, but prior to p450scc (Laskey & Phelps 1991).
In contrast, it is known from steroidogenic tissues other than the testis that Cd
can reduce cAMP synthesis. Mgbonyebi and colleagues discovered that Cd
could inhibit unstimulated as well as adrenocorticotropic hormone (ACTH)-
stimulated cAMP secretion in mouse adrenal cells (Mgbonyebi et al. 1994).
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Apart from direct effects on gonadal steroidogenesis, Cd exposure may
influence pituitary function, either by affecting the secretion of pituitary
hormones or changing the pituitary responsiveness to gonadotropin releasing
hormone (GnRH). Lafuente and colleagues discovered that Cd altered the
pituitary secretion of gonadotropins as well as prolactin in male rats (Lafuente
et al. 2003). Interestingly, Cd had a dose-dependent biphasic effect on
prolactin secretion. The lowest dose (5 ppm) stimulated the secretion of
prolactin, whereas higher doses were inhibitory. Poliandri and colleagues
found a rapid decline in prolactin secretion in primary pituitary cells exposed
to Cd, indicating a direct effect on the pituitary (Poliandri et al. 2003).
However, Cd may also alter the dopaminergic control of prolactin secretion, by
reducing the dopamine content in the median eminence (Lafuente et al. 2005).
In addition, Cd alters the responsiveness of the pituitary to GnRH. Szczerbik
and colleagues injected fish with a GnRH analogue and discovered that
gonadotropin secretion was not induced to the same extent in Cd-treated
animals as in controls (Szczerbik et al. 2006).

It has been known for almost 50 years that Zn can protect testicular tissue
against Cd-induced effects (Parizek & Zahor 1956, Webb 1972). Although not
extensively studied in the testis, findings from other tissues have clarified the
underlying mechanisms. Zn pre-treatment induces metallothionein synthesis,
prevents oxidative stress and alters Cd toxicokinetics; all of which possibly
contribute to the protective effect (Waalkes & Perantoni 1988, Chan & Cherian
1992, Powell 2000). However, as suggested by Khan and colleagues, there are
considerable tissue differences (Khan et al. 1991).

Possible reproductive effects in humans

The possible effects of Cd exposure on human development and reproduction
have been investigated in a number of studies. Several reports have described
an association between maternal Cd exposure and reduced birth weight of the
child. Huel and co-workers found an inverse relationship between Cd content
in the hair of newborn children and their birth weight (Huel et al. 1981).
Consistent with this, increased Cd concentrations have been detected in cord
blood of infants with low birth weight (Salpietro et al. 2002). Nishijo and
colleagues found that Cd exposure reduced the gestational age, a finding that
may explain previous observations of decreased birth weight in Cd-exposed
children (Nishijo et al. 2002). Later, the same researcher found a negative
correlation between maternal blood Cd and infant height that was not due to
early delivery (Nishijo et al. 2004).

A few studies have analyzed the influence of Cd exposure on male
reproductive parameters, but at present there is no solid evidence that Cd is a
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contributing factor to the decline in male reproductive health. Keck and co-
workers found no correlation between Cd concentrations and semen
parameters or fertility status, which was in accordance with previous studies
(Saaranen et al. 1989, Keck et al. 1995). Menke and colleagues analyzed
hormone concentration and reported that there were no association between
urinary Cd levels and serum sex hormone concentrations in an American
population (Menke et al. 2008). However, other studies have detected
alterations in reproductive hormone levels, in the general population as well as
in particularly exposed populations. In Croatian males, without occupational
exposure, a significant association between blood Cd and increased serum
testosterone, estradiol and follicle stimulating hormone (FSH) concentrations
was discovered (Jurasovic et al. 2004). Consistently, Zeng and collaborators
found a dose-response correlation between urinary Cd and serum testosterone
concentrations in a population living near a smelter, whereas another study
revealed that occupationally exposed men (n=2) had, apart from ~ 7-fold
higher Cd concentrations in seminal plasma, significantly elevated serum FSH
levels (Keck et al. 1995, Zeng et al. 2004).

Cd is suspected to alter steroid levels also in women. Piasek and colleagues
noted that placentas of smokers contained only half as much progesterone but
twice the Cd content as non-smokers (Piasek et al. 2002). In addition, a recent
report shows that Cd exposure is significantly associated with increased risk to
develop endometrial cancer; an estrogen-dependent neoplasm (Akesson et al.
2008). This finding is consistent with the estrogenic activity associated with
Cd exposure in animal models, but needs further verification since it was based
on estimated dietary intake rather than actual exposure.

Phthalates

Phthalates are a group of industrial chemicals that are extensively used in a
wide range of consumer products, including cosmetics, PVC floors, toys, car
interiors and medical devices. They are manufactured in a very large scale, and
in Western Europe alone the annual production of phthalates is about one
million tons (Jaakkola & Knight 2008). Phthalates have a common chemical
structure consisting of an aromatic ring and two, usually aliphatic, side chains
of varying length. Low molecular weight phthalates (i.e short side chains),
such as diethyl phthalate (DEP) and dimethyl phthalate (DMP) are used in
cosmetic formulations. Phthalates of high or intermediate molecular weight, on
the other hand, are used as plasticizers in numerous plastic products. Di-(2-
ethylhexyl) phthalate (DEHP) and di-iso-nonyl phthalate (DINP) are examples
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of high molecular weight phthalates, whereas di-n-butyl phthalate (DBP) and
benzyl butyl phthalate (BBP) are of intermediate weight. Since phthalates are
not chemically bound to the plastic polymer they are continuously released
into indoor air, atmosphere, food products or directly into body fluids from
medical devices (Koch et al. 2006).

Phthalates have a low acute toxicity (LD 50: 1-30 g/kg/bw) and lack
mutagenicity and/or genotoxicity. Still, several high and intermediate weight
phthalates, including the ones mentioned above, have been identified as
endocrine disruptors capable of altering male sexual differentiation in
laboratory animals. In contrast, the short-branched ones appear to lack such
properties (Foster et al. 2000, Gray et al. 2000).

Phthalate exposure

In the general population, ingestion and inhalation are the primary routes of
exposure to phthalates with high molecular weight (Silva et al. 2003). For
phthalates with shorter side chains (e.g DEP) dermal absorption may be an
important exposure route (Elsisi et al. 1989, Hauser & Calafat 2005). Due to
the leakage from medical devices, patients that undergo intensive care may be
exposed to significantly higher levels of phthalates than the general population.
Infants are particularly exposed and plasma levels of mono-(2-ethylhexyl)
phthalate (MEHP), the primary metabolite of DEHP, as high as 15.1 pg/ml (54
M) have been recorded during neonatal exchange transfusions (Sjoberg et al.
1985).

Assessment of phthalate exposure can be based on ambient monitoring data or
analysis of specific metabolites in the urine. Using the previous method, the
daily intake of DBP and DEHP has been estimated to 2-10 pg/kg/day and up to
30 pg/kg/day, respectively. Children, which suck on toys and other daily life
products, are generally more exposed to phthalates than adults. In a Canadian
study, using the same methodology, toddlers were estimated to have a more
than 3 times higher DEHP exposure than adults (19 pg/kg/day vs. 6 pg/kg/day)
(Meek & Chan 1994).

As a consequence of ubiquitous exposure, concentrations of phthalate
metabolites are usually high enough to be detected in human urine, enabling
exposure assessments based on such data. For low molecular weight
phthalates, urinary concentration of their respective primary monoester
metabolite corresponds well with exposure to the parent compound (Silva et al.
2007). In contrast, the secondary oxidized metabolites of DEHP and DINP
better reflect the exposure level than MEHP and and mono-iso-nonyl phthalate
(MINP) (McKee et al. 2002, Heudorf et al. 2007, Wittassek & Angerer 2008).
After oral exposure in humans, most of the DEHP dose is excreted in the urine
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as secondary oxidized metabolites and only a few percent as MEHP (Koch et
al. 2006). In addition, different elimination half-lives of different oxidized
metabolites make them suitable biomarkers for both chronic and short-term
DEHP exposure (Wittassek & Angerer 2008). By incorporating excretion data
for several secondary oxidized metabolites the method also takes into account
metabolic differences between individuals (Koch et al. 2006). As described
below, children have a higher proportion of secondary oxidized DEHP
metabolites than adults and such differences could lead to erroneous
estimations if only the primary monoester was considered (Wittassek &
Angerer 2008).

Analysis of urine has a number of advantages over ambient monitoring data.
The most important, from a toxicological point of view, is that urine analyses
provide concentration data for specific metabolites. Such data is of great value
since it is the primary monoester metabolites and possibly the secondary
metabolites (rather than the parent phthalates) that are considered to cause
endocrine disruption (Davis et al. 1994, Mylchreest et al. 2000, Stroheker et
al. 2005, Meeker et al. 2007). Importantly, however, since metabolite patterns
may differ markedly between urine and serum, exposure assessments should
be based solely on data from one of these matrices (Kato et al. 2004).

During recent years DINP has replaced DEHP in many products, a fact that is
well reflected in the pattern of excreted phthalate metabolites. Based on the
urinary concentration of primary and secondary metabolites, Wittassek and
colleagues estimated that the daily intake of DEHP was reduced with
approximately 40% during 1988-2003, whereas the daily intake of DINP was
increased by 100% during the same time period. In addition, the authors
observed a significant decline in DBP exposure (Wittassek et al. 2007).

Prenatal and neonatal exposure

Since phthalates have been detected in breast milk as well as in cord blood of
newborns, exposure to phthalates occur during the fetal as well as the neonatal
period in humans (Latini et al. 2003, Hogberg et al. 2008).

The primary metabolites of low and intermediate molecular weight phthalates,
e.g monomethyl phthalate (MMP) and mono-n-butyl phthalate (MBP), have
been found to cross the placenta in rats as well as humans (Fennell et al. 2004,
Mose et al. 2007b). Whether MEHP has the ability or not to cross the placenta
needs further investigations (Lashley et al. 2004, Mose et al. 2007b). Latini
and collaborators detected DEHP and MEHP in a majority (77%) of cord
serum samples from newborn children. On the other hand, results from a
human placenta perfusion system indicate no placental transfer of MEHP
(Mose et al. 2007D).

23



Breast milk, in contrast to urine, contains mainly unmetabolized phthalates and
primary monoester metabolites. Two recent studies, one American and one
Swedish, show that unmetabolized DEHP is the predominate phthalate in milk
(0.45-305 ng/ml in the Swedish study) (Zhu et al. 2006b, Hogberg et al. 2008).
Both reports detected DBP as the second most abundant compound, but only
low concentrations of DEP/ monoethyl phthalate (MEP). The Swedish report
also established that the breast milk contained MEHP (0.49-6.5 ng/ml),
whereas concentrations of the oxidized metabolites mono-(2-ethyl-5-oxo-
hexyl) phthalate (MEOHP) and mono-(2-ethyl-5-hydroxyhexyl) phthalate
(MEHHP) were undetectable (Hogberg et al. 2008). In addition, the primary
monoester phthalates are usually excreted in their free (unconjugated) form in
breast milk (Calafat et al. 2004). Hence, nursing infants are exposed primarily
to the bioactive metabolites or their precursors.

Phthalate metabolism

Following oral ingestion, the diester phthalates are rapidly hydrolyzed (phase |
biotransformation) by intestinal lipases to their corresponding monoester
phthalate, e.g DEHP to MEHP, which is easily absorbed from the gut (Kluwe
1982, Ljungvall et al. 2004). Upon inhalation or dermal exposure, phthalates
are absorbed as the parent compound and thereafter metabolized to the
monoester form (Shea 2003, Mose et al. 2007a). Since the rate of dermal
absorption decreases with increasing length of the side chains, DEHP is
significantly less well absorbed than DEP and DBP (Elsisi et al. 1989, Janjua
et al. 2008). For this reason, dermal exposure may be an important route of
exposure for DEP and DBP, but hardly for DEHP and DINP.

The monoester phthalates can be either excreted unchanged or undergo further
biotransformations, i.e hydroxylation and oxidation followed by phase Il
glucuronidation (Figure 1) (Frederiksen et al. 2007). Monoester forms of low
molecular weight phthalates are relatively hydrophilic and excreted mainly in
their free form, whereas MEHP, MBP and MINP undergo (to a large extent)
further biotransformations (Silva et al. 2003, Mose et al. 2007a). MBP is
excreted primarily as its glucuronide conjugate, whereas the long chain
phthalates have a more complex metabolic pattern involving several secondary
metabolites, which are excreted either conjugated or unconjugated (Wittassek
& Angerer 2008).

Diester phthalates usually become more bioactive after hydrolysis to the
monoester metabolites and these, rather than the parent compounds, are
considered to be the active agents in testicular as well as ovarian toxicity
(Sjoberg et al. 1986, Davis et al. 1994, Mylchreest et al. 2000).
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Figure 1. General metabolic pathway for phthalates (Modified from Frederiksen et al.
2007).

Importantly, phthalate metabolism differs between species as well as within a
species. Inter-species differences appear to be more pronounced for high
molecular weight phthalates. MBP is the major urinary metabolite of DBP in
both rats and humans, whereas the metabolism of DEHP differs markedly
between species (Tanaka et al. 1978, Silva et al. 2007). For example, Ito and
colleagues discovered drastic differences in lipase activity and thus the
hydrolysis of DEHP to MEHP, between rodents and marmosets (Ito et al.
2005). The authors detected species differences also in the activity of enzymes
involved in oxidation and glucuronidation of DEHP metabolites (e.g alcohol
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dehydrogenase and UDP-glucuronyl transferase), but these were less
pronounced. As proposed already in 1986 by Rhodes and collaborators, such
characteristic differences in the metabolism may explain why primates are less
sensitive to DEHP exposure than rodents (Rhodes et al. 1986). In other cases,
two strains of the same species show different sensitivity to DEHP exposure.
Wistar rats are known to be much more susceptible to phthalate-induced
cryptorchidism than Sprague-Dawley rats (Wilson et al. 2007). However,
whether this is caused by metabolic differences, varying sensitivity to
one/several metabolites or differences in the regulation of reproductive tract
development is not yet known.

The age of an individual is also an important factor influencing the metabolism
of phthalates. A German study revealed that the relative proportion of MEHP
to its secondary (oxidized) metabolites differed between children of different
ages (Becker et al. 2004). In accordance with this finding, the same researchers
later discovered that children (6-7 years of age) excreted approximately four
times more oxidized metabolites compared to MEHP than adults (Wittassek &
Angerer 2008).

Reproductive effects of phthalates: insights from animal models

Diester phthalates as well as their active monoester metabolites exhibit no or
low affinity for steroid hormone receptors (Parks et al. 2000). DINP, DEHP,
DBP and their corresponding monoester metabolites do not bind to the AR
(Mylchreest et al. 1999, Parks et al. 2000, Kruger et al. 2008). Still, these
compounds cause reproductive and developmental effects (e.g hypospadias
and cryptorchidism) in male laboratory animals that are very similar to the
ones caused by exposure to known AR antagonists such as flutamide
(Mylchreest et al. 1999). This TDS-like phenotype, which occurs as a
consequence of in utero exposure to relatively high doses of phthalates, is
probably the most recognized reproductive effect associated with phthalate
exposure. However, phthalates also affect female reproductive functions and at
low doses some of them give rise to more subtle effects in both sexes, such as
advanced pubertal onset (Ma et al. 2006, Ge et al. 2007).

The fact that phthalates lack affinity for AR made some researcher to
hypothesize that the reported developmental disturbances should be attributed
to the their estrogenic potential (Jobling et al. 1995). DINP, DEHP and DBP
have been identified as weak activators of ERa dependent gene transcription in
vitro (Harris et al. 1997, Takeuchi et al. 2005). However, the estrogenic
activity is most probably not the mechanism underlying the feminizing effects
of phthalates since they lack estrogenic properties in vivo. For example, DBP
at doses that alter male reproductive tract development, i.e 200-1000
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mg/kg/day, failed to increase uterine weight in juvenile rats and did not
accelerate vaginal opening (Gray et al. 2005). Instead, recent studies have
revealed that phthalates act by mechanisms that do not involve either AR or
ER.

Thanks to the work of several research groups it is now well established that a
number of high and intermediate molecular weight phthalates may disturb the
development of the reproductive tract and induce a TDS-like phenotype in
male laboratory animals. About a decade ago it was discovered that gestational
and lactational exposure to DBP affected reproductive tract development in
male rats (Mylchreest et al. 1998). At 500 and 750 mg/kg/day DBP, the
authors detected a decreased AGD at birth and a high incidence of hypospadias
and cryptorchidism. Other alterations found in the male offspring were
absent/underdeveloped epididymis and germ cell loss. Shortly thereafter, Gray
and co-workers reported similar effects after exposure to DEHP (Gray et al.
1999). A subsequent study by the same authors analyzed several phthalates and
revealed that perinatal exposure, from gestational day 14 to postnatal day
(PND) 3, to 750 mg/kg/day of DEHP, BBP or DINP resulted in reproductive
malformations and induced female-like areolas/nipples in the male offspring
(Gray et al. 2000). DINP was found to be less potent than DEHP and BBP,
whereas the short-branched phthalates DEP and DMP did not influence male
sexual differentiation. Since then a number of studies have confirmed these
findings and provided insight into the underlying mechanisms (e.g Fisher et al.
2003, Wilson et al. 2004b, Andrade et al. 2006b, Mahood et al. 2007).

The phenotype induced by phthalates is characteristic of a disturbance in
androgen-regulated development and typically comprises malformations of the
vas deferens, epididymis, seminal vesicles and prostate, in combination with
cryptorchidism, hypospadias and reduced AGD (Gray et al. 1999). Hence, for
phthalates to give rise to these adverse reproductive effects exposure must
occur during the period of sexual differentiation late in gestation.

Importantly, phthalates cause effects similar to, as well as different from, the
ones seen after exposure to AR antagonists. Both phthalates and AR
antagonists, such as flutamide and vinclozolin, induce hypospadias,
cryptorchidism and a reduced AGD (Mylchreest et al. 1999, Shono et al.
2004). However, whereas phthalates significantly reduce fetal testis
testosterone production, vinclozolin and flutamide act solely at the level of AR
(in androgen-dependent tissues) and do not influence the testosterone synthesis
(Mylchreest et al. 2002, Wilson et al. 2004b). Another difference between
phthalates and vinclozolin is that the former down-regulates testicular INSL3
expression (Wilson et al. 2004b, Lague & Tremblay 2008). INSL3 and
testosterone are important regulators of different phases in testicular descent.
The transabdominal phase is under control of INSL3, whereas testosterone
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regulates the inguinoscrotal phase (Virtanen et al. 2007). Consistent with this,
phthalate exposure or targeted disruption of the INSL3 gene causes primarily
intraabdominal cryptorchidism, whereas flutamide induces mainly inguinal
cryptorchidism (Mylchreest et al. 1999, Zimmermann et al. 1999). Whether or
not the phthalate-induced reduction in INSL3 expression is secondary to
decreased testosterone concentrations is not yet clarified. Lague and Tremblay
found that testosterone stimulated INSL3 expression in vitro in Leydig cells,
by a mechanism that requires AR, but this regulatory mechanism remains to be
verified in vivo (McKinnell et al. 2005, Lague & Tremblay 2008).

Another effect associated with fetal phthalate exposure is the occurrence of
focal areas of testicular dysgenesis (postnatally) comprising malformed
seminiferous tubules and intratubular Leydig cells (Fisher et al. 2003). Based
on analyses of fetal testes from DBP-exposed rats, Mahood and co-workers
proposed that this postnatal phenotype is caused by abnormal Leydig cell
aggregation in the fetal testis (Mahood et al. 2005). In their study, 500
mg/kg/day DBP induced the formation of large Leydig cell aggregates that
were located centrally in the fetal testis and contained trapped Sertoli cells.
They hypothesized that as Sertoli cells attempt to form seminiferous cords
early in postnatal life the process is disturbed by this aggregation, resulting in
malformed seminiferous tubules that contain Leydig cells. Recently, up-
regulation of leukemia inhibitory factor (LIF) was identified as the likely
mechanism underlying phthalate-induced fetal Leydig cell aggregation. Lin
and colleagues discovered not only that in utero exposure to DEHP increased
testicular LIF mRNA expression, but also that LIF treatment caused Leydig
cell aggregation in vitro, in a concentration-dependent manner (Lin et al.
2008).

Apart from the effects described above, phthalates influence the onset of
puberty. High-dose gestational and lactational exposure to DEHP, BBP or
DBP markedly delays the onset of puberty, as measured by the age of preputial
separation, in male rats (Gray et al. 1999, Mylchreest et al. 1999, Tyl et al.
2004, Andrade et al. 2006a). In contrast, postnatal exposure to low doses of
DEHP advances pubertal onset in rats of both sexes. Ge and co-workers found
that male rats administered 10 mg/kg/day DEHP (from PND 21 to 48)
completed preputial separation significantly earlier than control animals (39.7
+ 0.1 days vs. 41.5 + 0.1 days) (Ge et al. 2007). Ma and colleagues reported
similar effects after inhalation exposure to DEHP in female rats (Ma et al.
2006). They noted that exposure to 5 mg/m® DEHP (from PND 22 to 41)
advanced the age at vaginal opening as well as the first estrus. Hence, in
contrast to in utero exposure, which has very limited effects on the female
fetus, postnatal exposure to phthalates may affect both sexes. This is supported
by the finding that DEHP, although at very high doses (2 g/kg/day), prolongs
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estrus cycles and disturbs ovulation in adult female rats (Lovekamp-Swan &
Davis 2003).

Possible reproductive effects in humans

In recent years a number of reports have been published suggesting a possible
association between phthalate exposure and reproductive or developmental
effects in humans. In a Puerto Rican study, Colon and colleagues discovered
significantly elevated serum concentrations of DEP, DMP, DBP, DEHP and
MEHP in 68% of girls with premature breast development (Colon et al. 2000).
Swan and co-workers reported that AGDs were reduced in male infants
prenatally exposed to phthalates, whereas an Indian study revealed that women
suffering from endometriosis had significantly higher concentrations of DEHP,
DBP and BBP than unaffected women (Swan et al. 2005, Reddy et al. 2006).
Phthalates have also been suggested to shorten the duration of pregnancy, since
MEHP-positive newborns show significantly lower gestational age than
MEHP-negative controls, and induce sperm DNA damage (Latini et al. 2003,
Hauser et al. 2007)

In addition, two studies from 2007 describe an association between phthalate
exposure and altered thyroid hormone levels in men as well as women. Huang
and collaborators reported an inverse relationship between urinary MBP and
serum thyroxine (T,) and free T, in pregnant women (Huang et al. 2007). In
accordance with this finding, a negative correlation between urinary MEHP
and serum total triiodothyronine (T3) and free T, was found in adult men
(Meeker et al. 2007).

Phytoestrogens

Since ancient times it has been known that certain plants can influence fertility,
but it was not until the 1940°s that research was initiated to identify the active
components. In 1946 Bennets and co-workers reported that subterranean clover
(Trifolium subterraneum) caused infertility in pasture-grazing sheep in
Western Australia, a phenomenon later attributed to intrinsic plant compounds
termed “phytoestrogens” (Bennets et al. 1946). Phytoestrogens are biologically
active, nonsteroidal, plant substances that mimic the effects of endogenous
estrogens. They may do so by binding to ERa/ERp, induce estrogen-mediated
gene transcription and thereby stimulate growth of the female genital tract or
change the amount of circulation endogenous hormones (Kurzer & Xu 1997).
Phytoestrogens can be divided into four classes: flavonoids, lignans,
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phytosterols and terpenoids (Figure 2) (Vajda & Norris 2006). The flavonoid
class consists of several subgroups, of which isoflavones (e.g genistein,
daidzein, biochanin A, formononetin), isoflavans (e.g equol) and coumestans
(e.g coumestrol) are the most thoroughly studied with regard to estrogenic
activity. An additional class, consisting of mycotoxins with estrogenic
properties (mycoestrogens), is sometimes included in the term phytoestrogens,
but mycoestrogens are in fact metabolites of fungal species and not intrinsic
plant compounds (Kurzer & Xu 1997).

Although originally identified as compounds with estrogenic activities,
phytoestrogens are now known to influence also androgen and thyroid
hormone signalling (Chang & Doerge 2000, Doerge & Sheehan 2002,
Stroheker et al. 2004, Lazarevic et al. 2008). In addition, some phytoestrogens
act both as agonists and antagonists of estrogen action, depending on dose and
target tissue. For this reason, some researchers use the more inclusive term
endocrine-active phytochemicals (EAPS).

Since the studies performed and discussed in the experimental part of this
thesis (paper V) investigated the effects of a mixture of isoflavones, the
following sections focus primarily on this class of phytoestrogens.

Phytoestrogen exposure

Soybeans and soy foods are the major dietary sources of isoflavones. In
soybeans isoflavone levels as high as 3810 mg/kg have been detected, whereas
products such as tofu yogurt and tempeh burgers usually contain 6-20% of the
amount found in whole soybeans (Kurzer & Xu 1997, Fletcher 2003). Not only
soy products contain considerable amounts of isoflavones. High levels (up to
5% of the dry weight) of genistein, daidzein, biochanin A and formononetin
have been found in clover (Adams 1995, Beck et al. 2005). Hence, clover may
be an important source in grazing animals and in humans using red clover
dietary supplements. Based on the content in different foods, the daily
isoflavone intake has been estimated to 3.3 mg/day for average consumers and
approximately 10-11 mg/day for high consumers (Clarke & Lloyd 2004).

Lignans are more ubiquitous than isoflavones and are found in varying
concentrations in numerous plant foods. Flaxseed is particularly rich in
lignans, but high levels are found also in whole-grain cereals (wheat, oats, rye)
and certain vegetables such as asparagus, squash and carrot (Thompson et al.
1991, Wang 2002, Lampe 2003). Coumestans, on the other hand, are found
predominantly in alfalfa and clover sprouts (Steinshamn et al. 2008).
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Flavonoids
Flavanones
4" 7-Dihydroxyflavanone
Naringenin
Flavones
Apigenin
4’ 5-Dihydroxyflavone
4’ ,6-Dihydroxyflavone
Flavonols
Kaempferol
Hydroxychalcones
Phloretin
Isoliquirtigenin
4,4"-Dihydroxychalcone
Isoflavonoids
Isoflavones
Daidzein
Formononetin
Genistein
Biochanin A
Isoflavanones
O-Desmethylangolensin (O-DMA)
Isoflavans
Equol
Coumestans
Coumestrol
Lignans
Enterolactone
Enterodiol
Phytosterols
[-sitosterol
Terpenoids
Tschimganidine
Mycoestrogens*
Zearalenone
Zearalenol
Zearalanol (zeranol)

Figure 2. Hierarchy and classification of phytoestrogens (Modified from Patisaul &
Whitten 2005, Vajda & Norris 2006). *Metabolites of fungal species and not intrinsic
plant compounds.
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Concentrations of isoflavones have been determined in many human biological
matrices, including urine, serum, breast milk and feces. At present, urinary and
serum/plasma isoflavones are considered to be the most appropriate
biomarkers of dietary exposure to this class of phytoestrogens (Lampe 2003).
The isoflavone levels, in urine and blood, differ markedly between different
populations. The single most important reason for this is different dietary
habits. Morton and colleagues compared serum concentrations of isoflavones
and in adult Japanese men and women with a similar British group (Morton et
al. 2002). As expected considering their soy-rich diet, Japanese men and
women had markedly higher serum isoflavone concentrations than subjects
from the UK. The mean concentrations of genistein and daidzein in Japanese
men were 4927 nM and 282.5 nM, respectively. The corresponding
concentrations in British men were 33.2 nM and 17.9 nM. In contrast, no
significant difference in serum lignan (enterolactone) concentrations was found
between the populations. These results are consistent with several other studies
reporting very high urinary and plasma isoflavone concentrations in the
Japanese population, as compared to American and European citizens
(Adlercreutz et al. 1991, Adlercreutz et al. 1994, Uehar et al. 2000, Lampe
2003). High levels of lignans (e.g enterolactone and enterodiol), on the other
hand, have been detected in vegetarians (Adlercreutz et al. 1994).

In addition, analysis of demographic data has revealed significant differences
between subgroups within the same population. Valentin-Blasini and co-
workers measured phytoestrogen concentrations in ~ 2500 urine samples from
the U.S population and discovered that adolescents had significantly higher
concentrations of genistein and equol than adults. They also noted that urine
samples from Mexican Americans contained less equol, O-
desmethylangolensin (O-DMA\), enterolactone and enterodiol than Caucasian
samples (Valentin-Blasini et al. 2005). Importantly, although most of the
differences can be attributed to dietary habits it is likely that variations in
phytoestrogen metabolism contribute. One study used a 3-day soy challenge to
examine the capacity among Korean American and Caucasian American
women to produce O-DMA and equol. The prevalence of “O-DMA producers”
was significantly lower (84 vs 92%) and the prevalence of “equol producers”
significantly higher (51 vs 36%) in Korean American than in Caucasian
American women (Song et al. 2006).

Phytoestrogen metabolism
Isoflavones are found mainly in soy and red clover, where they occur primarily

as glycosides (e.g genistin and daidzin). Apart from glycosides, isoflavones are
found in three different forms: aglycones (unconjugated), acetylglycosides and

32



malonylglycosides (Cavaliere et al. 2007). Once ingested, genistin and daidzin
get rapidly metabolized in the gut by B-glucosidases to their corresponding
bioactive aglycone form, i.e genistein and daidzein, a process believed to
greatly facilitate the intestinal absorption of these compounds (Setchell et al.
2002, Tomar & Shiao 2008). Genistein and daidzein can also be formed by
bacterial demethylation of biochanin A and formononetin, respectively (Hur &
Rafii 2000). Genistein is further metabolized to dihydrogenistein, which is
subsequently converted into 6 -hydroxy-O-DMA (6"-OH-O-DMA) (Kurzer &
Xu 1997, Heinonen et al. 1999). Daidzein, on the other hand, is metabolized
by intestinal bacteria to the more potent metabolites equol and O-DMA
(Atkinson et al. 2005). Importantly, there is a considerable interindividual
variation in the metabolism of daidzein. Studies have revealed that 80-90% of
humans are able to convert daidzein into O-DMA, whereas only 30-50% of the
population can produce equol from daidzein (Lampe et al. 1998, Frankenfeld
et al. 2005). Given the different properties of equol and daidzein, with regard
to estrogenic potency, such a variation may be of significant toxicological
importance (Schmitt et al. 2001).

Lignans are considered to undergo a similar metabolic processing, with
bacterial and food-derived B-glucosidases converting lignan glycosides into the
more active aglycones (Lampe 2003). Following intestinal absorption, lignans
as well isoflavones (and their metabolites) undergo hepatic glucuronidation
and sulfation. The glucuronide and sulfate conjugates are excreted in the urine
and bile or undergo enterohepatic circulation (Wang 2002, Tomar & Shiao
2008).

Reproductive effects of phytoestrogens: insights from animal models

Phytoestrogens have varying binding affinities for estrogen receptors (ERS)
The mycoestrogens zearalenone and zearalenol and the flavonoids coumestrol
and 4°,7-diydroxyflavanone show relatively high affinity for ERs, whereas
daidzein, genistein, equol and O-DMA are less potent (Shutt & Cox 1972,
Miksicek 1993, Collins et al. 1997, Leffers et al. 2001). However, in
comparison with 17p-estradiol and DES, phytoestrogens exhibit weak
estrogenic properties. Leffers and colleagues assessed estrogenic potency of
phytoestrogens by measuring the expression levels of endogenous estrogen-
regulated genes in human MCF7 cells, and found that genistein was 4-6 orders
of magnitude less potent than 17f3-estradiol (Leffers et al. 2001). Collins and
co-workers found that coumestrol and genistein induced an estrogenic
response (i.e ER-dependent gene transcription) equivalent to 17p-estradiol
only at 100 and 1000 times higher concentrations (Collins et al. 1997). DES is
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approximately 10-100 times more potent than coumestrol, genistein and equol
(Mueller et al. 2004).

The capacity of ERs to bind phytoestrogens, and several other classes of
chemical substances, is partly attributed to the large size of the ligand-binding
cavity, which is twice the volume of 17p-estradiol (Mori et al. 2000). Of great
importance is also the structural similarity between phytoestrogens and
endogenous estrogens. Isoflavonoids are particularly similar to 17p3-estradiol,
whereas lignans display less similarity. In contrast to 17p-estradiol, which has
the same binding affinity for both ERa and ERP, most phytoestrogens bind
preferentially ERB (Bovee et al. 2004, Zhu et al. 2006a). For example, Zhu
and colleagues discovered that genistein had almost as high affinity for human
ERp as 17p-estradiol, but drastically lower affinity for ERa (Zhu et al. 2006a).
This observation may be of significant importance since the tissue distribution
differs markedly between ERa and ERP. The two subtypes are believed to
exert tissue-selective actions; ERa being more important in e.g the mammary
gland and ERP being more important in the central nervous system, the
cardiovascular system and urogenital tract (Bovee et al. 2004).

Several cell types in the gonads of both sexes express estrogen receptors, with
ER possibly being the more important. Although granulosa and theca cells of
several species (e.g hamster, human) are positive for both ERa and ERf
(Jakimiuk et al. 2002, Yang et al. 2002), knockout experiments have shown
that the B subtype is the most crucial. Couse and colleagues discovered that
ovarian function (i.e follicle rapture) was severely affected in ERB-null mice,
but essentially unaffected in ERa-null mice (Couse et al. 2005). The testicular
expression of estrogen receptors differs between the fetal and adult testis. In
the testis of adult humans, ER has been detected in Leydig, Sertoli and germ
cells, whereas ERa expression is restricted to Leydig cells (Pelletier & EI-Alfy
2000, Saunders et al. 2001). The fetal testis also shows expression of ERf in
Leydig, Sertoli and germ cells, but ERa is absent in all testicular cell types
(Gaskell et al. 2003, Boukari et al. 2007).

Apart from the previously mentioned infertility in Australian sheep,
phytoestrogens have been discovered to reduce the fertility in female captive
cheetahs fed a soy-based diet, which contained high levels of genistein and
daidzein (Setchell et al. 1987). Genistein has also been suggested to influence
the breeding success of California quail (Leopold et al. 1976). These findings
demonstrate that environmental concentrations of phytoestrogens are high
enough to detrimentally affect reproductive functions. Since then, animal
models have demonstrated that several other phytoestrogens, including
coumestrol and zearalenone, also cause adverse developmental and/or
reproductive effects in both sexes. Like phthalates, phytoestrogens can cause
effects during fetal/neonatal life as well as adulthood.
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Perinatal exposure to phytoestrogens may alter reproductive tract formation,
disturb sexual behaviour or affect pituitary function, depending on substance,
timing of exposure and species studied. Wisniewski and co-workers reported
that male offspring of rats fed a diet containing 5 mg/kg genistein, during
gestation and lactation, had shortened AGD, delayed preputial separation and
lowered testosterone concentrations in adulthood (Wisniewski et al. 2003). In
addition, perinatal genistein exposure disturbs reproductive behaviour, making
exposed males less likely to mount and ejaculate in mating tests, and affects
spermatogenesis (Delclos et al. 2001, Wisniewski et al. 2003). Decreased
AGD and delayed pubertal onset are also seen in the female offspring of
genistein-treated rats (Levy et al. 1995). In contrast, genistein exposure (100
mg/kg b.w) restricted to the lactational period (PND 1-21) accelerates vaginal
opening, increases uterine weight and causes a prolonged estrus in female rats
(Kouki et al. 2003). In addition, when administered neonatally (PND 1-10)
genistein has a dose-dependent biphasic effect on pituitary responsiveness (i.e
GnRH-induced LH secretion) in both sexes (Faber & Hughes 1991).

Daidzein appears to be less potent than genistein during fetal and neonatal life,
but possibly more potent during adulthood. Lamartiniere and colleagues
reported that AGD and uterine morphology was unaffected in the female
offspring of daidzein-exposed (250-1000 mg/kg) rats (Lamartiniere et al.
2002). Consistent with this, AGDs were found to be unchanged in rats
administered daidzein during the neonatal period (Kouki et al. 2003). Daidzein
may alter estrous cyclicity, but not as efficiently as genistein. Kouki and co-
workers noted that two out of ten daidzein-treated rats exhibited a prolonged
estrus, whereas all rats exposed to genistein showed either prolonged or
persistent estrus (Kouki et al. 2003). However, in sexually mature animals the
estrogenic potency of daidzein, relative to genistein, seems to be markedly
higher. Female mice receiving isflavone concentrates with a ratio of 10:1
genistein:daidzein (G:D) were essentially unaffected, whereas dramatic
estrogenic effects were detected in both males and females given the 1G:10D
concentrate (Cline et al. 2004). In addition, Pan and co-workers reported that
daidzein exposure (20 mg/kg b.w) throughout the puberty impaired erectile
function and lowered plasma testosterone concentrations in adulthood (Pan et
al. 2008). Pubertal exposure to genistein, on the other hand, has been found to
cause relatively mild alterations, such as Leydig cell hyperplasia and a slight
(non-significant) decrease in sperm count (Lee et al. 2004b). Genistein
exposure in adulthood does not induce lesions in the testis, epididymis or
prostate and lacks effect on serum LH and testosterone concentrations (Lee et
al. 2004a, Svechnikov et al. 2005). However, as shown by Svechnikov and
colleagues, Leydig cells isolated from adult genistein-treated rats exhibit a
reduced steroidogenic response to hCG, as a consequence of down-regulated
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p450scc expression (Svechnikov et al. 2005). Consistent with this, Opalka and
co-workers found that genistein (5-50 pM) had an inhibitory effect hCG-
induced testosterone synthesis in primary rooster Leydig cells (Opalka et al.
2004).

Interestingly, when tested in mice, genistein caused an induction of ER-
dependent transcription and influenced the expression of ERa and ERP in
several tissues, such as testis, liver and lung (Montani et al. 2008). The same
study reported that estrogen response element (ERE)-mediated transcriptional
activity was induced by genistein in adults as well as in suckling pups of
treated mothers. Ex vivo exposure of fetal testis (E14.5) to 1 uM genistein also
induced ERE-mediated transcriptional activity, demonstrating that this
phytoestrogen has estrogenic activity throughout the mouse development.

Possible reproductive effects in humans

A limited number of studies have been conducted in order to examine the
effects of phytoestrogens on reproductive health in men, women and infants.
These investigations indicate that phytoestrogen exposure during adulthood
has no effects on pituitary hormone concentrations and semen parameters
(concentration and motility), but possibly lowers serum testosterone
concentrations and causes a very modest increment of menstrual cycle length
(Mitchell et al. 2001, Kurzer 2002, Gardner-Thorpe et al. 2003). Due to the
well-known detrimental effects on reproductive development seen after
perinatal phytoestrogen exposure (see above), concern has been raised
regarding the possible impact of these compounds on the development in
humans. Strom and colleagues performed a study where self-reported pubertal
maturation and reproductive history were related to the type of food (soy
formula or cow milk formula) during infancy (Strom et al. 2001). They found
no significant differences in any reproductive end-point between the diet
groups, but noted a slight tendency towards longer duration of menstrual
bleeding in women fed the soy-based diet. In contrast, Wolff reported a
significant inverse correlation between urinary isoflavone concentrations
(daidzein and genistein) and breast development in 9-year-old American girls
(Wolff et al. 2008). However, since urinary isoflavone content is known to
reflect very recent rather than long-term exposure, definite conclusion are hard
to draw. Also, the sample size included in the study was relatively small.
Clearly, further studies are needed to verify the effects of phytoestrogen
exposure on pubertal development as well as reproductive parameters in the
adult.
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Regulation of testicular steroidogenesis

Testicular steroidogenesis is essential since androgens are necessary for male
sexual differentiation, pubertal development and spermatogenesis.
Testosterone and dihydrotestosterone (DHT) are the major functional
androgens. Whereas DHT is synthesized in Sertoli cells and outside the testis,
testosterone is almost exclusively synthesized in the Leydig cells. Testosterone
production is dependent on stimulation by LH secreted from the pituitary gland
in response to hypothalamic GnRH. The LH receptor is a G-protein coupled
receptor and the binding of LH leads to activation of adenylate cyclase, and
thereby an increased cAMP production (Figure 3). CAMP has two principal
functions in the control of Leydig cell testosterone synthesis. The first one is
acute and involves the transfer of cholesterol from the outer to the inner
mitochondrial membrane. This step is considered rate-limiting in
steroidogenesis and is accomplished by the action of StAR and possibly the
peripheral-type benzodiazepine receptor (PBR). The significance of StAR in
steroidogenesis was confirmed when it was found that mutations in the StAR
gene caused congenital lipoid adrenal hyperplasia (Bose et al. 1998). However,
an interaction between StAR and PBR appears to be necessary for fully
functional steroidogenesis, and Leydig cells with a disrupted PBR gene
produce only a minimal amount of steroids even in the presence of StAR
(Papadopoulos et al. 1997). The second function of cAMP is more prolonged
and involves chronic stimulation of the enzymes required for testosterone
biosynthesis from cholesterol. The first enzymatic step in testosterone
synthesis is the conversion of cholesterol to pregnenolone, catalyzed by
p450scc. Once formed, pregnenolone diffuses out of the mitochondrion and is
translocated to the smooth endoplasmic reticulum (SER). In the SER
pregnenolone is converted to progesterone by the action of 3p-hydroxysteroid
dehydrogenase (33-HSD). The next two conversions are catalyzed by the same
enzyme, p450cl7, possessing either 17a-hydroxylase or 17,20-lyase activity.
First progesterone is hydroxylated to 17a-OH-progesterone, which is followed
by the formation of androstenedione. Finally androstenedione is converted to
testosterone by the action of 178-hydroxysteroid dehydrogenase (17p3-HSD).
This pathway is termed A*and is the predominant one in rodents (Mathieu et
al. 2002). P450c17 may also mediate testosterone production by converting
pregnenolone to dehydroepiandrosterone (DHEA) (the A® pathway), which
appears to be the major pathway in humans (Fluck et al. 2003).
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Figure 3. Schematic illustration of LH-stimulated steroidogenesis in Leydig cells. The
binding of LH to its receptor (LHR) activates adenylate cyclase. This in turn increases
the cAMP level, which leads to an activation of StAR. StAR then mediates the transfer
of cholesterol to the inner mitochondrial membrane, where cholesterol is converted to
pregnenolone in a reaction catalyzed by p450scc. Recent studies also indicate a role for
PBR in cholesterol transport (not shown in the figure). Once formed, pregnenolone is
translocated to SER, where it is converted in a series of reactions to testosterone.
Testosterone either diffuses out of the Leydig cell or is aromatized to estradiol. Only
the A* steroidogenic pathway is shown in the figure since it is the predominant
pathway in rodents. Androgen synthesis may also occur via the A° pathway, as
described in the text (Modified from Zirkin & Chen 2000, Haider 2004).
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In the A® pathway, 17p-HSD catalyzes the conversion of DHEA to
androstenediol. Androstenediol is then acted on by 3B-HSD to produce
testosterone. Importantly, 3-HSD can convert also the other A® steroids to
their corresponding A*steroids. In addition to the androgen producing capacity,
Leydig cells have the capacity to synthesize estrogens. This can be
accomplished since Leydig cells express the enzymatic complex aromatase,
which consists of two proteins: 1) cytochrome P450 aromatase (P450arom)
and 2) NADPH P450 reductase (Damber et al. 1983, Carreau et al. 1999). The
aromatase complex is expressed in several tissues and converts androgens to
estrogens. The conversion is irreversible and thought to be under LH control,
since the promoter region of the P450arom gene contains CAMP-responsive
elements (CRES) (Zhou & Chen 1999). The precise role of testicular estrogens
is not yet understood, but they have been suggested to influence specific stages
in germ cell development (Carreau et al. 1999).

Steroidogenesis is apart from stimulatory signals also subject to negative
regulation. The most important antisteroidogenic compound in the corpus
luteum is PGF,,. The negative effects of PGF,, on steroidogenesis are
mediated by the protein kinase C (PKC) second messenger pathway and
comprise diminished LH receptor synthesis, reduced cAMP accumulation,
suppression of StAR and decreased mRNA expression of P450scc and 3p-
HSD (Khan et al. 1979, Bjurulf & Selstam 1996, Fiedler et al. 1999, Juengel et
al. 2000, Niswender et al. 2000). Of these mechanisms, the inhibitory
influence on StAR is considered the primary one (Niswender et al. 2000).
PGF,, reduces steroidogenesis also in the testis, but the mechanisms have not
been clarified to the same extent as in the corpus luteum (Saksena et al. 1973,
Didolkar et al. 1981). However, Frungieri and co-workers recently reported
that PGF,, inhibited in vitro hCG-induced testosterone synthesis by down-
regulating StAR and 173-HSD (Frungieri et al. 2006).

A number of thorough reviews of Leydig cell steroidogenesis and its
regulation have been published (Payne & Youngblood 1995, Habert et al.
2001, Haider 2004).
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AIMS OF THIS THESIS

Reduced fertility and reproductive tract malformations have severe
consequences for the individual as well as the society. Hence, it is of crucial
importance to identify and characterize reproductive toxicants. However, risk
assessment of compounds affecting the endocrine system is a challenging task
for a number of reasons. The outcome of exposure is highly dependent on
dose, amounts of endogenous hormones and timing of exposure. Furthermore,
many endocrine disruptors are likely to produce additive effects. For these
reasons it is necessary to gain further insight into their mechanisms of action.
This thesis aimed at identifying mechanisms underlying the effects of
cadmium, phthalates and phytoestrogens on testicular steroidogenesis.
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RESULTS AND DISCUSSION

This section gives a summary and discussion of the main results from the
publications (I-V) included in this doctoral thesis. Details about methodology
and results are found in the publications.

Effects of Cd on the initial steps in gonadotropin-dependent
testosterone synthesis (Paper I)

This study was an investigation of the temporal and dose-dependent effects of
Cd exposure on the initial steps in gonadotropin-dependent testicular
steroidogenesis. We performed dose-response as well as temporal-respone
experiments, using adult male Sprague-Dawley rats. Cd was administered
subcutaneously and the rats were sacrificed by decapitation. Testicular LHR
MRNA expression and cAMP levels were measured. Administration of 10
pmol/kg Cd reduced testicular LH receptor mRNA expression by
approximately 40%, as compared to saline-injected controls. No effect was
found at the lower doses, 1 and 5 pmol/kg. The temporal-response experiment
revealed that LH receptor mRNA was decreased after 48 h. The reduction
persisted at 144 h. The same Cd dose (10 pumol/kg) caused a marked reduction
of cAMP, to approximately 25% of control value at 48 h. After 144 h the
CAMP level in the Cd-treated group was about 10% of the control level.

The finding by Laskey and Phelps that low-dose exposure to Cd affects
testosterone synthesis has led to efforts in identifying the mechanisms
underlying this effect (Laskey et al. 1984). Cd-induced effects on testicular
steroidogenesis have been investigated both in vivo and in vitro. Laskey and
Phelps suggested from in vitro studies that the inhibitory sites of action are
subsequent to the LH receptor and cAMP synthesis, but prior to P450scc
(Laskey & Phelps 1991). However, more recent data indicate that Cd can
affect sites prior to cAMP as well as subsequent to p450scc. Priya and
colleagues observed that Cd treatment impaired the binding of LH to its
receptor in granulosa cells, and Cd exposure has been found to reduce the
activity of both 3g-HSD and 17p3-HSD (Biswas et al. 2001, Priya et al. 2004,
Sen Gupta et al. 2004a).

Our study provides the first evidence that Cd can inhibit LH receptor mRNA
expression. The Cd-induced reduction of cAMP is the first observation from
gonadal steroidogenic cells, but has previously been described in adrenal cells
(Mgbonyebi et al. 1994). The mechanism of action demonstrated in this paper
and paper Il (i.e down-regulation of StAR), has later been confirmed in ovarian
steroidogenic cells. Zhang and Jia demonstrated that Cd inhibits ovarian
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progesterone synthesis by reducing cAMP and down-regulating StAR gene
expression (Zhang & Jia 2007). In addition, they reported that co-treatment
with 8-bromo-cAMP blocked the suppressive effect of Cd on progesterone
secretion and (to a large degree) StAR expression, indicating that the effect on
StAR is secondary to cAMP reduction. This hypothesis is supported by the
observation that StAR expression is tightly regulated by cAMP (Manna et al.
2003).

Noteworthy is that LH receptor mRNA expression and cAMP levels were
reduced simultaneously in our experiment. The more pronounced reduction of
CcAMP indicates one or more amplification steps in the steroidogenic pathway,
or alternatively that Cd has multiple sites of action (Laskey & Phelps 1991).
Interestingly, there is growing evidence for a stimulatory effect of Cd on
steroid synthesis. Zeng and colleagues reported that long-term oral Cd
exposure increased serum testosterone levels in rats (Zeng et al. 2003). This is
in agreement with mechanistic studies. In Leydig cells, as well as in granulosa
cells, low-level Cd exposure can up-regulate the expression of p450scc (Sen
Gupta et al. 2004b, Smida et al. 2004). In addition, Laskey and Phelps found
that Cd stimulated Leydig cell steroidogenesis when it was induced with 20a-
hydroxycholesterol or pregnenolone.

To conclude, Cd can act at several steps in steroidogenesis. Its inhibitory effect
on gonadotropin-dependent testosterone synthesis is likely to occur as a
consequence of reduced LH binding, LH receptor expression and cAMP
signalling. In vitro experiments indicate that the sites of stimulation are
subsequent to cAMP, but further studies are needed. Future investigations
should also address whether or not the reduced steroidogenesis is related to
apoptosis found in other testicular cell types after Cd exposure. Testosterone is
a known germ cell survival factor and this possibility should be examined.

Induction of testicular PGF,, by Cd: protective effects of Zn
(Paper I1)

The aim of this study was to investigate the influence of Cd on testicular
PGF,, and testosterone synthesis. In addition, we measured the StAR protein
expression in order to investigate whether this rate-limiting step in
steroidogenesis was affected. Dose-response and temporal-response
experiments were performed, as well as a combination experiment. In the
combination experiment we examined the possible protective effect of Zn on
Cd toxicity. Adult male Sprague-Dawley rats were used in all three
experiments. Cd was administered subcutaneously and the rats were sacrificed
by decapitation. Trunk blood was collected for testosterone measurements.
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Leydig cells were isolated for subsequent analysis of StAR protein expression
and testicular prostaglandins were extracted from frozen tissue prior to PGF,,
measurements.

Treatment with 10 pmol/kg Cd was found to cause a pronounced,
approximately 12-fold, increase of testicular PGF,,. No effect was detected at
the lower Cd doses, 1 and 5 pumol/kg. Measurements of plasma testosterone
revealed that testosterone synthesis was almost completely inhibited after
exposure to 10 umol/kg Cd. Although a gradual, dose-dependent, testosterone
reduction was found also in rats treated with lower doses of Cd these
differences were not statistically significant. From the temporal-response
experiment it became evident that the induction of PGF,, occurred after 48 h
and persisted (although less pronounced) after 144 h. The PGF,, induction
coincided with the inhibitory effect on testosterone that was noticed after 48 h
and 144 h. In the combination experiment administration of 20 umol/kg Cd
gave rise to the same effects as 10 pmol/kg Cd in the dose-response
experiment, i.e. a pronounced induction of testicular PGF,, and a sharp decline
in testosterone synthesis. Pre-treatment with 1 mmol/kg Zn was found to fully
protect against the effects induced by 20 umol/kg Cd. PGF,, levels and
testosterone concentrations in this group were statistically no different from
saline-injected controls. Additionally, we discovered that Cd exposure (10
pmol/kg) resulted in a down-regulation of StAR protein expression.

The negative influence of PGF,, on luteal progesterone synthesis is well
established in several species and is believed to occur as a consequence of
PKC activation (Niswender & Nett 1994). The antisteroidogenic effect of
PGF,, is brought about by reducing LH receptor and StAR expression and
decreasing the level of cAMP (Khan et al. 1979, Bjurulf & Selstam 1996,
Fiedler et al. 1999). Of these mechanisms the down-regulation of StAR protein
expression has been suggested to be the primary one (Niswender et al. 2000).
Multiple potential phosphorylation sites have been identified in StAR (ovine),
providing a possible mechanism for direct regulation of this protein by PKC
(Niswender et al. 2000).

When our study was published, the effects of PGF,, on steroidogenesis in the
testis were not as well characterized as in the corpus luteum. However,
repeated PGF,, administration had been reported to reduce testosterone
synthesis in rats (Saksena et al. 1973, Didolkar et al. 1981). In 2006, Frungieri
and collaborators published a study clarifying the regulatory role of PGF,, in
testosterone synthesis (Frungieri et al. 2006). They detected PGF,, (FP)
receptors in Leydig cells of hamsters and testicular biopsies from patients with
hypospermatogenesis and Sertoli cell only syndrome. Biopsies from patients
with normal spermatogenesis, on the other hand, lacked FP receptor
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expression. In addition, PGF,, was found to inhibit in vitro hCG-induced
testosterone production, by down-regulation of StAR and 17B-HSD
expression.

Our study shows for the first time that Cd can induce testicular PGF,,, which
might help to explain the well-known antisteroidogenic effect of this metal.
This observation indicates that Cd can block testicular testosterone synthesis
not only by affecting the stimulatory cAMP second messenger pathway (paper
1), but also by inducing the inhibitory PKC pathway. This is consistent with
earlier reports of Cd-induced PKC activation in other cell types (Block et al.
1992, Bagchi et al. 1997, Long 1997). In the corpus luteum PGF,, activates its
own synthesis (Diaz et al. 2002).Whether or not it occurs in the testis is not
established, but Leydig cells express FP receptors and have the capacity for
PGF,, synthesis (Mather et al. 1983, Orlicky & Williams-Skipp 1992, Suzuki-
Yamamoto et al. 2007). Such a positive feedback loop could explain the very
high levels of PGF,, and in turn markedly reduced testosterone production
detected in our study.

Paper 11 was also the first to demonstrate a suppressive effect of Cd on StAR
protein expression. The same year, Sen Gupta and colleagues reported that Cd
exposure reduced testicular StAR mMRNA levels and a recent publication
described the same effect in ovaries of Cd-treated rats (Sen Gupta et al. 2004a,
Zhang & Jia 2007). Since StAR expression is regulated by cAMP as well as
PGF,, (PKC), it is not possible to tell from our results whether the suppressive
effect on StAR is caused by PKC induction or decreased CAMP
concentrations. Zhang and Jia noted that addition of 8-bromo-cAMP restored,
to some extent, StAR mRNA levels in Cd-treated granulosa cells, suggesting
that Cd down-regulates StAR partly by reducing cAMP and partly by other
mechanisms (PKC activation).

Possibly there is also an involvement of tumor necrosis factor-o. (TNFa), a
cytokine induced by, and in itself an inducer of, PGF,,. TNFa affects several
steps in Leydig cell steroidogenesis, including cAMP production and StAR
expression (Mauduit et al. 1991, Mauduit et al. 1998).

It well known that Zn can protect testicular tissue against Cd-induced damage
(Parizek & Zahor 1956, Webb 1972). Our finding that Zn can protect against
Cd-induced effects on PGF,,, production and testosterone synthesis is new, but
may be related to earlier findings. A possible mechanism for Zn to counteract
the effects of Cd is to protect against oxidative stress. Cd has been
demonstrated to stimulate PGE; synthesis by a mechanism involving increased
lipid peroxidation and arachidonic acid release (Ramirez & Gimenez 2003).
Hence, it is plausible that Zn blocks PGF,, induction by protecting against
oxidative stress.
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Apart from inducing Cd-binding MTs, Zn can protect sulfhydryl groups
against oxidation (Bray & Bettger 1990, Powell 2000). In the liver Zn is
known to reduce the lipid peroxidation caused by Cd exposure (Khan et al.
1991). Zousa and co-workers measured the expression of heat shock protein 70
(Hsp70) as a marker of oxidative stress in Cd-treated hepatic stellate cells, and
found that Zn pre-treatment prevented the stimulatory effect of Cd on Hsp70
(Souza et al. 2004). However, the protective capacity of Zn against lipid
peroxidation seems to vary between different tissues (Khan et al. 1991).

Cd toxicokinetics are also known to be altered by Zn and Waalkes and
Perantoni concluded from in vitro experiments that addition of Zn markedly
reduces the cellular uptake of Cd in isolated Leydig cells (Waalkes &
Perantoni 1988). In addition, Zn status has been found to influence the number
of binding sites for PGF,, in membranes, which may be related to the effects
found in our investigations (Li & O'Dell 1986).

Cd induces GAPDH gene expression but does not influence the
expression of adrenergic receptors in the testis (Paper 111)

In this study, we evaluated the effect of Cd exposure on the expression of
adrenergic receptors and glyceraldehyde-3-phosphate  dehydrogenase
(GAPDH) in the rat testis. Sprague-Dawley rats received subcutaneous
injection of 10 umol/kg Cd and were sacrificed by decapitation 0.48-144 h
later. Testicular mMRNA expression of aya- and By-adrenergic receptors (oa-AR
and B,-AR) and GAPDH was analyzed. A statistically significant (~ 1.6 fold)
up-regulation of GAPDH mRNA expression was detected 48 h after exposure
to Cd. The elevated mRNA level persisted 144 h post-exposure. In contrast,
the expression of aya- and B,-ARs did not differ between Cd-treated rats and
control animals.

Our observation that Cd can induce GAPDH mRNA expression is new, but
other transition metals (i.e cobalt, nickel and manganese) have previously been
demonstrated to stimulate GAPDH expression (Graven et al. 1998, Hazell et
al. 1999).

Historically, GAPDH was considered to be of limited importance beyond basic
cell catabolic processes (Sirover 1997). At present, GAPDH is suggested to
have a role several biological processes, including mRNA regulation, DNA
repair and initiation of apoptosis (Sirover 1999, Berry & Boulton 2000).
Interestingly, GAPDH expression appears to be regulated by androgens.
Ripple and Wilding noted that androgen treatment reduced GAPDH mRNA
expression in prostate cancer LNCaP cells, whereas androgen withdrawal has
been reported to increase GAPDH levels (Ripple & Wilding 1995, Epner et al.
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1999) . These findings made us speculate (in paper 111) that GAPDH induction
occurred as a consequence of reduced testosterone concentrations in our
experiments. Since our paper was published, GAPDH has been shown to be an
important regulator of androgen receptor function (Harada et al. 2007). Harada
and colleagues recently identified GAPDH as a potent coactivator of androgen
receptor-mediated transcription. They also found that ERa transcriptional
activity was unaffected by GAPDH; demonstrating a high specificity for the
androgen receptor. Hence, androgen deprivation appears to result in the
induction of GAPDH, which in turn elicits a compensatory response by
increasing androgen receptor transcriptional activity. Such a mechanism may
explain why anti-androgens sometimes fail to suppress prostate tumor growth
(Harada et al. 2007). Indeed, significantly elevated GAPDH mRNA levels
have been detected in prostatic neoplasms (Sharief et al. 1994). Cd exposure
causes prostatic neoplastic lesions in laboratory animals and the possible
involvement of GAPDH ought to be analyzed (Waalkes et al. 1992).

Testicular functions are also dependent on GAPDH and male mice lacking
GAPDH expression are infertile with severe defects in sperm motility (Miki et
al. 2004). In addition, nuclear translocation of GAPDH has been proposed as
an early and important mechanism in the initiation of apoptosis (Kusner et al.
2004). Hence, future studies should be directed at further characterizing the
role of GAPDH in physiological and pathophysiologal conditions as well as its
role in Cd toxicity.

Our study also revealed that Cd-induced suppression of testosterone synthesis
(described in paper 11) does not involve an altered gene expression of aa- and
B-ARs. This finding suggests that the influence of Cd on testicular gene
expression involves a specific effect on the LH receptor and not a general
effect on seven-transmembrane-spanning receptors. Testicular steroidogenesis,
which is controlled mainly by gonadotropins, can be influenced also by
catecholamines. Catecholamines stimulate steroid biosynthesis in isolated
Leydig cells as well as whole decapsulated testes, but appear to have the
opposite function in Cd toxicity (Anakwe & Moger 1984, Anakwe et al. 1985).
Biswas and colleagues described a close correlation between increased
catecholamine levels and decreased testosterone synthesis after Cd exposure
(Biswas et al. 2001). Our data indicate that the inhibitory activity of
catecholamines is not due to altered expression of adrenergic receptors but is
explained by other mechanisms. Such mechanisms may be a changed testicular
blood flow or a direct effect on the Leydig cells (e.g via adrenergic receptor
signalling).
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Stimulatory effect of MEHP on basal gonadal steroidogenesis in
vitro (Paper 1V)

In this study we investigated the effects of MEHP on gonadal steroidogenesis
in vitro. High-dose exposure to phthalates is known a to suppress testosterone
synthesis in laboratory animals. In addition, an inhibitory effect on hCG-
induced steroid synthesis has been described in vitro. Our intention was to
examine the impact of phthalate exposure on basal gonadal steroidogenesis.
For this purpose mouse Leydig tumor cells (MLTC-1) and KK-1 granulosa
tumor cells were used. We discovered that 25-100 uM MEHP stimulated basal
steroidogenesis in a concentration-dependent manner in MLTC-1. Gene and
protein expression analsyses of key steroidogenic proteins revealed that MEHP
exerts its stimulatory effect by a CAMP- and StAR-independent mechanism.
MEHP, in the concentration range 10 to 100 uM, up-regulated hormone-
sensitive lipase (HSL) and 3-hydroxy-3-methylglutaryl coenzyme A (HMG-
CoA) reductase gene expression, suggesting that MEHP increases the amount
of cholesterol available for steroid synthesis. Also in KK-1, MEHP was found
to stimulate basal steroidogenesis by a cAMP-independent mechanism. In
addition, we confirmed the inhibitory action of MEHP on hCG-induced steroid
synthesis.

The present study provides novel evidence for a direct stimulatory effect of
MEHP on gonadal steroidogenesis in vitro. During the final preparation of our
article, Ge and colleagues published a study describing a similar effect in
primary rat Leydig cells, indicating that the mechanism of action reported by
us reflects the situation in primary steroidogenic cells (Ge et al. 2007). Our
article is the first to report an induction of steroid synthesis by MEHP in
female gonadal cells. The findings presented in this paper suggest that MEHP,
besides its known inhibitory effect on hCG action, can stimulate basal
steroidogenesis in both sexes. Interestingly, the stimulatory effect was
demonstrated at MEHP concentrations that have been recorded in the plasma
of exposed newborn children (Sjoberg et al. 1985). Our results contribute to
the understanding of the developmental and reproductive toxicology of
phthalates.

Most animal studies investigating in utero exposure to DEHP and DBP have
used doses exceeding 100 mg/kg/day. Such high-dose exposure causes a sharp
decrease in testicular testosterone synthesis and gives rise to hypospadias,
cryptorchidism and malformations of the prostate and testis (Mahood et al.
2005, Foster 2006). Consistent with this, Swan and co-workers discovered
reduced anogenital distance and impaired testicular descent in boys of mothers
with elevated phthalate exposure during pregnancy (Swan et al. 2005).

47



At doses relevant to human exposure, DEHP appears to cause more subtle
alterations, such as increased testosterone secretion (Andrade et al. 2006b).
Increased testosterone concentrations have been detected after exposure to
doses as low as 0.045 mg/kg/day (Andrade et al. 2006b) Hence, the effects
described in our paper reflect low-dose rather than high-dose exposure.
Phthalate-induced increment of steroid hormone levels has been proposed to
influence pubertal development. Ge and colleagues found that prepubertal
exposure to 10 mg/kg/day DEHP was associated with increased serum
testosterone concentrations and advanced pubertal onset in rats (Ge et al.
2007). A similar effect on pubertal development and hormone concentrations
has been demonstrated also in female rats (Ma et al. 2006). In addition, a
Puerto Rican study revealed that 68% of girls with premature breast
development had elevated serum concentrations of DEHP, MEHP and DBP
(Colon et al. 2000). Our observation that MEHP has a direct stimulatory effect
on steroidogenesis in Leydig as well as granulosa cells supports and
strengthens the hypothesis that phthalates may accelerate pubertal
development. Whether or not phthalates alter pubertal onset in humans remains
to be established. Besides the opposite effects on basal and hCG-induced
steroid production (paper 1V), DEHP produces different effects depending on
dose. In contrast to low dose treatment (see above), 750 mg/kg/day DEHP
delayed preputial separation (Ge et al. 2007). Hence, a correct assessment of
the impact of phthalates on human steroidogenesis and reproductive function
will require in-depth knowledge of their mechanisms of action. We show in
this study that MEHP induces steroid biosynthesis by a mechanism different
from the one of hCG stimulation. MEHP did not influence cAMP and reduced
the MRNA expression of StAR, p450scc and p450c17. In contrast, MEHP up-
regulated HSL and HMG-CoA reductase gene expression. These results made
us hypothesize that the effect was mediated through peroxisome proliferator-
activated receptors (PPARS), which have been shown to be activated by MEHP
(Lapinskas et al. 2005, Venkata et al. 2006). PPARs belong to the nuclear
hormone receptor family and regulate genes in lipid metabolism (Le Jossic-
Corcos et al. 2004, Feige et al. 2007). Apart from this function they are known
to affect cCAMP signalling, by interfering with cAMP-activated transcription
factors (e.g Spl) (Han et al. 2005). According to the hypothesis, MEHP
activates PPARs that in turn, by inducing genes involved in cholesterol
metabolism, increase the substrate available for steroid synthesis. On the other
hand, activation of PPARSs also leads to a down-regulation of cAMP-dependent
steroidogenic genes, thus explaining why the stimulatory effect of hCG is
reduced. A study by Lapinskas and colleagues together with unpublished data
from our laboratory supports this theory. Lapinskas and collaborators
demonstrated that all tested phthalates except DEHP, i.e MEHP, MBP and
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DBP, could bind to and activate PPARs with different potency (Lapinskas et
al. 2005). Our experiments showed that MBP and DBP, but not DEHP,
affected Leydig cell steroidogenesis. In addition, it is known that PPARy
ligands can stimulate granulosa cell progesterone synthesis (Froment et al.
2003). Future studies should be designed to test this hypothesis.

Stimulatory effect of phytoestrogens on T; secretion and testicular
steroidogenesis during puberty (Paper V)

This investigation was undertaken in order to elucidate the effect of low-dose
dietary phytoestrogen exposure on testosterone production during puberty.
Male goat kids at the age of 3 months received either 3-4 mg/kg/day
isflavones, in the form of Novogen red clover tablets, or a control diet for ~3
months. At the age of 5 months, phytoestrogen-fed animals had significantly
higher plasma testosterone concentrations than controls (37.5 nmol/l vs 19.1
nmol/l). The rise in testosterone was preceded by an elevation of plasma total
triiodothyronine (T3) two weeks earlier. Free T3 concentrations were also
significantly higher in the phytoestrogen group, but this effect was detected
slightly later in the experiment. At the end of the experiment, we observed a
slight, non-significant, tendency towards reduced testicular steroidogenesis.
The present study shows that low-dose exposure to isoflavones present in red
clover can influence thyroid hormone secretion as well as gonadal
steroiodogenesis. Since soy isoflavones appear not to influence thyroid
hormones, this effect is likely to be specific for one or more of the isoflavones
found in clover (Bruce et al. 2003, Dillingham et al. 2007, Teas et al. 2007).
Hence, consumers of red clover extracts (e.g menopausal women) may be at
higher risk than those consuming a traditional soy-based diet. Our finding is
particularly interesting since the dose used is only 3-5 fold higher than the one
recommended for menopausal women and men suffering from prostate
enlargement. For this reason, future studies should aim at further clarifying the
impact of isoflavones derived from clover on thyroid hormone secretion. An
increased testosterone synthesis may advance pubertal onset, as described after
exposure to other endocrine disruptors, why the mechanisms of action of
phytoestrogens on gonadal steroidogenesis ought to be established (Ge et al.
2007) .

In the present study, the mechanisms whereby isoflavones stimulate T; and
testosterone synthesis were not established. Previous reports have
demonstrated that different isoflavones possess different properties. For
example, Almstrup and colleagues found that biochanin A was a potent
aromatase inhibitor, whereas genistein lacked such activity (Almstrup et al.
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2002). The tablets used in our investigation contained a large proportion of
biochanin A and it is possible that a direct inhibitory effect of this isoflavone
on aromatase decreases the conversion of testosterone to estradiol, thereby
resulting in higher testosterone concentrations. However, since Ts
concentration was found to be increased at an earlier time-point than
testosterone it seems likely that the major mechanism underlying the
stimulation of steroidogenesis was an elevated T3 secretion. Indeed, previous
studies from our laboratory, as well as others, have demonstrated that
phytoestrogens can increase Ts concentrations in both animals and humans
(Watanabe et al. 2000, Madej et al. 2002). T has a direct stimulatory effect on
Leydig cell steroidogenesis during puberty as well as adulthood in several
species, including goat, mouse and rat (Antony et al. 1995, Jana et al. 1996,
Manna et al. 1999, Maran et al. 2000). Consistent with this, hypothyroid rats
have a reduced testosterone synthesis as compared to rats with normal thyroid
function (Antony et al. 1995). The mechanism whereby T; induces
steroidogenesis remains to be established, but in vitro studies have revealed T,
has the ability to up-regulate StAR as well as p450scc expression (Manna et al.
1999, Manna et al. 2001). Unfortunately, we had no opportunity to analyze the
expression of steroidogenic enzymes at the time-point at which the testosterone
concentration was elevated in our experiment.

ERs are expressed in numerous tissues and the two subtypes (o and ) are
believed to exert tissue-selective actions. ERf is considered to be the more
important subtype in the urogenital tract (Bovee et al. 2004). Couse and co-
workers found that ovarian function (i.e follicular rapture) was severly affected
in ERB-null mice, but essentially unaffected in ERa -null mice (Couse et al.
2005). In the adult human testis ERpB expression has been detected in Leydig,
Sertoli and germ cells, whereas the expression of ERa is restricted to Leydig
cells (Pelletier & EI-Alfy 2000, Saunders et al. 2001). Most phytoestrogens
bind preferentially to ERp, suggetsting that reproductive functions are
particularly sensitive to exposure to this class of endocrine disruptors (Bovee
et al. 2004). Consistently, genistein and daidzein have been reported to inhibit
testosterone synthesis in vivo as well as in vitro (Wisniewski et al. 2003,
Opalka et al. 2006, Pan et al. 2008). To the best of our knowledge, direct
effects of biochanin A on Leydig cell steroidogenesis have not been
investigated. Biochanin A has a significantly lower affinity for ERs than
genistein and daidzein, but has been identified as a potent aromatase inhibitor
(Miksicek 1994, Kuiper et al. 1998, Almstrup et al. 2002). Hence, one can
expect the effects of biochanin A on steroid synthesis to differ from the ones
previously described for other isoflavones.

Since biochanin A is estrogenic at higher concentrations it is possible that the
discrepancy between the present study and previous ones is due to the doses
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tested (Almstrup et al. 2002). Hence, to establish dose-repsonse curves for
each isoflavone on testicular steroidogenesis would be of great value. Future
studies should also compare, in detail, the effects on reproductive parameters
after exposure to isoflavones derived from clover and soy isoflavones.
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GENERAL DISCUSSION

Most studies show that male reproductive health is declining in industrialized
countries throughout the world. Endocrine disruptors are known to influence
reproductive functions in experimental animals as well as occupationally
exposed workers. To assess the impact of endocrine disruptors on the
reproductive health of the general population is an important and challenging
task. In order make a correct assessment a number of considerations should be
taken into account, including 1) combined effects of different compounds 2)
dose-dependent biphasic effects 3) multiple sites of action 4) species and sex
differences 5) genetic polymorphisms 6) exposure measurements and 7)
parameters for reproductive development and function.

Although the properties of the toxicants investigated in this thesis differ, all of
them are relevant to study with regard to human reproductive health. Due to its
high toxicity and very long biological half-life, Cd is still of great interest
despite the reduced usage during the last decades. Phthalates and
phytoestrogens have a low acute toxicity and short biological half-life, but
exposure is almost unavoidable since they occur ubiquitously in daily life
products and foods.

Combined effects of different compounds

If exposure to environmental endocrine disruptors is responsible for the decline
in male reproductive health, which has been suggested, it is likely to be a
consequence of additive effects of numerous compounds. However, it is also
possible that one compound may block the action of another or that two
toxicants counteract the effects of each other.

Unfortunately, the number of reports devoted to additive/counteracting effects
is relatively small. The results presented in paper Il may serve as a good
example. This study showed how one metal can block the detrimental effects
of another. Pre-treatment with Zn was found to protect, very efficiently,
against Cd-induced testosterone suppression and rise in testicular PGFy,.
Additive effects have been described by Howdeshell and colleagues. They
investigated the effects of a mixture containing varying concentrations of five
phthalates and found that fetal testosterone synthesis was reduced in a dose-
additive manner (Howdeshell et al. 2008). Even though not extensively
studied, additive effects of are likely to occur since many endocrine disruptors
induce similar effects. We found that two of the analyzed toxicants, i.e
cadmium and MEHP, were able to suppress gonadal steroidogenesis, although
under different conditions (papers Il, 1V). Also phytoestrogen exposure (long-
term) caused a slight reduction of testosterone levels, but it was not significant
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(paper V). Some substances not only cause alterations of the same type, but
also have a common mechanism of action. Our studies revealed that Cd as
well as phytoestrogens lowers testicular cAMP levels (papers | and V),
whereas an up-regulation of GAPDH expression has been documented after
exposure to Cd (paper 111) and TCDD (McNulty & Toscano 1995). In addition,
as shown in paper Il, Cd inhibits steroidogenesis in part by down-regulating
StAR, a mechanism seen also in lead-exposed Leydig cells (Huang & Liu
2004).

It is known that cadmium as well as phthalates and phytoestrogens can bind to
ERs and induce ER-dependent transcription (Harris et al. 1997, Kurzer & Xu
1997, Stoica et al. 2000, Takeuchi et al. 2005). Due to the promiscuity of ERs
it is highly probable that more substances will be identified as estrogenic in the
future.

Dose-dependent biphasic effects

A correct interpretation of experimental data also requires awareness of the
fact that some endocrine disruptors induce very different effects depending on
dose, “endocrine status” and timing of exposure. We show, in paper 1V, that
treatment with 100 uM MEHP stimulates basal Leydig cell steroidogenesis but
has the opposite effect on hCG-induced steroid synthesis. Similarly, Laskey
and Phelps reported that Cd suppressed hCG-induced testosterone production,
whereas pregnenolone-induced synthesis was increased (Laskey & Phelps
1991).

Dose-dependent effects have been reported for both phytoestrogens and
phthalates. Faber and Hughes noted that genistein hade a dose-dependent
biphasic effect on pituitary responsiveness, whereas Ge and colleagues found a
dose-dependent biphasic effect of DEHP on pubertal onset (Faber & Hughes
1991, Ge et al. 2007). The timing of exposure to endocrine disruptors is critical
to the outcome during fetal as well as postnatal life. Welsh and colleagues
recently identified a fetal programming window (E.15.5-E19.5), in which
androgen action programs the masculinization of all reproductive tract tissues
in rats (Welsh et al. 2008). Only within this window, which precedes
morphological differentiation, can anti-androgens induce hypospadias and
cryptorchidism (Welsh et al. 2008). Interference with testosterone
synthesis/signalling later in fetal life may instead influence the number of
Sertoli cells (Scott et al. 2008). The opposite effects seen after in utero and
lactational exposure to genistein illustrates that timing of exposure is important
also in the female. The offspring of genistein-treated rats display delayed
vaginal opening, whereas exposure restricted to the lactational period
accelerates pubertal onset (Levy et al. 1995, Kouki et al. 2003).

53



Multiple sites of action

In vitro studies, in particular, have shown that some endocrine disruptors may
affect more than one level of the hypothalamic-pituitary-gonadal (HPG) axis.
As shown in paper IV, MEHP has a direct stimulatory effect on gonadal
steroidogenic cells of both sexes. From other in vitro experiments it is known
that MEHP also increases the release of LH from the pituitary (Svechnikova et
al. 2007). Cd has also been reported to affect both pituitary function and
gonadal steroidogenesis (Laskey & Phelps 1991, Poliandri et al. 2003). Hence
it is important to establish if a toxicant acts at multiple sites in vivo and
identify the primary site(s) of action. Due to the negative feedback regulation
of the HPG axis it is difficult to identify the primary site(s) of action based on
in vivo hormone measurements. However, further characterization of
molecular mechanisms and subsequent studies in cell-specific knockout mouse
models would greatly facilitate such efforts.

Species and sex differences

Many effects induced by endocrine disruptors are not associated with species
or sex differences. As described in paper 1V, MEHP stimulates steroidogenesis
by a cAMP-independent mechanism in Leydig as well as granulosa cells. In
addition, we show that Cd inhibits testicular steroid synthesis by reducing
CAMP and down-regulating StAR (papers | and Il), a mechanism of action
later described for Cd-induced inhibition of ovarian steroidogenesis (Zhang &
Jia 2007).

However, the metabolism and effects of certain toxicants differ between
species, strains within a species and between individuals of the same or
different sex. Ito and co-workers found that intestinal lipase activity and thus
the hydrolysis of DEHP to MEHP was significantly higher in rodents than in
marmosets (Ito et al. 2005). Additionally, in rats there is a considerable strain
variation in the susceptibility to DEHP-induced cryptorchidism, with Wistar
rats being much more vulnerable than Sprague-Dawley rats (Wilson et al.
2007). Significant individual variations in the metabolism of phytoestrogens
(i.e daidzein) are known to exist among humans. Only 30-50% of the
population is capable of producing equol from daidzein (Frankenfeld et al.
2005). The metabolism of daidzein is also a good example of gender
differences; the capacity to metabolize daidzein to equol increases during a
prolonged soy diet in women but not in men (Lu & Anderson 1998). Such
variations must be taken into account when interpreting laboratory results and
judging the possible effects on human reproduction.
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Genetic polymorphisms

In recent years polymorphisms in AhR, AR and ERs have been proposed to
influence the vulnerability to endocrine disruptors. AhR polymorphisms that
influence the susceptibility to TCDD have been identified in mouse and rat
(reviewed in Okey et al. 2005). In mouse, a polymorphism in the ligand-
binding domain of AhR has been shown to greatly reduce binding affinity and
the subsequent toxic response mediated by AhR (e.g CYP1A1l induction,
teratogenicity, lipid peroxidation). Han/Wistar (H/W) rats have a 1000-fold
higher resistance to TCDD-induced lethality than Long-Evans rats, due to a
polymorphism that causes a deletion in the transactivation domain of AhR.
Similarly, H/W rats have been shown to be less sensitive to TCDD-induced
decrease in sperm number after developmental as well as adult exposure
(Simanainen et al. 2004a, Simanainen et al. 2004b).

It has been suggested that polymorphisms in nuclear receptors influence
vulnerability to endocrine disruption also in humans. Results obtained by
Giwercman and collaborators indicate that the AR CAG repeat length modifies
the susceptibility to detrimental effects on semen quality induced by
2,2°,4,4” 55 -hexachlorobiphenyl (CB-153) (Giwercman et al. 2007).
Cryptorchidism has been found to be associated with homozygosity for a
specific haplotype of ESRI1 (the gene encoding ERa), but the relevance of this
finding with regard to endocrine disruption remains to be established. The
human AhR binds TCDD with relatively low affinity, possibly explaining why
humans are resistant to the most adverse health effects of dioxin-like
compounds (Okey et al. 2005). However, polymorphisms in the transactivation
domain have been described and their impact on the sensitivity to dioxin-like
chemicals should be further investigated (Harper et al. 2002).

Exposure measurements

As a consequence of its long biological half-life, exposure to Cd is relatively
easy to measure in a reliable manner. Urinary Cd concentration is considered a
good indicator of body burden, whereas the blood concentration, due to one
“fast” and one “slow” component, can be used to determine recent as well as
long-term exposure (Nordberg et al. 2007). To make accurate estimations of
phthalate and phytoestrogen exposure are significantly more complicated.
Concentrations in serum or urine of these compounds will, because of their
rapid excretion, only reflect recent exposure. Exposure analyses are further
complicated by the fact that many phthalates and phytoestrogens are converted
into metabolites with different toxicological properties. For example, daidzein
is metabolized in varying degree to the more potent metabolites equol and O-
DMA (Atkinson et al. 2005). In addition, for certain phthalates (e.g DEHP), it
is not yet fully clarified which metabolites that are responsible for causing
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endocrine disruption. Hauser and colleagues reported that oxidation of MEHP
to MEHHP and MEOHP was “protective” for human sperm DNA damage,
whereas Stroheker and co-workers noted that MEHHP and MEOHP, but not
MEHP, inhibited AR-dependent transcriptional activity (Stroheker et al. 2005,
Hauser et al. 2007).

Many epidemiological studies with large sample sizes have been based on
estimations of intake rather than actual exposure measurements. This method
requires not only the participants to accurately recall previous intake/exposure,
but also suffers from not taking into account the relative amount of bioactive
metabolites. On the other hand, it enables estimations of long-term exposure to
compounds with short biological half-lives.

In conclusion, accurate exposure measurements require in-depth mechanistic
studies to determine the actions of each metabolite as well as development of
better methods to analyze exposure to toxicants with short half-lives. Recent
studies have revealed that secondary oxidized metabolites have significantly
longer elimination half-lives than MEHP, thus being more suitable markers of
long-term exposure to DEHP (Koch et al. 2006).

Parameters for reproductive development and function

The regulation of reproductive development and function is complex and not
yet fully understood. In addition, there are considerable species differences.
Hence, future in-depth studies of regulatory mechanisms, hormonal and non-
hormonal, in humans as well as experimental animals are required for accurate
risk assessment of endocrine disruptors.

We discovered (paper V) that MEHP exposure could induce opposite effects
depending on “endocrine status”. MEHP reduced hCG-induced steroid
synthesis, but caused a 6-fold stimulation of basal steroidogenesis. Thus, to
elucidate which developmental processes and reproductive functions that are
under control of gonadotropins will be essential for predicting effects in
humans. During the last decades it has been established in both rodents and
humans that postnatal, but not prenatal, sexual development is dependent on
LH (Weiss et al. 1992, El-Gehani et al. 1998, Zhang et al. 2001, Ahtiainen et
al. 2007). However, which is important for the interpretation of animal data,
non-gonadotropic factors can substitute for LH in rodents, whereas hCG is
believed to have this function in humans (Ahtiainen et al. 2007). Hence, in
theory, a toxicant that specifically alters LH receptor function would not affect
prenatal sexual development in rodent models, but still cause profound
alterations in humans.

The recent discovery of a fetal programming window (see above) has provided
new insights regarding hormonal regulation of reproductive tract development
(Welsh et al. 2008). In addition to the findings mentioned previously, Welsh
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and colleagues showed that androgen-driven masculinization of the female was
confined to the same period in fetal life (i.e E15.5-E19.5). They also found that
exogenous testosterone did not advance or enhance reproductive tract
development in the male. To conclude, from E15.5 to E19.5 the male fetus is
vulnerable to substances with antiandrogenic properties but resistant to
androgen exposure. The female fetus, on the other hand, is sensitive to
androgenic compounds during the same time period.

All the toxicants investigated in this thesis have been found to alter pubertal
onset in experimental animals (Johnson et al. 2003, Kouki et al. 2003, Ge et al.
2007). In addition, phthalates and phytoestrogens have been suggested to
influence breast development in girls (Colon et al. 2000, Wolff et al. 2008).
However, before the signal(s) that activate the GnRH pulse generator are
identified it will be hard to characterize in detail the mechanisms underlying
the effect on pubertal development. Kisspeptins were recently suggested to
have an important role in pubertal onset, by stimulating GnRH secretion, and
future studies should address the influence of endocrine disruptors on
kisspeptin synthesis and signalling (Castellano et al. 2006).
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CONCLUDING REMARKS

We identified mechanisms underlying stimulatory and inhibitory effects of
cadmium, phthalates and phytoestrogens on testicular steroidogenesis.

The specific findings were:

= Cd inhibits testicular steroidogenesis in vivo by:

- Down-regulating LH receptor expression
- Redcucing cAMP levels

- Suppressing StAR protein expression

- Inducing PGF,,,

= Pre-treatment with Zn protects against Cd-induced effects on
testosterone and PGF,,

= Cd up-regulates GAPDH expression in the testis, possibly
secondary to reduced testosterone synthesis

= MEHP stimulates Leydig and granulosa cell steroidogenesis in
vitro by a CAMP- and StAR-independent mechanism

= MEHP is likely to exert its stimulatory effect by increasing the
amount of cholesterol available for steroid synthesis

= Low-dose dietary exposure to phytoestrogens present in clover

increases Ts secretion and testosterone synthesis during puberty in
male goats
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