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ChemScreen project and Doerenkamp-Zbinden foundation
The research conducted for this thesis was carried out as part of the international 
European Community’s Seventh Framework Programme ([FP7/2010-2014]; 
GA244236) ChemScreen (http://www.chemscreen.eu/; van der Burg et al., 2011 
[1]). The main goal of this EU-project was to find an alternative reproductive 
toxicity screening battery using non-animal assays. Our part of the research more 
specifically focused on the (fetal and/or male) endocrine modulating effects on 
steroidogenesis.
Furthermore, the studies described in this thesis are financially supported by the 
Doerenkamp-Zbinden Foundation (http://www.doerenkamp.ch). This foundation 
supports research that strives to seek for animal-friendly testing strategies making 
it possible to replace tests using domestic animal species.

Figure 1. Overview of the endocrine system of the human body including its organs and the corresponding 

hormones produced by and/or influencing them [6].
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1. The art of endocrinology; the endocrine 
system

Within the human body, sophisticated mechanisms are crucial to ensure 
optimal communication between cells, tissues, and organs. Along with the 
nervous and immune system, the endocrine system provides this long-range 
communication. Neural transmission is rapid and discrete, whereas endocrine 
transmission is relatively slow and diffuse. The endocrine system (Figure 1) is 
composed of multiple glands, viz. adrenals, endocrine glands located in the brain 
(hypothalamus, pineal gland, pituitary), gonads (ovaria and testes), pancreas, 
thymus, and (para)thyroid (glands). These endocrine glands are organs that 
secrete hormones, i.e. biologically active compounds that are transported via the 
bloodstream to multiple other tissues and/or organs, where they exert a biological 
effect to facilitate proper intra- and intercellular communication [2]. Three groups 
of hormones, important for developmental as well as reproductive processes in 
the body, are the androgens (‘male sex steroids’), estrogens (‘female sex steroids’), 
and progestagens. Next to these three important groups of hormones, others exist 
that influence reproductive processes such as the glucocorticoids, gonadotropins, 
mineralocorticoids, and thyroid hormones. Besides endocrine function, hormones 
can also influence the body through autocrine (target cell is the same as hormone-
releasing cell), intracrine (target is inside hormone-releasing cell), and paracrine 
(hormone-releasing cell affects neighboring cell) actions. In order for hormones 
to trigger a biological response, it is necessary to interact with specific membrane 
and/or nuclear receptors by non-covalent binding with high affinity and mostly 
with high specificity [3-5].

1.1 Steroidogenesis
Hormones can be derived from two main sources: lipids or proteins. (Pro)hormones 
assembled from amino acids are, for example, glycoproteins like the luteinizing 
hormone (LH). Lipid-derived hormones include the steroids, e.g. androgens 
and estrogens [5]. The process by which steroid hormones are formed is called 
steroidogenesis and takes place, among others, in the adrenals and gonads (see 
also §1.5 and §1.6). Multiple enzymes are involved in the steroidogenic pathway 
(Figure 2).
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De novo steroid hormone synthesis starts with an increase in intracellular 
cholesterol concentrations via transportation by steroidogenic acute regulatory 
protein (StAR) to the inner membrane of mitochondria. There, it is converted 
to pregnenolone (P5) by cytochrome P450 11A1 (CYP11A1). From here on, 
two different routes can be followed: the Δ5 or Δ4 pathway starting from P5 
or progesterone (P4), respectively, after an extra conversion of P5 to P4 by 
3β-hydroxysteroid dehydrogenase (3β-HSD). Between (mammalian) species there 
can be differences in the preferred pathway for steroidogenesis [7-9]. In the human 
body, the Δ5 pathway is the predominant route for adrenal steroidogenesis 
whereas the Δ4 pathway is the preferred testicular steroidogenic pathway [10, 11]. By 
dual actions of cytochrome P450 17 (CYP17), P5 and P4 are converted to 17-hydroxy-
pregnenolone (17-OH-P5) and 17-hydroxy-progesterone (17-OH-P4), respectively, 
and subsequently to dihydroepiandrosterone (DHEA) and androstenedione, 
respectively. From the adrenal, DHEA (mostly in its sulfated form DHEA-S) will be 
released into the systemic circulation and transported to peripheral tissues such 
as the ovaries and testes, where it can be further converted to androstenedione 
or dihydroxyandrostene (= androstenediol) by actions of 3β-HSD or 17β-HSD, 
respectively. Consequently, these precursors can be converted to the best-known 
male sex hormone testosterone (T). Mainly in the ovaries but also in other tissues, 
the final step in female sex hormone production takes place: the conversion of 
androgens (androstenedione or T) into estrogens (estrone; E1 or estradiol; E2) 
catalyzed by the aromatase enzyme (CYP19).

CYP17
Cytochrome P450 enzyme 17 (CYP17; also known as 17-hydroxylase/17,20-lyase) 
is responsible for the production of DHEA within the steroidogenic pathway. 
Since DHEA, and its sulfated form DHEA-S, are the most abundant circulating 
endogenous androgen and estrogen precursors in the human body starting from 
adrenarche, the importance of CYP17 for proper steroidogenesis is evident [12-14]. 
Besides the control of sex steroid biosynthesis, CYP17 is also a key enzyme in 
controlling corticoids biosynthesis [15]. Therefore, a genetic deficiency of CYP17 
can result in high levels of gluco- or mineralocorticoids present in the body. On 
the contrary, increased CYP17 activity can lead to an overproduction of DHEA 
resulting in more circulating androgens and eventually even in masculinization of 
the female, like in the case of polycystic ovary syndrome [16, 17]. Expression of the 
CYP17 gene can be found in steroidogenic tissues, but CYP17 activity as well as 
DHEA production have also been measured in the cerebral cortex [18, 19].
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CYP19
Cytochrome P450 enzyme 19 (CYP19; also known as aromatase) assures the 
formation of estrogens by aromatization of the steroid ring of androgens, and 
is therefore also called estrogen synthetase [20]. It determines the ratio between 
androgens and estrogens and is thus a key player in sexual development. The 
CYP19A1 gene is present in several tissues, not only in the common endocrine 
glands but also in others like adipose tissue, the placenta, and the brain [20]. 
CYP19 enzyme expression is species-, tissue- and promotor-specific [21, 22]. The 
use of the different CYP19 promotors is linked to different signal transduction 
pathways and a difference is seen between healthy and tumorigenic tissue [23]. 
The enzyme complex consists of two elements: a CYP450 monooxygenase and 
its redox partner NADPH CYP450 reductase [10, 24]. Increased CYP19 activity results 
in higher levels of estrogens, which for example increases the risk of developing 
estrogen-dependent breast tumors. Decreased CYP19 activity, however, results 
in low estrogen levels, which could disturb the menstrual cycle in premenopausal 
women and lead to enhanced bone demineralization in postmenopausal women.

Figure 2. Overview of the steroidogenic pathways in the human adrenal (Δ5 pathway) and testis (Δ4 

pathway). Schematic representation of the enzymes (in bold) and (pre)hormones (inside rectangles), 

including the “backdoor pathway” (dotted arrows). (17-OH-)P5 = (17-hydroxy-)pregnenolone, (17-OH-)

P4 = (17-hydroxy-)progesterone, DOC = deoxycorticosterone, DHEA = dehydroepiandrosterone, E1 = 

estrone, E2 = estradiol, T = testosterone, DHT = dihydrotestosterone.
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1.2 Sex hormones
In the various stages of the human life cycle, specific organs and the hormones 
they produce play an important role in safeguarding proper development and/or 
maintaining adequate functioning. Three steroid hormones produced as a result 
of steroidogenesis are very important for sexual development and functioning, 
namely: progesterone (P4), testosterone (T), and estradiol (E2) [2]. Hence, these 
are the most assayed hormones in both in vitro toxicological assays covering parts 
of the reproductive developmental stages as well as in vivo reproductive toxicity 
studies [25].
Progesterone (P4) production is not restricted to females but it is often considered 
a female sex steroid [2]. P4 is produced by the ovaries, more specifically the corpus 
luteum, and is involved in the regulation of the typical menstrual cycle [2, 26]. Also, 
it has a prominent role in the control of pregnancy as well as embryogenesis [26].
Testosterone (T) is the most famous male sex hormone and it is essential in sexual 
development as well as sexual functioning in men [2, 27]. Moreover, a well-timed 
peak in T during the specific masculinization programming window (MPW) is 
necessary for masculinization of the reproductive tract in the male fetus [7]. In the 
adult male, T is the major determinant within the process of spermatogenesis, 
i.e. the generation of (viable) spermatids. T is formed in testicular Leydig cells 
upon stimulation by LH. After release to testicular Sertoli cells, it can bind and 
activate the nuclear androgen receptor, thereby assuring the progression of 
spermatogenesis.
Estradiol (E2) is the female counterpart of the male sex steroid testosterone in 
terms of being one of the most important driving forces for reproductive processes 
in the female body. It regulates development of the female reproductive organs 
and is crucial for the woman’s menstrual cycle and thus fertility [2]. Besides the 
ovaries, many more organs are influenced by E2 of which the endometrial and 
uterine tissues as well as the brain are also important players in regulating 
reproduction. During development, estrogens (mainly E1) are produced in massive 
amounts by the materno-feto-placental unit by highly active aromatase enzymes 
present in the placenta [12, 28, 29].
Next to these three hormones, DHEA, the hormone resulting from CYP17 enzyme 
activity (see also §1.1 section CYP17), is also crucial in sexual development and 
maintenance of hormonal homeostasis. This is mainly due to its involvement in 
intracrinology i.e. the synthesis and actions of active steroids in peripheral target 
tissues [30, 31]. In both men and women, it plays a key role by acting as a precursor 
for androgens and estrogens [32]. Especially during the MPW in the fetal testes 
and in the materno-feto-placental unit, DHEA is important as the precursor of T 
and E2, respectively [7, 12, 28, 29]. Despite its prominent role in both fetal as well as 
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adult steroidogenesis, DHEA is not as well-recognized as P4, T, or E2 as one of the 
standard (intermediates for) hormonal endpoints in reproductive toxicity studies.
In literature, an alternative steroidogenic pathway, the so-called “backdoor 
pathway”, has also been described (Figure 2). This is one of the more pronounced 
pathways for fetal testicular hormone production and involves the enzyme 
5α-reductase. This enzyme converts 17-hydroxy-progesterone to androsterone, 
followed by the synthesis of androstanediol and eventually the potent androgen 
dihydrotestosterone (DHT) [33, 34].

1.3 Hormone receptors
Hormones exert their action through activation of membrane and/or nuclear 
hormone receptors, which are expressed by their target cells. Upon binding of a 
ligand, in this case the hormone, a receptor protein can be activated and signal 
transduction is started. The initiation of this biochemical response is known as the 
cellular mechanism of action of a hormone [2]. For each hormone there exists a 
specific receptor. In the male, the main hormone receptor is the androgen receptor 
(AR). In women, the estrogen receptor (ER; appearing in its multiple subtypes 
i.e. ERα, ERβ, ERRγ) forms the key player in the field next to the progesterone 
receptor (PR). Additionally, other receptors are present that control the function 
of for example corticoids (i.e. the glucocorticoid (GR) and mineralocorticoid (MR) 
receptors), gonadotropins (e.g. the FSH and LH receptors), or thyroid hormones 
(i.e. the thyroid receptor; TR). However, several hormones do not only bind to 
their ‘own’ specific receptor but are also able to activate other hormone receptors, 
e.g. progesterone can (weakly) bind to the AR as well as GR, mostly because of its 
close structural similarity with other hormones [35, 36]. The binding affinity of each 
hormone for the different receptors defines the size of the effect that follows upon 
binding of the hormone to the receptor.
NB. Since the research described in this thesis mainly focusses on male fertility, 
here we only zoom in on certain specific receptors, leaving for instance the estrogen 
receptor unmentioned.

Androgen receptor (AR)
The AR (NR3C4) is a nuclear receptor, which can for instance be found in testicular 
Sertoli cells where it ensures continuation of proper spermatogenesis [37]. The AR 
can be activated by binding of an androgen, such as T and DHT, in the cytoplasm. 
Upon activation the AR will translocate to the nucleus. The AR is activated locally 
in the testes, and other tissues were it is expressed e.g. the brain and prostate, by 
androgens that are released peripherally.
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Glucocorticoid receptor (GR)
The GR (NR3C1), like the AR, belongs to the class of nuclear receptors. Therefore, 
the activation pattern of the GR is similar to that of the AR as described in the 
paragraph above. The GR can be activated by binding of cortisol or other 
glucocorticoids and moves from the cytosol into the nucleus when activated. In 
contrast to the AR, the location of the GR is not predominantly in (one of) the sex 
organs but it can be found at multiple sites throughout the human body. Recently, 
a role for the GR in the maintenance of spermatogenesis and maturation of sperm 
has been described [38].

1.4 Hormonal control: reproductive axes
The pathways that regulate reproduction are directed by the brain and are 
organized as the so-called reproductive axes. They start with secretion of trophic 
hormones from the hypothalamus and anterior pituitary, the latter also named 
adenohypophysis, which in turn can influence adrenal as well as gonadal secretion 
of sex steroids. These axes are more specifically known as the hypothalamic-
pituitary-adrenal (HPA) and hypothalamic-pituitary-gonadal (HPG) axis (Figure 
3). Both sexes produce androgens and estrogens via similar pathways. However, 
the production of androgens predominates in males whereas estrogens are the 
dominant group of hormones in females [2].

Figure 3. Representation of the mammalian hypothalamic-pituitary-gonadal (HPG) axis [39]. FSH = follicle 

stimulating hormone, GnRH = gonadotropin releasing hormone, and LH = luteinizing hormone.
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The hypothalamus produces gonadotropin releasing hormone (GnRH), which 
controls secretion of follicle stimulating hormone (FSH) and luteinizing hormone 
(LH) by the pituitary. In turn, these gonadotropins act trophically on the adrenals 
and gonads. LH primarily stimulates endocrine cells in the gonads as well as adrenal 
glands to form sex steroids [2, 40-42]. FSH together with the sex steroids initiates and 
maintains the gametogenesis. Besides being controlled by the brain, the adrenals 
and gonads can also influence their own function. Both ovary and testis secrete 
peptide hormones, the activins and inhibins, which directly activate and inhibit 
FSH secretion from the pituitary gland, respectively. In addition, activins stimulate 
spermatogenesis, oocyte maturation, as well as the development of the embryonic 
nervous system. Furthermore, activins and inhibins can also be produced by non-
gonadal tissues such as the adrenals [2, 43-46].
A long feedback loop mechanism exists that can affect hormonal control either 
in a negative or a positive way. Peptide hormones and sex steroid levels influence 
the secretion of FSH and LH from the pituitary as well as hypothalamic GnRH 
secretion. Additionally, a short feedback loop is present, which allows pituitary 
gonadotropins to suppress GnRH release by the hypothalamus. Hormonal balance 
is closely controlled by these feedback mechanisms to assure proper homeostasis 
in the organism.

1.5 Adrenal
Each adrenal gland comprises two main parts (Figure 4): the inner medulla and 
the outer cortex, which is divided in functional zonae. The medulla serves as the 
production unit for adrenaline and noradrenaline as part of the autonomic, (ortho)
sympatic, peripheral nervous system. In the three-layered cortex, hormones are 
produced. The cortex of the adult adrenal consists of three distinct zonae: the outer 
most zona glomerulosa, the middle zona fasciculata, and the inner zona reticularis. 
In each zona different hormones are formed but the steroidogenic pathway, as 
shown in Figure 2, is the basis for the formation of all of these specific types of 
hormones. In the zona glomerulosa the mineralocorticoids (mainly aldosterone) 
are synthesized. These mineralocorticoids, control the salt and water balance in 
the body including blood pressure. The zona fasciculata functions as the main 
producer of glucocorticoids, mostly cortisol, that are involved in gluconeogenesis. 
The zona reticularis is the location where sex steroid production, mainly of the 
weak androgens/precursors like androstenedione and DHEA, takes place (see also 
§1.1). In the fetus, a distinct fetal zone can be distinguished where steroidogenesis 
takes place [47].
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Figure 4. Histological picture of the adrenal gland of the fetus (a) and adult (b) human situation, displaying 

the different zonae of the cortex [47].

1.6 Testis
The testes are part of the male gonad. In the testis, spermatogenesis, i.e. 
production of viable sperm, occurs (Figure 5). Testicular steroidogenesis, more 
specifically the production of potent androgens, such as T and DHT, is a pivotal step 
in spermatogenesis and takes place inside Leydig cells [48, 49]. The binding of LH to 
its transmembrane receptor in Leydig cells stimulates testicular steroidogenesis. 
As a result, T and DHT are produced (see also §1.1 and §1.2), which successively can 
bind to the AR in Sertoli cells and, together with binding of FSH to its receptor on 
these cells, ensures continuation of spermatogenesis.

Blood-testis barrier (BTB)
The specific design of the testicular microenvironment is essential for mammalian 
spermatogenesis. A major determinant of testicular function is the composition 
of the blood-testis barrier; a physical barrier that isolates the spermatocytes 
from the blood compartment of the male body. The BTB divides the seminiferous 
epithelium in two compartments: the basal and apical side. This is an important 
feature for differentiation of spermatogonia into spermatocytes [50].
Like in other tissues with a barrier function, e.g. the blood-brain barrier or 
placenta, the BTB also contains ATP-binding cassette (ABC) transporters. These 
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efflux transporters make use of ATP and assure transport of numerous different 
molecules against steep concentration gradients. ABC-transporters are located 
at the cellular membranes of Leydig, Sertoli, and capillary endothelial cells in the 
BTB. These transporters prevent harmful substances from remaining in the testis. 
Besides, they influence the kinetics of the xenobiotics. Efflux transporters present 
in the BTB are the breast cancer resistance protein (BCRP/ABCG2), the multidrug 
resistance proteins 1 and 4 (MRP1,4/ABCC1,4), and P-glycoprotein (P-gp/ABCB1). 
MRP1 and MRP4 are mainly expressed in Leydig and Sertoli cells as well as P-gp 
[51-55]. BCRP and P-gp are also present at the luminal side of the capillaries in the 
testis.

Figure 5. The structural set-up of the seminiferous tubule within the testis including the different cell 

types [2].
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2. Endocrine disruption: modulation of 
endocrine function

2.1 Endocrine toxicology: the role of hormones
Levels of hormones are closely monitored and regulated by the body to keep 
itself in homeostasis. When hormone activity needs to be reduced, feedback loop 
mechanisms as part of the reproductive axes are instigated to ensure this (see also 
§1.4). Hormones are highly effective molecules, which is hallmarked by their ability 
to act at concentrations in the nanomolar (10-9 M) to picomolar (10-12 M) range [2].
Hormones do not necessarily respond in a classical toxicological way, where 
the rule is that the higher the exposure level of a certain compound is, the more 
(adverse) effects one can expect. These endogenous compounds have a threshold 
at which, if it is reached and subsequently exceeded, undesired effects can occur. 
As classically stated by Paracelsus: “The dose makes the poison”. In the case of 
hormones this does not completely apply. For instance, estradiol exposure results 
in non-monotonic effects on e.g. mammary gland morphogenesis of immature 
ovariectomized mice, where low to moderate doses induce terminal end bud 
formation and ductal elongation, whereas at higher dose levels these processes 
are inhibited [56]. So, the level of a hormone is important for the nature of the 
effect that can be expected. Higher levels do not necessarily mean more (adverse) 
effects, but in some cases do imply also different effects from those seen at the 
lower dose levels. Low levels, on the other hand, do not always result in less or no 
effects. This phenomenon is called hormesis, and in the field of toxicology means 
that a low dose of a toxin could result in a stimulating effect (positive), whereas 
a high dose gives an inhibition of the effect (negative), commonly characterized 
by a biphasic dose-response [57]. Furthermore, dose-response relationship U- 
and J-shaped curves also exist [57]. Thus, hormesis is a particular form of a non-
monotonic dose-response relationship [57]. Another way of explaining this is that 
endogenous regulators, like hormones, have an optimum concentration window 
in which they are effective. This implies that both lower as well as higher levels of 
hormones may cause toxicity, resulting in non-monotonic responses.
Besides the dose of a compound, for hormones the timing of the change in their 
concentrations is also an important determinant of (adverse) effects. Especially in 
the early developmental phase of human life before, during, and after parturition, 
specific timed drops and peaks of hormones in the fetus and its mother are 
important for proper development of the (unborn) child. And in adolescence, the 
rhythm of hormone levels assures further development and normal functioning of 
the sex organs. Changes in hormonal levels, different from homeostatic variation 
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like during the menstrual cycle, can also result in various adverse effects such 
as cardiovascular disease, malignancies, and metabolic disturbances [58-62]. For 
example, hormone receptor positive breast cancer can arise as well as the early 
onset of puberty [63-65].

2.2 Endocrine disrupting compounds (EDCs)
Nowadays, much attention is given to the so-called endocrine disrupting 
compounds (EDCs), which are believed to be, at least partly, responsible for causing 
a variety of adverse effects by modulation of the endocrine system of humans and 
wildlife. According to the International Programme on Chemical Safety (IPCS), 
jointly coordinated by the United Nations Environment Programme (UNEP) 
and the World Health Organization (WHO), an endocrine disruptor is defined 
as: an exogenous substance or mixture that alters function(s) of the endocrine 
system and consequently causes adverse health effects in an intact organism, 
or its progeny, or (sub)populations [39]. This wide definition comprises a long and 
still growing list of (suggested) EDCs, including flame retardants, plasticizers, 
pesticides, pharmaceuticals, and phytoestrogens. Potential EDCs can be found 
everywhere in our environment and our daily life. Consequently, the possible risk 
of several (high-volume) chemicals is under continuous debate, especially for 
the ones that are used to enhance the usability and safety of consumer products 
and which have shown endocrine activity (in a laboratory setting). People in 
industrialized countries are exposed daily to these kinds of chemicals. Detectable 
levels of (suggested) EDCs can be found in multiple organs in the human body, as 
well as in blood [66-68]. These EDCs can act via several mechanisms. Several studies 
have shown that these EDCs can affect steroidogenesis in vitro and in vivo [67, 69-

73]. They can also directly interact with hormone receptors in both agonistic and 
antagonistic manners, influence the synthesis of hormones, induce or inhibit 
steroidogenic enzymes directly via catalytic interaction, or change the expression 
of proteins involved. Therefore, the (human) risk assessment of these compounds, 
possibly acting as endocrine toxicants, is highly relevant.
Below, a short description of four important groups of compounds classified as 
potential endocrine disruptors is presented. Of course, the list of (suggested) EDCs 
is much longer and includes many more compounds from different chemical classes. 
However, in our studies we have focused on a few groups that are especially interesting 
in view of the (fetal and/or male) endocrine modulating effects on steroidogenesis, 
which will be discussed further in this thesis.
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Bisphenol analogues
Bisphenol analogues are used for several purposes mainly in the form of plastics 
or epoxy resins. They are applied to a large variety of consumer products including 
water bottles, sports equipment, coatings inside food and beverage cans, medical 
equipment like drip lines, thermal paper for receipts, and so on. The group of 
bisphenol analogues is a well-known group in the above-mentioned field of 
research on endocrine disruption. Bisphenol A (BPA) is the most notorious example 
of this family and has raised a lot of debate on its possible endocrine modulating 
capacities [74]. Furthermore, bisphenol F (BPF) and bisphenol S (BPS), which 
are closely related in chemical structure to BPA are commonly used nowadays 
as substitutes of BPA [75]. Next to these bisphenols, the bisphenol analogue 
tetrabromobisphenol A (TBBPA) is widely used as a flame retardant in numerous 
consumer products. Because of its high structural resemblance with BPA and 
suspicion of reprotoxic effects, investigations are still ongoing to elucidate the 
possible endocrine modulating effects of TBBPA.

Conazoles
This class of pesticides is frequently used because of its antifungal effects [76]. More 
precisely, the actual mode of action of these compounds, also used as human and 
veterinary pharmaceuticals, is based on the principle of CYP51 enzyme inhibition 
in order to stop fungi from growing and expanding [76, 77]. CYP51 is involved in 
cholesterol biosynthesis. Since this is the ‘fuel’ for steroidogenesis, there are strong 
indications that modulation of (human) steroidogenesis by conazole fungicides is 
possible. However, other possible mechanisms of action for endocrine disruption 
are also proposed, like direct interaction with other steroidogenic enzymes and 
interference with hormone receptor activation.

Perfluorinated compounds
Perfluorinated compounds (PFCs) comprise a group of organofluorine compounds, 
which are used as fluorosurfactants to decrease surface tension and are best 
known for their use in Teflon layers in kitchen tools. The most famous PFCs include 
perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate (PFOS). A study in 
Danish men suggests a link between considerable serum levels of PFCs and an 
otherwise unexplained low semen quality [78]. In vitro studies indicate that PFOA 
can have an influence on estrogen synthesis, but not on androgen production [79]. 
Additionally, a study using isolated human and rat microsomal enzymes showed 
inhibition of 3β-HSD and/or 17β-HSD by PFOA, PFOS, and other PFCs [80]. These 
results indicate that PFCs could have an influence on hormone production via 
interaction with steroidogenic enzymes.
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Phthalates
Phthalates can be found in plastics and are often used to soften the material 
by increasing its flexibility, and also to enhance its transparency, durability, and 
longevity. This will improve the applicability and usability of the products they are 
incorporated in. Phthalates are esters of phthalic acid. Many types of phthalates 
can be distinguished, including di and mono forms, as well as butyl, ethyl, hexyl, and 
other forms. Zhao et al. reported on structure-dependent inhibition of the human 
and rat enzyme 11β-HSD2 in vitro, which is involved in corticosteroid synthesis [81]. 
Also, several studies are available mentioning the so-called ‘phthalate syndrome’ 
that occurs after exposure of animals to phthalate esters [82]. The animal ‘phthalate 
syndrome’ shows similarities with the testicular dysgenesis syndrome in humans 
with effects as cryptorchidism and impaired spermatogenesis as a consequence [82, 

83]. As a possible mechanism causing the endocrine-disrupting effects of phthalates 
in the testis, disturbance of fetal or adult Leydig cell function is proposed, possibly 
via suppressed INSL3 and testosterone production [84-87].

2.3 Male fertility
Over the years, evidence has been gathered that shows a trend of increasing human 
male sub- and infertility throughout the last decades. Especially in industrialized 
countries this decline in male fertility has been reported and is reflected by poor 
semen quality, a suggested drop in sperm counts, decreased T levels in men, and 
an higher incidence rate of hypospadias and testicular cancer (Figure 6) [88-92]. On 
the other hand, there are also studies that indicate that the decrease in semen 
quality can be attributed to lifestyle factors, such as stress and diet, as well as 
seasonal changes and increasing age [93-95]. Next to the decrease in male fertility, 
an increase in requests for assisted reproductive techniques is observed. For 
example, of all infertile couples assessed in three French regions, it is estimated 
that 20% of the cases are solely attributable to male reproductive dysfunction [96, 

97]. In another 30 to 40% of these cases, male factors are contributory to the in- or 
subfertility problem [96, 97]. Exposure to environmental chemicals, such as EDCs, has 
been suggested as an important factor contributing to the trend seen in decreased 
male fertility [98, 99].
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Figure 6. Trends in male reproductive health effects in the United States over the last decades; modified 

figure from Sharpe & Irvine (2004) [89].

2.4  (in vitro) Models for EDC screening
During the last few decades, a lot of debate about the use of animals in toxicity 
testing strategies has led to the paradigm shift towards development of alternative 
models for chemical screening. Because of the large amount of animals required 
to screen every chemical compound according to the REACH legislation [100], rapid 
in vitro assays showing high predictivity and reproducibility were requested. At 
present, reproductive and developmental toxicity testing is the most animal-
consuming form of toxicity testing because it constitutes of multiple large studies, 
according to the Organisation for Economic Co-operation and Development 
(OECD) guidelines, including a two-generation reproduction study [101, 102]. In view 
of the increasing list of potential EDCs there is clearly a strong need for alternative 
in vitro screening assays. Besides the attention that many research groups gave to 
the development of in vitro assays, governmental bodies also reacted to this. For 
example, the US Environmental Protection Agency (EPA) launched the Endocrine 
Disruptor Screening Program (EDSP) and this initiative is still ongoing until 2018 
[103]. Meanwhile, a lot of progress has been made on the development of EDC 
screening assays but the need for standardization and validation of relevant EDC 
screening assays is still high.
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Beneath, two EDC screening assays are described in more detail: the H295R 
steroidogenesis assay and the hormone receptor binding assays. These assays will be 
further discussed and compared with other, newly developed, assays in this thesis. We 
acknowledge that by choosing to specifically address only two examples of endocrine 
toxicity screening assays, gaps in screening for other possible mechanisms of action 
as well as cell types et cetera are created. However, we believe that these assays 
are the most relevant regarding screening of effects on (sex) hormone synthesis and 
action.

H295R steroidogenesis assay
The human adrenocorticocarcinoma cell line (H295R) is frequently used in 
research on effects of chemicals on steroidogenesis [104, 105]. Currently, the main 
endpoints of this assay, as validated under OECD guidelines, are measurements of 
E2, P4, and T levels. Furthermore, with this assay effects on enzyme activity (e.g. 
CYP17, aromatase/CYP19) and gene expression levels of steroidogenic enzymes 
can be determined. For the assessment of CYP19 activity and/or gene expression, 
it has to be taken into account that different promotor regions precede CYP19 
expression in healthy versus tumorigenic tissue. The tumor-derived H295R cell 
line for example expresses the cyclic AMP-dependent CYP19 promotor regions 1.3 
and pII, like in breast cancer, but not promotor region 1.4, like in healthy breast 
fibroblasts [106, 107]. For specific testing of inhibition of CYP19 activity, there is an 
additional assay available, namely the human placental microsomes (HPMs). This 
test is also included in the Tier I EDSP test battery of the US EPA. Recently, effects 
on this steroidogenic H295R cell line have been assessed by running a full steroid 
profile [108, 109]. The H295R cell line has an adult female adrenal origin but shows 
physiological characteristics of zonally undifferentiated human fetal adrenal cells 
[25]. H295R cells also possess the ability to produce adult adrenocortical steroid 
hormones [25]. The H295R steroidogenesis assay was validated within the EDSP 
and OECD frameworks [110]. It has been used by multiple research groups over the 
past years and is still considered as the golden standard for in vitro assessment of 
effects of chemicals on steroidogenesis [108, 109, 111-113].

Hormone receptor binding assays
For several hormone receptors specific in vitro receptor transactivation assays exist, 
e.g. for the androgen (AR), estrogen (ER), glucocorticoid (GR), mineralocorticoid 
(MR), progesterone (PR), and thyroid hormone (TR) receptors. In addition, for 
evaluating androgen-like effects, the in vivo Hershberger assay exists, which is 
based on effects seen as weight changes in AR-dependent tissues of immature 
or castrated rats exposed to androgen-active compounds [114]. However, multiple 
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in vitro alternatives have been developed like the luciferase-based cell assays as 
well as the fluorescence yeast reporter bioassays [35, 36, 115]. The luciferase assays 
are composed of cells transfected with a hormone responsive element combined 
with a firefly luciferase reporter gene [115] and exist in various variants, for example 
for the detection of effects on the AR or ER. The yeast-based assays consist of 
recombinant yeasts, which stably express the hormone receptor of choice in 
combination with a reporter. When exposure of the receptor to the corresponding 
hormone(-like compound) occurs, the yeast enhanced green fluorescent protein 
(yEGFP) is expressed as reporter protein [35, 36]. Nowadays, both assay types are 
used frequently to get more insight in the mechanism of action behind the way 
EDCs can activate hormone receptors and both agonism as well as antagonism on 
the hormone receptor can be assessed.

3. Scope of this thesis

In line with the goals of the ChemScreen project and Doerenkamp-Zbinden 
foundation, the research within this thesis was dedicated to the search for 
alternative testing strategies to ultimately replace animal studies for reproductive 
toxicity screening of chemicals. The overall purpose of this thesis was the scientific 
validation and implementation of in vitro alternative assays for compounds toxic by 
interference with sex steroid hormone production i.e. steroidogenesis. Following 
this introduction (Chapter 1), which contains background information on the topic 
of steroidogenesis, the scientific chapters included in this thesis are focused on the 
development of EDC screening models for steroidogenesis toxicity.
In Chapter 2, the commonly used H295R steroidogenesis assay is compared 
with human placental microsomes (HPMs) as well as our newly developed 
porcine adrenal cortex microsomal (PACM) assay to determine CYP17 activity. 
The predictivity of each assay is determined by assessing the possible effects of 
28 (suggested) EDCs on CYP17 and CYP19 (aromatase) enzyme activity in the 
three assays. We specifically focused on the possible interaction of (suggested) 
endocrine disrupting chemicals with the CYP17 enzyme. The usefulness of this 
assay was evaluated as a relevant additional screening assay next to the CYP19 
approach that is already commonly used.
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To further investigate the endocrine modulating properties of a specific class 
of suggested EDCs, the conazole fungicides, an in vitro study on male fertility 
endpoints was performed as described in Chapter 3. The murine MA-10 Leydig 
cell is introduced as an in vitro model suitable for EDC screening for effects on 
testicular steroidogenesis. Also, effects on the AR are assessed.
Chapter 4 presents the effects of two bisphenols, two perfluorinated compounds, 
and two phthalates on ABC efflux transporters in the blood-testis barrier. Again 
the MA-10 cell line is used to evaluate effects of the compounds mentioned above 
on testicular steroidogenesis. The role of ABC efflux transporters in testicular 
hormone production is also discussed.
Next, we zoom in on the group of (structural) bisphenol analogues (Chapter 5). 
Effects of these compounds on AR and GR activity modulation are tested, as well 
as testicular steroidogenesis in MA-10 cells. The relevance of the in vitro MA-10 cell 
model is further explored by full steroid profiling, showing the presence of a more 
fetal-like testicular steroidogenesis pathway.
Chapter 6 firstly gives a summarized overview of the results found in the studies 
described in this thesis (Chapter 2-5). Next, these results are discussed within their 
context. Further, some suggestions for risk assessment based on the main EDCs 
tested within the studies that were performed for this PhD research are presented. 
Finally, recommendations for future EDC toxicity screening are proposed.
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Abstract
The steroidogenic cytochrome P450 17 (CYP17) enzyme produces 
dehydroepiandrosterone (DHEA), which is the most abundant circulating 
endogenous sex steroid precursor. DHEA plays a key role in e.g. sexual functioning 
and development. To date, no rapid screening assay for effects on CYP17 is 
available. In this study, a novel assay using porcine adrenal cortex microsomes 
(PACMs) was described. Effects of twenty-eight suggested endocrine disrupting 
compounds (EDCs) on CYP17 activity were compared with effects in the US EPA 
validated H295R (human adrenocorticocarcinoma cell line) steroidogenesis assay. 
In the PACM assay DHEA production was higher compared with the H295R assay 
(4.4 versus 2.2 nmol/h/mg protein). To determine the additional value of a CYP17 
assay, all compounds were also tested for interaction with CYP19 (aromatase) 
using human placental microsomes (HPMs) and H295R cells. 62.5 % of the 
compounds showed enzyme inhibition in at least one of the microsomal assays. 
Only the cAMP inducer forskolin induced CYP17 activity, while CYP19 was induced 
by four test compounds in the H295R assay. These effects remained unnoticed 
in the PACM and HPM assays. Diethylstilbestrol and tetrabromobisphenol A 
inhibited CYP17 but not CYP19 activity, indicating different mechanisms for 
inhibition of these enzymes. From our results it becomes apparent that CYP17 can 
be a target for EDCs and that this interaction differs from interactions with CYP19. 
Our data strongly suggest that research attention should focus on validating a 
specific assay for CYP17 activity, such as the PACM assay, that can be included in 
the EDC screening battery.

Keywords CYP17, CYP19 (aromatase), DHEA, endocrine disruptors, H295R, 
steroidogenesis
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Introduction
Dehydroepiandrosterone (DHEA) and its sulfated form DHEA-S are the most 
abundant circulating endogenous sex steroid precursors in the human body [12-14]. 
In adults, the C19 steroid DHEA is mainly produced in the zona reticularis of the 
adrenal cortex. In the fetus, no distinct adrenal zonae can be discerned and DHEA 
is produced in the entire adrenal cortex. It is formed after conversion of cholesterol 
to pregnenolone by cytochrome P450 11A (CYP11A) and subsequently via 17α-OH-
pregnenolone to DHEA, which is the result of 17α-hydroxylase and 17,20-lyase 
activity displayed by cytochrome P450 17 (CYP17) (Figure S1). After release 
into the circulation and transport to peripheral tissues, DHEA can be further 
converted by the hydroxysteroid dehydrogenases (HSDs) 3β-HSD and 17β-HSD to 
androstenedione and dihydroxyandrostene, respectively, and subsequently to the 
main male sex hormone testosterone. The final step in sex hormone production 
involves conversion of androgens into estrogens catalyzed by the aromatase 
enzyme (CYP19).
This steroidogenic pathway and the hormones and their precursors involved in 
it are essential for maintaining hormonal homeostasis in the body. Changes in 
hormonal levels can result in e.g. adverse effects reminiscent of cardiovascular 
disease [58], malignancies [59-61] and metabolic disturbances [62]. DHEA plays a key role 
in sexual functioning in both men and women by acting as precursor for androgens 
and estrogens [32]. Moreover, DHEA plays an important role in the development of 
the fetus [12], where it is the precursor for massive amounts of estrogens produced 
by the materno-feto-placental unit [28, 29]. In the fetal testis DHEA is also required 
for testosterone production during the specific masculinization programming 
window (MPW) in which masculinization of the reproductive tract by androgens 
occurs [7]. Besides the action of DHEA in autocrine, endocrine, and paracrine 
processes, it is a crucial factor in intracrinology i.e. the synthesis and actions of 
active steroids in peripheral target tissues [30, 31].
In recent years, much research has focused on effects of exogenous compounds 
that might disrupt the endocrine system of humans and wildlife. Studies to identify 
these endocrine disrupting compounds (EDCs) were typically performed as a 
result of previous findings of endocrine disrupting effects in in vitro assays [116, 117] 
and as part of in vivo reproductive toxicity testing for regulatory toxicology under 
Organization for Economic Cooperation and Development (OECD) guidelines 
(e.g. OECD 414 developmental toxicity study, OECD 416 two generation study, 
and OECD 421 developmental toxicity screening [101]. In view of the increasing list 
of potential EDCs there is a strong need for alternative, rapid in vitro screening 
assays. In anticipation of this, the US Environmental Protection Agency (EPA) 
launched the endocrine disruptor screening program (EDSP). The human 
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adrenocorticocarcinoma cell line (H295R) [104, 105] is often considered as golden 
standard for in vitro assessment of effects of chemicals on steroidogenesis. The 
H295R steroidogenesis assay was validated within the frameworks of the EDSP and 
OECD and is widely used by different research groups [110, 112]. However, this method 
only considers hormonal endpoint measurements of progesterone, testosterone, 
and estradiol production, and not of the precursor DHEA. Considering the central 
role of DHEA in many reproductive and developmental processes, the lack of an 
assay for effects on DHEA production and/or CYP17 activity is a clear gap in the 
EDC testing program. In contrast, to determine inhibition of aromatase (CYP19), 
there is an additional assay included in the Tier I EDSP test battery using human 
placental microsomes (HPMs).
In this study, twenty-eight suggested reproductive and/or developmental 
toxic compounds from various chemical classes were tested for their potential 
interaction with CYP17 activity. The test compounds were selected based on 
their availability in the environment and included some that are known to 
possess in vivo endocrine disrupting properties. A new method is described to 
study the interaction with CYP17 enzyme activity and DHEA production using 
porcine adrenal cortex microsomes (PACMs). Effects of the test compounds on 
DHEA production were also determined in H295R cells. To gain insight into the 
mechanism of action, for a subset of compounds, CYP17 gene expression and 
intracellular cAMP levels were determined in H295R cells. The aim of our study 
was to investigate the relevance of a CYP17 screening assay in an EDC screening 
strategy in line with the CYP19 approach. Therefore, effects on CYP19 activity 
were also determined using human placenta microsomes (HPMs) and the H295R 
cell line. A full validation of our PACM assay would be a next step towards this aim. 
In the present study, we have specifically investigated the possible interaction of 
(suggested) endocrine disrupting chemicals with the CYP17 enzyme and if this is a 
relevant addition to the already available steroidogenic assays.

Materials and methods

Test chemicals
Table 1 gives an overview of the test compounds used in the experiments described 
below. Atrazine (ATZ; 98.8 %), bisphenol (BPA; 99 %), cyclosporin A (CSA; > 98.5 
%), diethylstilbestrol (DES; 99 %), d-mannitol (DML; 99.1 %), endosulfan (ESF; 
99.9 %), epicatechin (EPI; > 98 %), flusilazole (FLU; 99.8 %), forskolin (FOR; ≥ 98 
%), ketoconazole (KET; ≥ 98 %), methoxyacetic acid (MAA; 98 %), methylmercury 
(MMC), perfluorobutane sulfonic acid (PFBS; 97 %), perfluorohexane sulfonic acid 
(PFHS; > 98 %), perfluorononanoic acid (PFNA; ≥ 97 %), perfluorooctanoic acid 
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(PFOA; ≥ 98 %), perfluorooctane sulfate (PFOS; ≥ 98 %), retinoic acid (RA; > 98 
%), tetrabromobisphenol A (TBBPA; 97 %), tebuconazole (TBCZ; 99.5 %), triclosan 
(TCS; 97 %) and valproic acid (VPA; > 98 %) were purchased from Sigma-Aldrich 
Co. (Zwijndrecht, The Netherlands). Dioctyltin chloride (DOTC; 95 %) was acquired 
from ABCR GmbH & Co. KG (Karlsruhe, Germany), genistein (GEN; ≥ 98 %) from 
Acros Organics BVBA (Geel, Belgium), glufosinate ammonium (GPA; 97.5 %) from 
Dr. Ehrenstorfer GmbH (Augsburg, Germany), and mono-ethylhexyl phthalate 
(MEHP; 97.5 %) from Wako Chemicals GmbH (Neuss, Germany). Dibutyl phthalate 
(DBP; > 97.0 %) and diethylhexyl phthalate (DEHP; > 98.0 %) were obtained from 
TCI Europe N.V. (Zwijndrecht, Belgium).

Porcine Adrenal Cortex Microsomes (PACMs) preparation
Porcine adrenals were freshly obtained from the abattoir of Barten Meerkerk 
Holding B.V. (Meerkerk, The Netherlands). Immediately after slaughter, adrenals 
were dissected from female hogs (Sus Scrofa Domesticus) by a certified 
veterinarian and kept in freshly prepared ice cold saline solution (0.9% NaCl). 
Within three hours after dissection cortices were separated from medullae, frozen 
in liquid nitrogen and stored at -80°C. Microsomal fractions were isolated by 
homogenizing samples in 2 mL Tris-HCl buffer ([50 mM], 1.15% KCl) using a Potter 
homogenizer. Then, homogenates were centrifuged for 25 minutes at 9,000 rpm 
at 4°C and the supernatant was centrifuged for 75 minutes at 30,000 rpm at 4°C. 
After decanting the supernatant, the pellet was resuspended with a needle in 1 
mL sucrose solution [0.25 M] per original gram of tissue. Protein concentration of 
PACMs was determined and diluted to a final protein concentration of 10 mg/mL. 
Microsome suspension aliquots were frozen in liquid nitrogen and stored at -80°C 
until further use.

H295R Cell Culture and Exposure
Human adrenal cortical carcinoma cell line H295R was obtained from the American 
Type Culture Collection (ATCC-LGC Standards GmbH, Wesel, Germany) and grown 
in 1:1 Dulbecco’s modified Eagle medium/Ham’s F-12 nutrient mix with phenol 
red (DMEM/F12; Gibco, Life Technologies Europe BV, Bleiswijk, The Netherlands) 
supplemented with 1% bovine serum albumin 1.25 g/10 mL (BSA; Sigma-Aldrich 
Co., Zwijndrecht, The Netherlands), 1% ITS-G (Gibco, Life Technologies Europe 
BV, Bleiswijk, The Netherlands) containing 10 mg/mL insulin, 5.5 mL/L transferrin, 
and 6.7 μg/L sodium selenite, 100 U/mL, 1% penicillin/streptomycin (Pen/Strep; 
Gibco, Life Technologies Europe BV, Bleiswijk, The Netherlands), and 2.5% Nu-
serum (BD Biosciences, Breda, The Netherlands).
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For CYP17/19 enzyme activity and cyclic AMP (cAMP) levels, H295R cells were 
plated in 24-wells plates (Greiner, The Netherlands) at a density of 3*105 cells per 
well. For gene expression assessment H295R cells were seeded in 12-wells plates 
at a density of 6*105 cells per well. After 48 hours the medium was replaced with 
medium containing the test compounds (at a maximum solvent concentration of 
0.1% v/v). CYP17/19 activity and gene expression were determined after a 24-hour 
exposure and cAMP levels were measured after 6 hours.

Cytotoxicity Assay
Cell viability was determined by measuring the capacity of H295R cells to reduce 
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) to formazan 
by the mitochondrial enzyme succinate dehydrogenase. H295R cells were 
incubated for 30 minutes with MTT. Then, the formed blue colored formazan [118] 
was extracted by adding 1 mL of isopropanol at room temperature. Absorbance 
was measured spectrophotometrically at an absorbance wavelength of 595 nm 
(POLARstar Galaxy, BMG Labtech GmbH, Ortenberg, Germany).

Human Placental Microsomes (HPMs) preparation
Human placental microsomes were prepared as described previously [119]. In 
short, human placenta was acquired from the hospital (St. Antonius Hospital, 
Nieuwegein, The Netherlands) with informed consent of the patient (approved by 
Medical Ethical Committee, St. Antonius Hospital, Nieuwegein, The Netherlands) 
and kept at -80ºC until further use. Microsomal fraction was isolated by 
homogenization and ultracentrifugation of the samples in 10 volumes of Tris-HCl 
buffer. Microsomal aliquots were frozen and diluted to a concentration of 1 mg/mL 
before analysis of CYP19 activity.

Protein Content Determination
Protein concentrations of H295R cells, HPMs, and PACMs were determined 
according to the method of Lowry with bovine serum albumin as standard [120].

CYP17 enzyme activity in PACM assay
CYP17 activity was measured by quantifying the production of DHEA. Reaction 
mixtures consisted of HEPES buffer (HEPES [50 mM], MgCl2 [5 mM] in dH2O 
at pH=7.8) containing 90 mg PACMs, the substrate pregnenolone [0.1 mM], the 
17β-HSD enzyme inhibitor biochanin A [10 mM], and the 3β-HSD enzyme inhibitor 
trilostane [1 mM] in a final volume of 150 mL. The reaction was started by adding 
NADPH [5 mM] and placing plates in incubator at 37°C and 5% CO2 for 30 minutes. 
After incubation, plates were directly placed on ice and then stored at -20°C until 
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further analysis. The production of DHEA was measured using a commercially 
available radioimmunoassay (RIA) kit (Beckman Coulter GmbH, Krefeld, Germany) 
according to manufacturer’s instruction. SU10603 [1 mM] was used as a positive 
control for CYP17 enzyme inhibition.
The intra-assay coefficient of variation was determined by calculating the variation 
within the technical replicates of one experiment typically performed on the same 
day. The inter-assay coefficient of variation was determined by calculating the 
variation in biological replicates, i.e. values derived from multiple experiments 
performed on different days.

CYP17 enzyme activity in H295R assay
CYP17 activity in H295R cells was determined as described previously [121] with the 
modification that the enzyme 17β-HSD was inhibited by addition of biochanin A 
[10 mM]. In short, H295R cells were incubated for 1.5 hours with pregnenolone [0.1 
mM] in combination with the 17β -HSD and 3β -HSD enzyme inhibitors biochanin A 
[10 mM] and trilostane [1 mM], respectively. Thereafter, the concentration of DHEA 
in the medium was determined as described above.

CYP19 enzyme activity in HPM and H295R assay
CYP19 (aromatase) activity was determined in H295R cells and HPMs using the 
tritiated water-release method of [122] with the modifications described by [123]. 
Briefly, CYP19 activity is measured as the amount of tritiated water formed 
after conversion of the CYP19 enzyme’s substrate [1β-3H]-androstenedione. 
4-hydroxyandrostenedione (4-OH-ASDN) [10 mM] was used as a positive control 
for aromatase catalytic inhibition [107].

CYP17 gene expression
Total RNA from H295R cells was isolated by phenol-chloroform extraction 
using RNA InstaPure according to manufacturer’s instructions (Eurogentec, 
Liège, Belgium). Purity and concentration of isolated RNA was determined 
spectrophotometrically at absorbance wavelengths of 230, 260, and 280 nm using 
a NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific Inc., Waltham, 
USA). RNA samples were dilute to a concentration of 66.7 mL/mL by addition of 
RNAse free water and stored at -80°C until further use.
cDNA was prepared using the iScript cDNA synthesis kit (Bio-Rad Laboratories, Inc.) 
and synthesized cDNA was diluted 10 times. Real time quantitative polymerase chain 
reaction (RT-qPCR) was performed with a mixture containing 12.5 mL iQ SYBR green 
supermix (Bio-Rad Laboratories, Inc.), 1 mL forward primer (FP) and 1 mL reversed 
primer (RP) [10 mM], 0.5 mL RNAse free water, and 10 mL of diluted cDNA. The 
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sequences of the primer pairs used were 5’-TGCTTATTAAGAAGGGCAAGGACTT-3’ 
(FP) and 5’-TGTTGGACGCGATGTCTAGAGT-3’ (RP) for CYP17 and 
5’-TTGTTACAGGAAGTCCCTTGCC-3’ (FP) and 5’-ATGCTATCACCTCCCCTGTGTG-3’ 
(RP) for β-actin as reference gene [124]. This mixture was placed in the MyiQTM 
iCycler (Bio-Rad Laboratories, Inc.) and first heated to 95°C for 3 minutes, following 
40 cycles of denaturation at 95°C for 15 seconds and annealing/extension at 60°C 
for 45 seconds. After that, a melt curve was run to ensure exclusion of primer 
dimers and other non-specific products formed during the RT-qPCR.

cAMP assay
To determine intracellular cAMP concentrations a commercially available enzyme 
linked-immunosorbent assay (ELISA) kit was used (Enzo Life Sciences BVBA, 
Antwerpen, Belgium) according to instructions provided. Briefly, after exposure 
the media was removed and cells were lysed for 20 minutes in 300 mL 0.1 M HCl 
solution to a concentration of 1*106 cells/mL and cell lysates were frozen at 
-20°C. The next day, the cell lysates were thawed and resuspended. Plates were 
centrifuged at 600x g for 15 minutes at RT to remove cellular debris. The cAMP 
level in the supernate was measured on an Infinite M200 microplate reader (Tecan 
Group Ltd., Männedorf, Switzerland) at a wavelength of 405 nm. Readings were 
corrected by subtracting blank measurements.

Data analysis
All experiments were performed three times and within each independent 
experiment each concentration was tested in duplicate (PACMs and HPMs) 
or triplicate (H295R cells). The results are displayed as the mean of replicates 
of each experiment with standard deviation (SD). Calculations are performed 
using GraphPad Prism 4.0 (GraphPad Software Inc. San Diego, USA). Statistical 
significance of differences of the mean (as compared to the control) was calculated 
using a two-tailed unpaired Student’s t-test or a one-way ANOVA and post-hoc 
Dunnett’s test. Differences were considered statistically significant when P≤0.05.

Results

Optimization and standardization of PACM assay
Background levels and hormone production of DHEA, testosterone, and estradiol 
were determined after incubation of PACMs with or without the substrate 
pregnenolone (0.1 mM). Progesterone levels could not be determined because 
the RIA showed cross reactivity with the substrate pregnenolone (data not 
shown). The background level of DHEA in the PACM assay was 0.71 ± 0.05 ng/
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mL. Adding the substrate pregnenolone increased DHEA levels to 3.98 ± 0.56 
ng/mL indicating a basal activity of DHEA production in the PACM assay of 487 
± 68 pmol/h/mg protein. Inhibition of specific steroidogenic enzymes increased 
DHEA levels substantially. After addition of pregnenolone in combination with 
the enzyme inhibitors biochanin A, trilostane, or both, DHEA production was 4075 
± 117 pmol/h/mg protein, 672 ± 26 pmol/h/mg protein, and 4369 ± 37 pmol/h/mg 
protein, respectively. DHEA production was completely blocked by adding the 
CYP17 inhibitor SU10603 (data not shown). Basal DHEA production for each PACM 
assay showed an intra-assay variation of ≤ 8 %. The inter-assay variation was 12 
% when determined on eight different days using different batches of PACMs 
prepared from eight different female animals. Basal testosterone and estradiol 
production in the PACM assay was close to or below the detection limit of the 
RIA (<5 ng T/mL and <6 pg E2/mL, respectively). Therefore, it was not possible to 
determine potential inhibitory effects of test substances on T or E2 production, 
even after 4 hours of incubation using 360 mg of PACMs.
In H295R cells, DHEA background level was 14.7 ± 0.8 ng/mL. DHEA production 
after incubation with the substrate pregnenolone and various inhibitors was 2263 ± 
140 pmol/h/mg protein (biochanin A), 172 ± 13 pmol/h/mg protein (SU10603), 1089 
± 77 pmol/h/mg protein (trilostane), and 2247 ± 75 pmol/h/mg protein (biochanin 
and trilostane). In contrast, forskolin (FOR; 3 mM) significantly increased DHEA 
production to 16061 ± 3496 pmol/h/mg protein. The intra-assay variation in CYP17 
activity in the H295R assay was ≤ 7 %. The inter-assay variation was 15 % when 
determined on eight different days using cells at different passage numbers 
prepared from different frozen batches.

CYP17 activity in PACM and H295R assay
CYP17 activity was around two-fold higher in the PACM assay than in the H295R 
assay, being 4369 ± 36 and 2247 ± 75 pmol/h/mg protein, respectively (Figure 1). 
CYP19 activity was 0.6 ± 0.1 and 3.8 ± 2.1 pmol/h/mg protein in the PACM assay 
and H295R assay, respectively (Figure 1).
Twenty-eight suggested EDCs (Table 1) were tested for their ability to interact 
with CYP17 activity in the PACM and H295R assays. None of the tested compounds 
was cytotoxic in H295R cells at the highest concentration tested (data not 
shown). Of all compounds, only FOR induced CYP17 activity in the H295R assay 
(EC50 = 0.1 mM). The specific CYP17 enzyme inhibitor SU10603 concentration-
dependently inhibited CYP17 activity in both the PACM and H295R assay (Figure 
2). Corresponding IC50 values for CYP17 inhibition were 0.4 mM and 0.6 mM in 
the PACM assay and H295R assay, respectively. Of the 28 compounds tested, 20 
compounds had no effect on CYP17 activity in either the PACM or H295R assay at 
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the highest concentration tested (up to maximum 100 mM). The three conazole 
fungicides FLU, KET, and TBCZ, inhibited CYP17 activity either in the PACM assay, 
H295R assay or both (Figure 3). Both FLU and KET inhibited CYP17 activity in both 
the PACM assay (IC50 = 1.3 mM and 0.5 mM, respectively) and H295R assay (IC50 = 
15.9 mM and 0.7 mM, respectively). TBCZ on the other hand, only inhibited CYP17 
activity in the PACM assay (IC50 = 1.4 mM) but not in the H295R assay. DES, TBBPA 
(Figure 4), and MMC (data not shown) inhibited CYP17 activity in a concentration-
dependent manner only in the PACM assay (IC50 = 14.4 mM, 92.5 mM, and 21.8 
mM, respectively). DOTC inhibited CYP17 activity only in the H295R assay (IC50 = 
0.8 mM).
To determine the extent of inhibition by test compounds, the relative effect 
potency (REP) of each compound inhibiting CYP17 activity was calculated relative 
to the known CYP17 inhibitor SU10603 (REPSU10603; Table 1) by the following 
formula: REPSU10603 = IC50 (SU10603) / IC50 (test compound). In the PACM 
assay, KET was the most potent inhibitor (REPSU10603 = 0.76), followed by FLU 
(REPSU10603 = 0.29), TBCZ (REPSU10603 = 0.28), TBBPA (REPSU10603 = 0.06), 
DES and MMC (both REPSU10603 = 0.02). In the H295R assay, again KET showed 
the highest potency for inhibiting CYP17 activity (REPSU10603 = 0.88), followed 
by DOTC (REPSU10603 = 0.73), and the least potent compound FLU (REPSU10603 
= 0.04).

Figure 1. CYP17 and CYP19 enzyme activity in H295R cells and PACMs. For CYP17 activity, DHEA levels 

were measured in H295R culture medium after 1.5 hours and in PACM reaction mixture after 0.5 hours. 

CYP19 activity was determined by the 3H-labeled water-release assay as described in the Materials and 

Methods. H295R cells and PACMs were incubated with [1β-3H]-androstenedione for 1.5 and 1 hours, 

respectively. Data points represent mean ± SD. Dark dotted bars = H295R cells, light dotted bars = PACMs. 

*** = significantly different from activity in H295R cells (P < 0.001).
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Figure 2. CYP17 enzyme activity in H295R cells and PACMs exposed to a concentration range (1 nM till 

10 µM) of the specific enzyme inhibitor SU10603. DHEA levels were measured in H295R culture medium 

after 1.5 hours and in PACM reaction mixture after 0.5 hours. Data points represent mean ± SD. Squares 

with dotted line = H295R cells, circles with solid line = PACMs. * = significantly different from DMSO 

control (P < 0.05).

CYP17 gene expression
In order to investigate the mechanism of CYP17 inhibition, the effect on gene 
expression was assessed for six compounds that significantly affected this 
enzyme activity in the H295R assay (Figure 5). In addition, six negative or positive 
control compounds were included. FOR induced CYP17 expression to 262 ± 136 
% of vehicle control-treated H295R cells. PMA, SU10603, DOTC, BPA, FLU, KET, 
TBBPA, and TBCZ statistically significantly decreased CYP17 expression in H295R 
cells ranging from 40 to 0 % of vehicle control-treated cells. DMSO, 8-Br-cAMP, 
and GEN did not statistically significantly affect CYP17 gene expression.
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Figure 3. CYP17 enzyme activity in 

H295R cells and PACMs exposed 

to the conazole fungicides A FLU, 

B KET, or C TBCZ. DHEA levels 

were measured in H295R culture 

medium after 1.5 hours and in 

PACM reaction mixture after  

0.5 hours. Data points represent 

mean ± SD. Squares with dotted 

line = H295R cells, circles with 

solid line = PACMs. * = significantly 

different from DMSO control  

(P < 0.05).
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Figure 4. CYP17 enzyme activity in PACMs exposed to DES or TBBPA. DHEA levels were measured in 

H295R culture medium after 1.5 hours and in PACM reaction mixture after 0.5 hours. Data points represent 

mean ± SD. Diamonds with solid line = DES, triangles with dotted line = TBBPA. * = significantly different 

from DMSO control (P < 0.05).

cAMP levels
Cyclic AMP-dependent phosphorylation of the CYP17 enzyme appears to be partly 
necessary for CYP17 activity [125, 126]. Therefore, effects on cAMP levels in H295R 
cells were determined upon exposure to the test compounds that affected CYP17 
activity. Of the tested compounds, only FOR statistically significantly induced 
cAMP levels by about 350 % compared to vehicle control-treated cells (data not 
shown). cAMP levels did not show a correlation with CYP17 activity and/or gene 
expression (data not shown). Although the strong inducer FOR and inhibitors 
DOTC, KET, and SU10603 showed a different pattern, no significant correlation 
between CYP17 enzyme activity and CYP17 gene expression was observed by 
which a distinction between the individual EDCs could be made (Figure 6).
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Figure 5. Gene expression changes in CYP17 gene expression in H295R cells exposed for 24 hours to a 

subset of test compounds (10 µM). Expressed as average Ct value ± SD normalized to the reference gene 

β-actin. Boxes marked with asterisks indicate mean values significantly different from the DMSO control; 

* = P < 0.05, ** = P < 0.01.

CYP19 activity in HPM and H295R assay
All 28 test compounds were also assessed for their effects on CYP19 (aromatase) 
activity in the HPM and H295R assays. Table 1 shows the corresponding EC50 and 
IC50 values as well as the relative effect potencies (REPs) relative to the CYP19 
enzyme inhibitor 4-hydroxyandrostenedione (REP4-OH-ASDN) calculated as IC50 
(4-OH-ASDN) / IC50 (test compound). 14 of the tested compounds affected CYP19 
activity in the HPM assay, H295R assay, or both. Five compounds affected CYP19 
activity in both the HPM as well as H295R assay. Four of these, namely BPA, KET, 
MMC, and TBCZ did induce CYP19 activity in the H295R assay while showing an 
inhibition in the HPM assay; FLU had an inhibitory effect in both assay types. ATZ, 
DEHP, FOR, and GEN induced and DOTC and RA inhibited CYP19 activity only in 
the H295R assay. Three compounds, DBP, ESF, and TCS inhibited CYP19 activity in 
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the HPM assay only. Furthermore, FLU showed a biphasic effect on CYP19 activity 
in the H295R assay (data not shown), meaning that at lower concentrations  
(3-100 nM) CYP19 activity increased up to two-fold compared to the vehicle 
control whereas at higher concentrations activity decreased to zero (at 100 mM).

Figure 6. Correlation of CYP17 activity versus CYP17 gene expression in H295R cells exposed for 24 hours 

to a subset of test compounds (10 µM). Data points indicate each separate compound.
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Discussion
In this study, the potential of porcine adrenal cortex microsomes (PACMs) as a 
screening assay for effects on CYP17 activity was explored and compared with 
the H295R assay. While in the tiered testing battery for potential EDCs human 
placental microsomes (HPMs) are included as a fast assay for catalytic inhibition 
of CYP19, no such assay is currently available for effects on CYP17. Considering the 
involvement of CYP17 (and DHEA) in various key reproductive and developmental 
processes in the fetus, but also in the adult (fe)male, it is of great importance to 
assess possible effects of xenobiotics on this enzyme. Since effects of EDCs on 
CYP19 are commonly observed, effects on CYP19 in HPMs and H295R cells were 
assessed in order to establish the added value of a fast and specific CYP17 inhibition 
assay in analogy with the HPM assay to be included in an EDC screening battery.
Our results demonstrated that the PACM assay can be used as a rapid screening 
method for interactions with CYP17 activity. In our novel assay, cortices from 
porcine adrenals were used because these are relatively easy to obtain and show 
high similarity in physiology with human adrenals [127]. Chung et al. found that the 
human amino acid sequence has a 66.7% homology to the corresponding regions 
of the porcine sequence [128]. Although this seems low, apparently the genetic 
variation was scattered throughout the sequence and it is unlikely to be related 
to the 17α-hydroxylase and 17,20-lyase activities of the CYP17 enzyme. Further 
studies should elucidate the potential species differences in sensitivity to various 
structurally similar compounds that can occur due to variations in the active site or 
substrate access channel.
Our PACM-based CYP17 assay was based on selectively blocking the steroidogenic 
enzymes 3β- and 17β-HSD (Figure S1), thereby forcing the reaction into the 
direction of the D5 pathway to form DHEA, which is the preferred route in humans 
[8, 9]. Consequently, DHEA levels in our assay could be used as a measure for both 
17α-hydroxylase and 17,20-lyase activity of the CYP17 enzyme. The variability 
in basal enzyme activity between biological as well as technical replicates we 
observed in the PACM assay was low. Unlike in H295R cells, cytotoxicity cannot 
occur and microsomal fractions can be stored for a prolonged time without loss 
of activity. Additionally, DHEA production in the PACM assay was about two-
fold higher than in the H295R assay. Without adding a substrate the constitutive 
production of DHEA was about nine-fold lower in PACMs compared to H295R 
cells. Consequently, this provides a wider window of sensitivity for detecting 
inhibitory effects on the activity of the important steroidogenic CYP17 enzyme 
than in H295R cells.
In our study with twenty-eight suggested EDCs representing various classes of 
chemicals, eight compounds showed an effect on CYP17 and fourteen on CYP19, 
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either in microsomes, H295R cells, or both (Table 1). Four compounds (DES, 
MMC, TBCZ, and TBBPA) that showed inhibition of CYP17 activity in the PACM 
assay were not detected as such in the H295R assay. One compound (DOTC) was 
identified as CYP17 inhibitor and one as inducer (FOR) in H295R cells, which were 
not detected in PACMs.
Induction of CYP17 activity was a relatively rare event only seen for one compound, 
namely the cAMP inducer FOR (EC50 = 0.1 mM). Induction of CYP19 activity was 
more common and was seen for eight of the tested compounds in the H295R assay. 
This indicates that upregulation of CYP17 and CYP19 activity is mechanistically 
substantially different. CYP19 activity is strongly regulated at transcriptional 
level [129]. In contrast, upregulation of CYP17 activity appears to be at least partly 
a result of posttranslational mechanisms [124]. In addition, modulation of CYP17 
activity involves cytochrome b5 [130]. Also, by adding NADPH to the PACM assay a 
potential effect of EDCs via (inhibition of) activation of the CYP17 enzyme cannot 
be studied. For this latter mechanism, other assays such as Escherichia coli or 
mammalian cells coexpressing human CYP17 and NADPH P450 reductase might 
be more appropriate [131]. Potential interactions of EDCs with these regulatory 
mechanisms are not taken into account in our PACM assay. However, this assay 
does allow rapid screening for interaction with CYP17 activity and determining the 
relevance of a CYP17 screening assay in an EDC screening strategy in line with the 
CYP19 approach. Further studies should address the applicability and predictivity 
of various CYP17 assays available.
Of all compounds tested in this study only DOTC inhibited CYP17 activity in the 
H295R assay but not in the PACM assay. Regarding this inhibition of CYP17 by 
DOTC it is interesting to note that this compound is primarily a developmental 
immunotoxicant [132, 133]. Organotin compounds are known to interfere with 
the male-female sex hormone balance by binding to various enzymes in this 
steroidogenic pathway [134-136]. This striking difference observed between the 
H295R assay and PACM assay may be explained by specific down-regulation of 
CYP17 gene expression and not catalytic inhibition, which cannot occur in the 
latter assay. Future studies must elucidate the specific mechanism of action of 
DOTC.
DES, TBBPA, MMC, and TBCZ showed an inhibitory effect on CYP17 activity in 
the PACM assay but not in the H295R assay. One possible explanation for this 
difference could be the presence of the cell membrane barrier in H295R cells 
causing lower availability of the compound inside the cell [121].
Interestingly, BPA which is structurally similar to TBBPA but lacking the four 
bromo-substitutions did not inhibit CYP17 activity in either assay (Table 1). Based 
on this remarkable difference between both compounds it may be concluded 
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that the phenolic molecular structure is apparently not the determining factor for 
catalytic inhibition of CYP17 activity. The absence of an effect of DES and TBBPA 
on CYP19 enzyme activity in our study is in agreement with earlier findings [69, 137, 

138].
MMC is a known neurodevelopmental and testicular toxicant that specifically 
reduces sex steroidogenic activities via CYP17 and CYP19 [139, 140]. In this study, 
MMC also showed strong CYP17 and CYP19 inhibition. These results in the PACM 
assay are in line with earlier suggestions that MMC could affect CYP17 enzyme 
activity by influencing either protein binding capacity or heme reduction [141].
In total, sixteen out of the twenty-eight tested compounds affected CYP17 and/
or CYP19 enzyme activity in any of the three in vitro assays. 62.5 % of these 
compounds was detected using a microsomal assay (i.e. PACM or HPM assay). 
Four of the remaining six compounds that were not detected using the microsomal 
assays only (i.e. ATZ, DEHP, FOR, and GEN) showed enzyme induction in the 
H295R assay, a phenomenon that cannot be detected in microsomal assays. It 
was noted that, with exception of DES and TBBPA, interaction with CYP17 activity 
concurred with a comparable effect on CYP19. However, from a physiological 
and endocrine point of view it should be realized that both enzyme activities 
may influence fetal development differently. Inhibition of fetal CYP17 activity 
e.g. during the masculinization programming window, can result in a decreased 
androgen production followed by subsequent feminization of the fetus [142]. In 
contrast, inhibition of aromatase activity during development is often related 
to masculinization of female offspring. Additionally, it must be noted that for 
extrapolating our in vitro findings to relevant human exposures and risk assessment 
more information is required about mechanism(s) and exposure.
In this study, three conazole compounds (i.e. FLU, KET, and TBCZ) were included 
that are commonly used as agricultural or medical fungicides. Although these 
compounds have low bioaccumulative properties in the environment, chronic 
exposure to FLU or TBCZ in an occupational or agricultural setting may be a 
potential risk factor [76]. In addition, exposure to mixtures of different conazoles 
may potentially result in additive effects [143-146]. The human antifungal drug KET is 
applied topically or orally resulting in much higher peak concentrations in the body 
compared to occupational or agricultural situations for the other two conazoles. 
All three conazoles caused significant effects on CYP17 activity in the PACM and 
H295R assay, with KET being the most potent inhibitor. In vivo as well as in vitro 
interactions between triazole fungicides and steroidogenesis have been described 
earlier by several authors but they focused mostly on CYP19 (aromatase) [77, 111, 147, 

148]. These findings are supported by the results of the present study (Table 1). Our 
novel finding of CYP17 inhibition by these conazoles fungicides broadens the toxic 
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spectrum of these compounds with obvious implications for endocrinology and 
developmental processes. Apparently, structurally related compounds like these 
conazoles can give differences in both assays assessing for interaction with CYP17 
activity. Hence, both the PACM and H295R assay can provide additional useful 
insight in mechanistic capabilities of potential active chemical compounds. EC50 
and IC50 values derived from concentration curves of test compounds were found 
to be in the high nanomolar to low micromolar range, which are representing rather 
high physiological levels. Whether these findings have toxicological and biological 
relevance remains to be elucidated. Another aspect that should be considered 
for future research on this topic would be to clarify the type of inhibition initiated 
by each compound (i.e. competitive, non-competitive, or mechanism-based). 
Straightforward modified studies using the PACM system could investigate the 
potential for mechanism based inhibitors, which might not be detected under the 
experimental design of already existing studies.
Incorporating in vitro models in risk assessment methods is an ongoing challenge. 
At present, animal models are still considered as the golden standard for 
reproductive and developmental toxicity testing. Although various alternative in 
vitro methods have been developed to identify potential EDCs, still none of these 
alternatives has reached regulatory acceptance with respect to reproductive and 
developmental toxicity testing [1]. In our opinion, with the PACM assay we have 
developed a fast and effective screening assay to identify catalytic inhibition of 
CYP17 activity by chemical agents. Yet, further validation of this assay is necessary. 
Nonetheless, the CYP17 enzyme definitely deserves more scientific attention as 
it is responsible for the production of DHEA, the most important circulating pre-
hormone in the human body and precursor of the important male and female sex 
hormones. Therefore, research attention should focus on validating a specific 
assay for CYP17 activity that can be included in the EDC screening battery.
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Supplementary data

Figure S1. Overview of the enzymes and hormones in the steroidogenesis pathway in the human adrenal 

cortex as well as the specific enzyme inhibitors used in the CYP17 activity assays. In bold = enzymes, in 

italics = specific enzyme inhibitors.
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Abstract
Conazole fungicides are widely used in agriculture despite their suspected 
endocrine disrupting properties. In this study, the potential (anti-)androgenic 
effects of ten conazoles were assessed and mutually compared with existing 
data. Effects of cyproconazole (CYPRO), fluconazole (FLUC), flusilazole (FLUS), 
hexaconazole (HEXA), myclobutanil (MYC), penconazole (PEN), prochloraz (PRO), 
tebuconazole (TEBU), triadimefon (TRIA), and triticonazole (TRIT) were examined 
using murine Leydig (MA-10) cells and human T47D-ARE cells stably transfected 
with an androgen responsive element and a firefly luciferase reporter gene. Six 
conazoles caused a decrease in basal testosterone (T) secretion by MA-10 cells 
varying from 61% up to 12% compared to vehicle-treated control. T secretion 
was concentration-dependently inhibited after exposure of MA-10 cells to several 
concentrations of FLUS (IC50 = 12.4 μM) or TEBU (IC50 = 2.4 μM) in combination 
with LH. The expression of steroidogenic and cholesterol biosynthesis genes was 
not changed by conazole exposure. Also, there were no changes in reactive oxygen 
species (ROS) formation that could explain the altered T secretion after exposure 
to conazoles. Nine conazoles decreased T-induced AR activation (IC50s ranging 
from 10.7 to 71.5 μM) and effect potencies (REPs) were calculated relative to the 
known AR antagonist flutamide (FLUT). FLUC had no effect on AR activation by 
T. FLUS was the most potent (REP = 3.61) and MYC the least potent (REP = 0.03) 
AR antagonist. All other conazoles had a comparable REP from 0.12 to 0.38. Our 
results show distinct in vitro anti-androgenic effects of several conazole fungicides 
arising from two mechanisms: inhibition of T secretion and AR antagonism, 
suggesting potential testicular toxic effects. These effects warrant further 
mechanistic investigation and clearly show the need for accurate exposure data 
in order to perform proper (human) risk assessment of this class of compounds.

Keywords Androgen Receptor (AR), conazole fungicides, Endocrine Disrupting 
Chemicals (EDCs), MA-10 Leydig cells, spermatogenesis, Testosterone (T)
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Introduction
Several studies indicate a global decline in human male fertility over the past 
decades due to poor semen quality, a suggested decline in sperm count, and 
lowered testosterone levels in men [90-92]. Furthermore, an overall increase up to 
12% in assisted reproductive treatments is observed in Scandinavian countries as 
well as Switzerland, The Netherlands, and United Kingdom over the past years 
[149]. In 20% of infertile couples this infertility was attributed to male factors solely 
and in another 30-40% male factors are conducive [96]. Exposure to environmental 
chemicals, including endocrine disrupting chemicals (EDCs), is often suggested to 
be an important contributing factor to these trends in male infertility [98, 99].
Among the list of suggested EDCs pesticides are strongly represented [150]. 
Conazoles are a class of azole-based fungicides that are widely used as pesticides 
in the cultivation of crops [76] but also as human and veterinary pharmaceuticals 
for the treatment of oropharyngeal, vaginal, as well as systemic candida and 
mycosis infections [77]. These compounds decrease fungal membrane integrity 
by inhibiting the cytochrome P450 enzyme lanosterol 14α-demethylase (CYP51), 
which is essential for ergosterol biosynthesis and maintaining proper membrane 
fluidity and permeability in fungi [76]. Besides fungal CYP51, conazoles also target 
CYP51 of mammals and other vertebrates, which catalyzes the formation of the 
cholesterol precursor zymosterol [151, 152]. Conazoles are known to have in vivo 
endocrine disruptive effects in mammals. For instance, demasculinization of male 
rat fetuses occurred upon in utero exposure to several conazoles [153]. Yet, it remains 
to be investigated to what extent the known effects of a few tested conazoles are 
reminiscent for the whole group of conazoles.
The testicular microenvironment is pivotal for mammalian steroidogenesis and 
intratesticular androgens are required for normal spermatogenesis [27]. In adult 
males, spermatogenesis is driven by the gonadotropins luteinizing hormone (LH) 
and follicle-stimulating hormone (FSH). Via activation of the LH receptor (LHR), LH 
stimulates testosterone (T) production in the Leydig cells. Testicular production of 
T in interstitial Leydig cells is prerequisite for proper spermatogenesis and involves 
multiple steroidogenic enzymes, e.g. steroidogenic acute regulatory protein 
(StAR), cytochrome P450 cholesterol side-chain cleavage enzyme (CYP11A1), 
17α-hydroxylase/20-lyase (CYP17A1), 3β- and 17β-hydroxysteroid dehydrogenase 
(3β-HSD and 17β-HSD, respectively) [154]. Subsequently, testosterone binds 
to the androgen receptor (AR) present in Sertoli cells, which, in combination 
with FSH binding to the FSH receptor (FSHR), stimulates the progression of 
spermatogenesis [37].
Conazoles are known to inhibit the steroidogenic enzyme aromatase (CYP19) in 
several tissues and cell lines, which is involved in the conversion of androgens 
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to estrogens [76, 77, 111, 155, 156]. Conazoles also cause catalytic inhibition of the CYP17 
enzyme, responsible for the conversion of pregnenolone and progesterone to 
androgen precursors, in the human adrenocortical carcinoma H295R cell line and 
porcine adrenal cortex microsomes [157]. Previous work in H295R cells showed a 
decrease in T secretion after exposure to econazole, epoxiconazole, ketoconazole, 
miconazole, prochloraz, propiconazole, and tebuconazole [77]. In combination 
with the drop in T secretion, an increase in progesterone biosynthesis was seen 
after exposure to prochloraz, indicating that the role of the CYP17 enzyme is 
very important in this matter [158]. Furthermore, Cyp26A1, a crucial enzyme 
within in the retinol metabolism pathway, seems to be a target for conazoles in 
the zebrafish embryo [152], an underlying mechanism for developmental toxicity. 
Spermatogenesis is tightly regulated by several steroidogenic processes involving 
multiple enzymatic conversions. The production of steroids by conversion of 
cholesterol via a cascade of several (CYP) enzymes is the first and crucial step to 
initiate sperm production, which makes it a vulnerable target for EDCs interference.
In spite of the large production and extensive usage of many conazoles, accurate 
data on human exposure levels are scarce. Besides occupational and pharmaceutical 
exposure, individuals can also be exposed to conazoles by environmental, food, 
resident, or bystander exposure. This is supported by increasing concentrations 
of conazole pesticides found in surface and waste waters [159]. According to case 
reports on the risk assessment of tebuconazole, conazoles are moderately and 
chronically toxic to aquatic species. The environmental fate route is mainly via 
the soil, where it is persistent due to its elimination half-life of approximately 800 
days [160]. Pesticide usage surveys performed in the UK show that triazole usage 
has increased from 6.1 in 1990 to approximately 16.4 million ha treated in 2011 
[161]. Among the conazoles, tebuconazole (2.5 million ha) is the most frequently 
used conazole fungicide, followed by prochloraz and cyproconazole (both 
1.3 million ha), and then flusilazole and triticonazole (0.6 and 0.5 million ha, 
respectively). Because of this extensive usage of conazoles, there is a potential 
risk that humans and wildlife are frequently, possibly chronically exposed to 
these compounds via their environment. The potential to affect steroid hormone 
synthesis in combination with the likelihood of frequent exposure make conazoles 
an important and relevant group of compounds to consider for effects on male 
fertility.
In this in vitro study, the effects of ten conazoles on two key male reproductive 
factors were assessed and compared, namely testicular steroidogenesis and AR 
response. These conazoles were selected based on their usage as a fungicide 
for crop protection and included cyproconazole (CYPRO), flusilazole (FLUS), 
hexaconazole (HEXA), myclobutanil (MYC), penconazole (PEN), prochloraz (PRO), 
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tebuconazole (TEBU), triadimefon (TRIA), and triticonazole (TRIT) (Table 1). 
For comparison, we also included one conazole used as pharmaceutical, i.e. 
fluconazole (FLUC; Table 1). Effects on basal and LH-stimulated T secretion and 
steroidogenic gene expression were studied in murine MA-10 Leydig cells. A 
number of toxicants is also known to contribute to a decrease in sperm viability and 
motility by increasing ROS production in the testis and epididymis [162]. Therefore, 
effects of conazoles on ROS formation in MA-10 cells were determined as well. In 
addition, effects on AR activation were assessed in human T47D-ARE cells stably 
transfected with a luciferase reporter gene.

Materials and methods

Chemicals
The ten selected conazoles (Table 1) were purchased from Sigma-Aldrich Co. 
(Zwijndrecht, The Netherlands): cyproconazole (CYPRO; 99.8%, CAS# 94361-
06-5), fluconazole (FLUC; ≥98%, CAS# 86386-73-4), flusilazole (FLUS; 99.8%, 
CAS#85509-19-9), hexaconazole (HEXA; 99.7%, CAS# 79983-71-4), myclobutanil 
(MYC; 99.3%, CAS# 88671-89-0), penconazole (PEN; 99.1%, CAS# 66246-88-6), 
prochloraz (PRO; 99.1%, CAS# 67747-09-5), tebuconazole (TEBU; 99.6%, CAS# 
107534-96-3), triadimefon (TRIA; 99.7%, CAS# 43121-43-3), and triticonazole 
(TRIT; 98.8%, CAS# 131983-72-7). SU10603 was a kind gift from Dr. Honora Cooper 
Eckhardt (Hovartis Pharmaceuticals Corporation, Summit, USA). Stock solutions 
were prepared in DMSO resulting in a maximal solvent concentration of 0.1% v/v 
in the exposure medium.

MA-10 Leydig cell culture
The murine Leydig tumor cell line MA-10 was kindly provided by Dr. Mario Ascoli 
(University of Iowa, Iowa City, IA, USA) [163]. Cells were cultured as described 
previously by Dankers et al. 2013 [164]. In short, cells were grown in 1:1 Dulbecco’s 
Modified Eagle Medium/F-12 nutrient mixture (Ham) with phenol red (DMEM/F-12 
1:1, #11320; Gibco, Life Technologies Europe BV, Bleiswijk, The Netherlands) 
supplemented with 15% HyClone (#SH30068.03; Thermo Fisher Scientific, 
Waltham, MA, USA), 2% HEPES [1 M] (#15630; Gibco), and 1% penicillin/
streptomycin (#15140; Gibco) and maintained at 37°C in a humidified atmosphere 
(95%) with 5% CO2. Cells were cultured twice weekly and culture medium was 
refreshed 24 hours prior to subculturing. Flasks and plates were coated at room 
temperature with 0.1% gelatin (Attachment Factor Protein; Gibco) 45 minutes 
prior to use.
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Table 1. Overview of the ten selected conazoles used in this study, type of conazole, method of 

application, and structural formula (derived from MDL ISISTM/Draw 2.5, MDL Information Systems, Inc., 

San Leandro, CA, USA).

Conazole Abbreviation Type Use Structure

Cyproconazole CYPRO triazole pesticide
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Fluconazole FLUC triazole pharmaceutical
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Flusilazole FLUS triazole pesticide
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Hexaconazole HEXA triazole pesticide
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Myclobutanil MYC triazole pesticide
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Conazole Abbreviation Type Use Structure

Penconazole PEN triazole pesticide
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Prochloraz PRO imidazole pesticide
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Tebuconazole TEBU triazole pesticide
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Triadimefon TRIA triazole pesticide
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Triticonazole TRIT triazole pesticide
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Table 1. Continued.
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Testosterone secretion assay
T secretion was assessed with MA-10 cells plated at a density of 2.0 * 105 
cells/well in 24-well plates 24 hours prior to exposure. 8-Bromoadenosine 
3′,5′-cyclic monophosphate (cAMP; [100 μM]) induces the expression of genes 
of steroidogenic enzymes and was used as positive control. SU10603 [1 μM] is a 
catalytic CYP17 enzyme inhibitor [165] and was used as a control for decreased T 
secretion. For basal T measurements cells were exposed to the selected conazoles 
[10 μM] alone. Gonadotropin LH (10 ng/mL = 8.5 IU/mL) was used to stimulate 
the Leydig cells to produce T. To determine the effect of selected conazoles on 
LH-induced T secretion, cells were exposed to a combination of LH (10 ng/mL) 
and SU10603 (0.05-1 μM), FLUS or TEBU (0.3-10 μM). After a 48-hour exposure, 
medium was collected and stored at -20°C until further use. T measurements in 
the media were performed with a commercially available T radioimmunoassay 
(T RIA) kit according to the manufacturer’s instructions (#DSL-4900; analytical 
sensitivity = 0.18 pg/mL; Beckman Coulter GmbH, Krefeld, Germany).

Gene expression
For gene expression experiments, MA-10 cells were plated at a density of 6.0 * 
105 cells/well in 12-well plates 24 hours prior to exposure. Cells were exposed for 6 
hours to CYPRO, FLUS, PRO, TEBU [10 μM], and the positive control cAMP [100 
μM]. Total RNA was isolated from exposed MA-10 cells by chloroform-phenol 
extraction using RNA InstaPure according to the manufacturer’s instruction 
(Eurogentec, Liège, Belgium). Purity and concentration of isolated RNA was 
determined spectrophotometrically at absorbance wavelengths of 230, 260, and 
280 nm using a NanoDrop2000 Spectrophotometer (Thermo Fisher Scientific, 
Waltham, MA, USA). RNA samples were diluted to a concentration of 66.7 μg/
mL and stored at −80°C until further use. cDNA was prepared using the iScript 
cDNA synthesis kit (Bio-Rad Laboratories, Inc., Veenendaal, The Netherlands) and 
synthesized cDNA was diluted to the appropriate concentration for each primer 
pair (Table S1). Real time quantitative polymerase chain reaction (RT-qPCR) was 
performed with a mixture containing 7.5 μL iQ SYBR green supermix (Bio-Rad 
Laboratories, Veenendaal, The Netherlands), 0.6 μL forward primer (FP) and 0.6 
μL reversed primer (RP) [each 10 μM], 0.3 μL RNAse free water, and 6 μL of diluted 
cDNA.
The expression of five steroidogenic genes was studied: steroidogenic acute 
regulatory protein (StAR), cytochrome P450 enzyme 11A1 (Cyp11A1), cytochrome 
P450 enzyme 17 (Cyp17A1), 3β-hydroxysteroid dehydrogenase type 1 (3β-HSD1), 
and 17β-hydroxysteroid dehydrogenase type 3 (17β-HSD3). Also, the expression 
of three cholesterol biosynthesis genes was studied: cytochrome P450 enzyme 
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51 (Cyp51), HMG-CoA reductase (HMG-CoA red), and cytochrome P450 
oxidoreductase (Por). β-actin was used as a reference gene. Sequences of the 
primer pairs used are depicted in Table S1. All primers span an exon-exon junction 
to ensure mRNA amplification only and were run through National Center for 
Biotechnology Information (NCBI) Blast (nucleotide non-redundant database) to 
confirm specificity. Efficiency was determined and was for all primer pairs between 
90-110%. The mixtures were placed in the CFX Connect™ (Bio-Rad Laboratories, 
Inc.) and firstly heated till 95°C for 3 minutes, following 40 cycles of denaturation 
at 95°C for 15 seconds and annealing/extension at 60°C for 45 seconds. 
Subsequently, a melt curve was run to ensure the exclusion of primer dimers and 
other non-specific products formed during the RT-qPCR. Gene expression of each 
sample was expressed as threshold cycle (Ct), normalized to the reference gene 
β-actin (ΔCt), and fold induction relative to the DMSO control was calculated.

Reactive Oxygen Species assay
ROS production in MA-10 cells was assessed using the fluorescent dye H2-DCFDA 
(#D-399; Gibco). MA-10 cells were plated at a density of 7.5 * 104 cells/well in 96-
well plates 24 hours prior to addition of the fluorescent dye. Cells were loaded 
with H2-DCFDA [10 µM] for two hours prior to exposure at 37°C. After loading, 
the dye was removed and cells were washed twice with warm PBS. Subsequently, 
cells were exposed to the ten selected conazoles at concentrations ranging from 
0.01 to 100 µM for up to 48 hours. Dye and exposure solutions were prepared in 
serum-free assay medium (DMEM/F-12 1:1 without phenol red, #11039; Gibco). 
Fluorescence was measured spectrophotometrically at wavelengths of 485/530 
nm (Infinite M200 microplate; Tecan Group Ltd., Männedorf, Germany) at T=0 
(to determine the basal background level), 1, 24, and 48 hours of exposure. As a 
positive control for oxidative stress at the short time point (T=1 hour) H2O2 [20 
mM] (hydrogen peroxide 30%, #107209; Merck KGaA, Darmstadt, Germany) was 
used, for the longer time points (T=24 and 48 hours) rotenone [100 µM] (#45656; 
Sigma-Aldrich Co.) was used. As non-exposed control cells show a basal ROS 
production over time, data are expressed as average percentage compared to the 
time-matched control values.

T47D-ARE cell culture
The human breast cancer cell line T47D-ARE was kindly provided by Prof. Dr. 
Michael Denison (University of California, Davis, CA, USA). T47D-ARE cells are 
transfected with an androgen responsive element with a firefly luciferase reporter 
gene [115]. Cells were grown in Dulbecco’s Modified Eagle Medium with phenol red 
containing 4.5 g/L D-glucose, L-glutamine, and pyruvate with phenol red (DMEM, 
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#41966; Gibco) supplemented with 10% fetal bovine serum (FBS, #10270; Gibco) 
and 1% penicillin/streptomycin (#15140; Gibco) and maintained at 37°C in a 
humidified atmosphere (95%) with 5% CO2. Cells were sub-cultured twice every 
week.

Androgen receptor reporter gene assay
Culture medium of T47D-ARE cell was replaced by assay medium 72 hours 
prior to seeding. Assay medium was composed of Dulbecco’s Modified Eagle 
Medium without phenol red containing 4.5 g/L D-glucose (DMEM, #31053; Gibco) 
supplemented with 10% HyClone (#SH30068.03; Thermo Fisher Scientific), 1% 
L-glutamine [200 mM] (#25030; Gibco), 1% sodium pyruvate [100 mM] (#11360; 
Gibco), and 1% penicillin/streptomycin (#15140; Gibco). Cells were seeded at 
a density of 4.0 * 105 cells/well in white 96-well plates with a clear flat bottom 
(#655098; Greiner Bio-One, Alphen aan den Rijn, The Netherlands) 48 hours 
prior to exposure. AR activation was determined by measuring the luciferase 
reaction luminescence. The luminescent signal evoked by the luciferase reaction 
was measured as relative luminescence units (RLU) of T47D-ARE cells exposed 
to concentration curves ranging from 100 pM to 100 µM of the ten selected 
conazoles. Exposures were performed in the presence or absence of EC50 of T 
[20 nM]. The known AR antagonist flutamide (FLUT) was used as positive control 
for AR antagonism [166]. After a 24-hour exposure, cells were washed with warm 
phosphate-buffered saline solution (PBS, diluted 1:10 with sterile water, #14200; 
Gibco) and incubated with 1x luciferase cell culture lysis reagent (pH = 7.8; 
#E1531; Promega, Madison, WI, USA) for 30 minutes. Subsequently, luciferase 
activity was measured by addition of reagent mix (LUMIstar Galaxy luminometer, 
BMG Labtech GmbH, Ortenberg, Germany). The reagent mix was composed of 
tricine [20 mM] (#T5816; Sigma-Aldrich Co.), (MgCO3)4Mg(OH)2∙5H2O [1.07 mM] 
(#227668; Sigma-Aldrich Co.), MgSO4∙7H2O [2.67 mM] (#63138; Sigma-Aldrich 
Co.), EDTA [0.1 mM] (#ED2SS; Sigma-Aldrich Co.), DTT [33.3 mM] (#D9779; 
Sigma-Aldrich Co.), coenzyme A [261 μM] (#A2181; Sigma-Aldrich Co.), luciferin 
[470 μM] (#1605; Promega), and ATP [530 μM] (#10127531001; Roche Diagnostics 
Corporation, Indianapolis, IN, USA) dissolved in Milli-Q water (pH = 7.8).
For FLUT and each conazole exposure the half maximal inhibitory concentration 
(IC50) of AR activation was derived from concentration-response curves using 
a sigmoidal dose-response nonlinear regression curve fit with variable slope 
following the formula (1):
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In the above Hill equation, y is the dependent variable (AR response), X the 
independent variable (exposure concentration), E0 the estimated background 
response level, Emax the maximum response, b the computed half maximal 
inhibitory concentration of flutamide (IC50;FLUT), and n the shaping parameter of 
the Hill curve.
For each conazole the concentration, i.e. benchmark response (BMR), needed to 
elicit 25% of the inhibitory effect on AR activation response caused by flutamide 
(BMR25;FLUT) was calculated by using the formula (2) below:

Subsequently, relative effect potencies were calculated for each conazole relative 
to flutamide (REPFLUT) using the respective BMRs in the following formula (3):

Cytotoxicity
Cell viability of MA-10 and T47D-ARE cells after exposures was determined 
by measuring the capacity of cells to reduce 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) to formazan by the mitochondrial enzyme 
succinate dehydrogenase. After exposure, remaining medium was removed and 
cells were incubated with MTT (1 mg/mL) for 30 minutes at 37°C in a humidified 
atmosphere (95%) with 5% CO2. After aspiration, 1 mL isopropanol was added 
at room temperature in order to extract the formed blue colored formazan [118]. 
Absorbance was measured spectrophotometrically at a wavelength of 595 nm 
(POLARstar Galaxy, BMG Labtech GmbH).

Data analysis
All experiments were performed in triplo and within each independent experiment 
each concentration was tested in duplicate (T secretion assays), triplicate (gene 
expression experiments and AR reporter gene assays), or quadruplicate (ROS 
assays). The results are depicted as the mean of replicates of each experiment 
with standard error (SEM). Data calculations were performed using GraphPad 
Prism 6.0 (GraphPad Software Inc., San Diego, CA, USA). Statistical significance 
of differences of the mean as compared to the control was calculated using a two-
tailed unpaired Students’ t-test (for single concentrations) or a one-way ANOVA 
and post-hoc Dunnett’s test (for concentration curves). Differences with P<0.05 
were considered statistically significant.
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Results

Testosterone secretion inhibition
In order to study the possible effects of conazoles on male sex steroid production 
in Leydig cells, basal T secretion by MA-10 cells was assessed after a 48-
hour exposure to the selected conazoles (10 μM). This concentration did not 
significantly affect MA-10 cell viability (data not shown). Basal T secretion by 
vehicle-treated control (0.1% v/v DMSO) MA-10 cells was 0.24 ± 0.09 pg/mL. Cells 
exposed to the positive control for increased T secretion (100 μM cAMP) showed 
a significant increase of 875-fold in secreted T levels in the medium compared to 
medium of vehicle-treated cells (data not shown). Exposure to the gonadotropin 
LH (10 ng/mL = 8.5 IU/mL) caused a statistically significant increase of 215-fold in 
T secretion compared to vehicle-control cells (Figure 1A). Exposure to the CYP17 
inhibitor SU10603 (1 μM) statistically significantly decreased T secretion by 82% 
compared to vehicle-treated cells (Figure 1A). Of the ten selected conazoles (10 
μM), CYPRO (61%), FLUS (49%), HEXA (36%), PRO (23%), TEBU (12%), or TRIT 
(44%) statistically significantly inhibited T secretion by MA-10 cells compared with 
vehicle-control (Figure 1A).
To evaluate the effect of conazoles on LH-induced T secretion, MA-10 cells were 
exposed to various concentrations of two widely used conazoles that also showed 
marked basal T secretion inhibition, i.e. FLUS and TEBU, alone or in combination 
with LH (10 ng/mL). We selected both FLUS and TEBU as representatives of the 
group of conazoles tested because of the extensive literature on developmental 
and reproductive toxic effects available, their high usage, as well as their ability 
to decrease basal T secretion. SU10603, FLUS, and TEBU all concentration-
dependently inhibited T secretion (Figure S1). In combination with LH, SU10603, 
FLUS, and TEBU inhibited T secretion with IC50 values of 0.5, 12.4, and 2.4 μM, 
respectively (Figure 1B). To determine the extent of inhibition by FLUS and TEBU, 
the relative effect potency (REP) of these conazoles was calculated relative to the 
known CYP17 inhibitor SU10603 (REPSU10603) according to the formula (4):

This calculation resulted in a REPSU10603 of 0.04 for FLUS and 0.21 for TEBU.
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Figure 1. Testosterone secretion by MA-10 cells after a 48-h exposure to (1A) the DMSO control, the 

gonadotropin LH (10 ng/mL = 8.5 IU/mL), the Cyp17 inhibitor SU10603 (1 µM), or one of the ten selected 

conazoles (10 μM); and (1B) concentration curves of SU10603 (0.05-1 µM), FLUS or TEBU (0.3-10 µM) in 

combination with LH (10 ng/mL = 8.5 IU/mL). Testosterone was measured using a commercially available 

RIA. Data are represented as means ± SEM with N=3 and n=2. Significance was assessed using a Student’s 

t-test (1A) or a 1-way ANOVA test followed by Dunnett’s post hoc test (1B). * Significantly different from 

vehicle-treated cells (p < 0.05). Dotted line (1A) indicates the reference level of the DMSO control.

Expression of steroidogenic genes
Next, we investigated whether inhibition of T secretion by four of the most 
extensively used conazoles, e.g. CYPRO, FLUS, PRO, and TEBU, was a result of 
altered steroidogenic gene expression in MA-10 cells. For that, MA-10 cells were 
exposed for 6 hours to non-cytotoxic concentrations of the tested compounds 
based on preceding cytotoxicity experiments (data not shown). The five genes 
selected to be studied encode for the StAR protein, the main cholesterol transport 
carrier, as well as for the major enzymes involved in the testis steroidogenesis 
route, i.e. Cyp11A1, Cyp17A1, 3β-HSD1, and 17β-HSD3. Exposure to cAMP (100 
μM) resulted in an increase in gene expression of StAR (49-fold), Cyp11A1 (6-fold), 
and Cyp17A1 (18-fold) in comparison with vehicle-treated cells (Figure 2A). Gene 
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expression of 3β-HSD1 and 17β-HSD3 did not significantly change upon cAMP 
treatment. Exposure to CYPRO, FLUS, PRO, or TEBU did not significantly affect 
gene expression of these five steroidogenic genes (Figure 2A).

Expression of cholesterol biosynthesis genes
Effects of conazoles on cholesterol biosynthesis were studied since genes involved 
in “late” steroidogenesis (following pregnenolone) could not explain the decrease 
in T synthesis. For proper T production, sufficient cholesterol is needed as steroid 
precursor. Gene expression of three enzymes involved in cholesterol biosynthesis 
was determined, i.c. cytochrome P450 enzyme 51 (Cyp51), HMG-CoA reductase 
(HMG-CoA red), and cytochrome P450 oxidoreductase (Por). Exposure to cAMP 
(100 μM) increased gene expression of Cyp51 (1.4-fold), HMG-CoA red (1.6-fold), 
and Por (1.4-fold) in comparison with vehicle-treated cells (Figure 2B). Exposure 
to PRO increased the expression of Cyp51 (1.7-fold) and HMG-CoA red (1.9-fold) 
(Figure 2B). Exposure to TEBU slightly decreased the expression of the Por gene 
(0.8-fold) (Figure 2B). Other exposures did not change expression of the three 
cholesterol biosynthesis genes assessed (Figure 2B).

Reactive oxygen species production
To further explore the nature of T secretion inhibition by MA-10 cells after exposure 
to certain conazole fungicides, we considered ROS formation as a possible cause 
for deterioration of Leydig cell function resulting in decreased T secretion. MA-10 
cells were exposed to non-cytotoxic concentrations (10 nM-100 µM) of the tested 
compounds. The control, rotenone, showed a ROS production of 158 ± 18 % of the 
control at 48 hours, indicating that the cells were able to produce ROS. Only ROS 
levels in MA-10 cells exposed for 48 hours to the highest concentration (100 μM) of 
FLUS, HEXA, PRO, and TEBU were statistically significantly increased compared 
to time-matched DMSO-treated control cells (Figure 3). Increase in ROS formation 
was 1.2, 1.2, 1.3, and 1.4-fold compared with vehicle-treated control cells by FLUS, 
HEXA, PRO, and TEBU, respectively. The other tested conazoles (CYPRO, FLUC, 
MYC, PEN, TRIA, and TRIT) did not significantly change ROS production compared 
to vehicle-treated cells (Figure 3). At lower concentrations (< 100 μM) or at earlier 
time points (1 and 24 hours) no differences in ROS formation between vehicle-
treated and conazole-treated cells were observed (data not shown).
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Figure 2. Expression of genes involved in (2A) steroidogenesis or (2B) cholesterol biosynthesis in MA-10 

cells after a 6-h exposure to cAMP (100 μM) or the selected conazoles CYPRO, FLUS, PRO, or TEBU (10 

μM). Data are represented as means ± SEM with N=3 and n=3. Significance was assessed by means of a 

Student’s t-test. * Significantly different from DMSO control-treated cells (P < 0.05). Dotted lines indicate 

the reference levels of the DMSO controls.

Inhibition of androgen receptor activation
Because AR activation is a prerequisite for proper spermatogenesis, possible 
effects of conazole exposure on AR activation were determined using an AR 
reporter gene assay. T47D-ARE cells were exposed to non-cytotoxic concentrations 
(10 pM-100 μM) of the tested compounds. Testosterone (T) activated the AR in a 
concentration-dependent manner with an EC50 of 13.6 nM (Figure 4A and Table 2). 
Exposure to conazoles alone did not significantly affect AR activation (data not 
shown). Next, cells were exposed to 20 nM T in combination with concentration 
ranges of the selected conazoles (10 pM-100 μM) or the AR antagonist flutamide 
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(FLUT; 10 nM-100 μM). FLUT concentration-dependently decreased AR activation 
with an IC50 value of 7.0 μM (Figure 4B and Table 2). All conazoles tested, except 
for FLUC, concentration-dependently inhibited T-induced AR activation with IC50s 
ranging from 10.7 to 71.5 μM (Figure 4C-L and Table 2). All of the tested compounds 
inhibited T-induced AR activation by maximally 82%.

Figure 3. Reactive oxygen species (ROS) formation by MA-10 cells after a 48-h exposure to each of the ten 

selected conazoles (100 μM). Data are represented as means ± SEM with N=3 and n=4. Significance was 

assessed using a Student’s t-test. * Significantly different from DMSO control-treated cells (P < 0.05). 

Dotted line indicates the reference level of the DMSO control.
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In order to compare the potencies of the tested conazoles to inhibit AR activation, 
relative effect potencies (REPs) were calculated using the concentrations where 
inhibition of AR activation was similar to 25% inhibition by FLUT (BMR25%FLUT).
This leads to the following potency ranking based on the REP: FLUS > FLUT > 
CYPRO > PEN > HEXA > TRIT > TEBU > PRO > TRIA > MYC (Table 2).

Compound EC/IC50 [M] BMR25%FLUT [M] REP

T 1,36E-08 n.a. n.a.

FLUT 7,02E-06 1,98E-06 1,00

CYPRO 1,36E-05 5,25E-06 0,38

FLUC n.a. n.a. n.a.

FLUS 1,19E-05 5,49E-07 3,61

HEXA 2,32E-05 7,64E-06 0,26

MYC 7,15E-05 7,06E-05 0,03

PEN 1,71E-05 5,54E-06 0,36

PRO 1,17E-05 9,43E-06 0,21

TEBU 2,55E-05 9,01E-06 0,22

TRIA 3,21E-05 1,60E-05 0,12

TRIT 1,07E-05 7,80E-06 0,25

Table 2. Androgen receptor reporter gene assays outcome expressed as half maximal effective or 

inhibitory concentrations (EC/IC50 [M]), benchmark response relative to 25% response of flutamide 

(BMR25%FLUT [M]), and the relative effect potency (REP) as compared to flutamide of the selected 

conazoles. n.a. = not applicable.
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Discussion
We show here that six of the ten tested conazole fungicides cause a decrease in 
basal T secretion in murine MA-10 Leydig cells. In addition, we demonstrated for 
two selected conazoles a concentration-dependent inhibition of LH-stimulated 
T secretion. These effects cannot be adequately explained by changes in 
steroidogenic and cholesterol biosynthesis gene expression nor by increased 
ROS production. Further, nine of the ten tested conazoles inhibited T-induced AR 
activation in a reporter gene assay. These data show that some conazoles can act 
as anti-androgens via two modes of action. Anti-androgenic effects have been 
shown to cause adverse effects in both the adult as well as the developing male. 
Without adequate steroidogenesis leading to sufficient T secretion or by blockage 
of the AR response, spermatogenesis cannot be properly realised, resulting 
in abnormal or even absent sperm production and consequently sub- and/or 
infertility of the adult male. In the fetus, proper T production and responsiveness 
are especially important during the masculinization programming window to 
ensure correct development into a phenotypical male [7].
In our study, five of the tested conazoles, i.e. FLUS, HEXA, PRO, TEBU, and TRIT, 
decreased basal T secretion by MA-10 cells by more than 50% compared with 
vehicle-treated control cells (Figure 1A). FLUS and TEBU also concentration-
dependently inhibited T secretion by MA-10 cells stimulated with LH (Figure 1B; 
REPSU10603 = 0.04 and 0.21, respectively), indicating that these compounds can act 
as (in vitro) T secretion inhibitors.
To mechanistically investigate the inhibition of T secretion by conazoles, we 
assessed gene expression of several enzymes involved in the “late” steroidogenic 
and cholesterol biosynthesis pathways. However, the conazoles only inflicted 
minor effects on expression levels of the selected genes (Figure 2), which cannot 
explain the inhibitory effects of these conazoles on T secretion in MA-10 Leydig 
cells. Makker et al. proposed a role for oxidative stress in the occurrence of male 
infertility [97]. However, levels of ROS resulting from exposure to conazoles were 
only moderately increased in our study (Figure 3). Therefore, changes in ROS 
formation were also most likely not the cause of the decreased T secretion by MA-
10 Leydig cells by the conazoles used in this study.
Our results are in accordance with the suggestion from earlier studies that 
conazoles show catalytic inhibition in the steroidogenic pathway [77, 156, 158]. Previous 
studies indicate that conazoles have the potential to inhibit mammalian CYP51 
enzyme activity via catalytic inhibition [76, 151]. CYP51 is highly expressed in the 
testis and has an important role in the cholesterol biosynthesis and ultimately in 
testosterone production [167, 168]. T levels could also be affected by conazoles via 
catalytic inhibition of other steroidogenic cytochrome P450 enzymes. Several 
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studies have suggested that conazoles can target cytochrome P450 enzymes 
e.g. imidazoles also inhibit cytochrome P450 enzymes in human liver, thereby 
inhibiting hepatic T metabolism and lowering circulating levels, and lymphoblast 
cells [157, 169, 170], This illustrates that conazoles are able to affect the function of 
multiple CYP enzymes, also the ones not specifically within the steroidogenic 
pathway, indicating that this type of enzymes could be one of the main targets 
for endocrine disruption by conazoles. We have previously shown that FLUS, 
ketoconazole (an imidazole), and TEBU inhibit CYP17 activity in porcine adrenal 
cortex microsomes [157]. Furthermore, rat studies showed that hepatic cytochrome 
P450 activity is inhibited in vivo by FLUC and ketoconazole [169]. Previously, 
Kjaerstad et al. stated that the imidazoles are more potent inhibitors of T secretion 
by H295R cells than the triazoles [77]. This phenomenon was also seen for decreased 
T levels in fetal rat testes, where PRO showed higher potency than TEBU [171]. In 
contrast, our study did not show a stronger inhibition of T secretion in vitro by 
the imidazole PRO compared to the triazole TEBU in murine MA-10 cells (Figure 
1A). In fact, TEBU is a quite potent inhibitor of T secretion in comparison with the 
CYP17 inhibitor SU10603 (REPSU10603 = 0.21; figure 1B). Steroidogenesis in adrenal 
tissue occurs predominantly via DHEA whereas in the testes the main route for 
steroidogenesis includes production of androstenedione [10]. Since H295R cells are 
fetal-like adrenal cells and MA-10 cells are of testicular origin this might explain 
the differences in magnitude of response for conazoles to affect T secretion  
found between both cell systems. The discordance seen between our in vitro results 
and the in vivo results might be explained by differential effects on aromatase 
(Cyp19) enzyme activity in the two systems used and a species difference of 
mouse Leydig cells versus rat fetal testes. It has been shown that MA-10 cells 
do not express the Cyp19 gene and estradiol does not repress Cyp17 and 3βHSD 
gene ecpression [49]. In primary cultures of Leydig cells from C57BL/6j mice a 
significant upregulation of Cyp19 gene expression but coordinated suppression of 
the LHR, StAR, 3βHSD, and Cyp17A1 genes was found, which was associated with 
attenuated androgen production compared to CBA/Lac mice [172]. Further, estradiol 
has been found to interfere with in vivo Leydig cell function in the rat, thereby 
lowering CYP17 activity leading to reduced T biosynthesis [173]. In vitro assays can be 
effectively used to study the effect of chemicals on a certain specific mechanism. 
The shortcoming of these assays is that they do not involve an intact organism, 
therefore lacking certain physiological feedback mechanisms within the body. A 
holistic evaluation of data from a panel of cell-based assays has shown to give 
a better prediction for the ranking of conazoles fungicides for in vivo toxicity 
data [171]. In addition, it has been shown previously that exposure to endocrine 
disruptors exerts differential effects on steroidogenesis in human, mouse, and 
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rat testes, raising concern about the use of rodent models and extrapolation of 
results for human risk assessment [70]. Possibly, the species-difference in testicular 
responsiveness plays a role in the different potencies of prochloraz and TEBU in 
the rat developmental in vivo model described by Dreisig et al. and our in vitro 
mouse MA-10 study [171].
None of the conazoles showed AR agonistic activity but nine out of ten selected 
conazoles inhibited T-induced AR activation concentration-dependently in our 
reporter gene assay (Figure 4). The AR antagonistic activity of PRO and TEBU is 
in agreement with a previous study that used AR-transfected Chinese hamster 
ovary cells (CHO) [77]. In our present study with conazoles, FLUS is the most potent 
AR antagonist with an even higher potency (REP = 3.61) than FLUT (REP = 1.00), 
a well-studied pharmacological AR antagonist. All of the selected conazoles 
contain at least one hexacyclic moiety (Table 1), which may have a function 
comparable to the hexacyclic moiety of T, and thus may cause a competitive 
receptor binding between these fungicides and androgens [174]. Comparison of 
the chemical structures of these selected conazoles (Table 1) shows that FLUS is 
the only conazole containing an additional hexacyclic moiety. Possibly, this extra 
moiety plays a role in the AR antagonistic properties of FLUS. Further studies on 
receptor-ligand kinetics are needed to determine the nature of these antagonistic 
interactions.
Besides environmental exposure, individuals can also be exposed to conazoles 
via pharmaceutical application. FLUC has a pharmacotherapeutic application 
and treated patients showed serum levels ranging from 16.3 to 25.8 μM after oral 
administration of 200 mg FLUC per day [175]. It should be noted that these blood 
levels are higher than the maximum medium concentration of 10 μM that caused 
an inhibition of T secretion by MA-10 cells in this study. Moreover, the fast uptake 
rate with a Tmax of approximately two hours together with the plasma half-life of 
approximately 30 hours in humans suggests that significant internal exposure to 
conazoles can occur, possibly even resulting in accumulation of these compounds 
leaving more opportunity for causing (adverse) effects, e.g. inhibition of CYP 
enzymes [176].
In addition, because different crops are treated with different fungicides and 
conazole mixtures are commercially available, the possibility exists that people may 
be frequently exposed to several conazoles simultaneously. Mixtures of individual 
endocrine active compounds, including conazoles, have been shown to cause 
additive effects and antagonism has also been observed [177]. Also combinations 
of low doses of multiple conazoles have been shown to cause additive effects 
[178]. An earlier study by Kjaerstad et al. showed additivity of a mixture containing 
two triazoles (propiconazole and TEBU) and one imidazole (epoxiconazole) on 
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AR antagonism in AR-transfected CHO cells as well as T synthesis in H295R cells 
[179]. Likewise, the triazole propiconazole in combination with other pesticides 
showed additive AR activity antagonism [180]. Hence, low effect concentrations of 
conazoles, to which humans are most likely frequently exposed and in mixtures, 
may potentially pose a risk for endocrine disruptive effects. Unfortunately, a proper 
risk assessment is hampered by the lack of (systemic) human exposure data.

Conclusion
In summary, this in vitro study shows clear anti-androgenic effects of several 
conazole fungicides. These anti-androgenic effects suggest that potential 
testicular toxicity can arise from two mechanisms: inhibition of T secretion and AR 
antagonism. In view of the dual anti-androgenic effects of the conazoles described 
here, further studies on the male reprotoxic effects of conazole fungicides in 
combination with accurate exposure data are highly recommended.
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Supplementary data

Gene Forward primer (5'-3') Reverse primer (5'-3') cDNA dilution

β-actin ATGCTCCCCGGGCTGTAT CATAGGAGTCCTTCTGACCCATTC 1:10

StAR AAAAGACACGGTCATCACTCA CCACCCCTTCAGGTCAATAC 1:250

Cyp11A1 GCACTTTGGAGTCAGTTTACATC AGGACGATTCGGTCTTTCTT 1:10

Cyp17A1 TCGCCTGGGTACCACAACTGC AGAGTCACCATCTGGGGCCGAC 1:10

3β-Hsd TCAGCCACCACCATCTCAGACTTT AGCCGCTCAGTTCAGAATGTAGGA 1:20

17β-Hsd ACTGTGCCAGCAAGTTTGCG AAGCGGTTCGTGGAGAAGTAG 1:100

Cyp51 GAGAGAAGTTTGCCTATGTGCC TGTAACGGATTACTGGGTTTTCT 1:10

HMG-CoA red GGGGAGTTCAAACTGTATTACTT ATGCTCCTTGAACACCTAGCATC 1:10

Por CGAGGGCAAGGAGCTGTACC CACAGGTGGTCGATGGGTGG 1:10

Table S1. Sequences of primer pairs used in this study including their corresponding cDNA dilutions. All 

primers are designed for murine genes as described in the Materials and Methods section.

Abbreviations: StAR, steroidogenic acute regulatory protein; Cyp, cytochrome P450; HSD, hydroxysteroid dehydrogenase; 

HMG-CoA red, HMG-CoA reductase; Por, cytochrome P450 oxidoreductase.

Figure S1. Testosterone secretion by MA-10 cells after a 48-h exposure to concentration curves of 

SU10603 (0.05-1 µM), FLUS or TEBU (0.3-10 µM). Testosterone was measured using a commercially 

available RIA. Data are represented as means ± SEM with N=3 and n=2. Significance was assessed using a 

1-way ANOVA test followed by Dunnett’s post hoc test.* Significantly different from vehicle-treated cells 

(p < 0.05). Dotted line indicates the level of analytical sensitivity (0.18 pg/mL) of the RIA.
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Abstract
Endocrine disrupting chemicals (EDCs) are considered to cause testicular 
toxicity primarily via interference with steroid hormone function. Alternatively, 
EDCs could possibly exert their effects by interaction with ATP-binding cassette 
(ABC) transporters that are expressed in the blood-testis barrier. Here, we 
investigated the effects of bisphenol A (BPA), tetrabromobisphenol A (TBBPA), 
bis(2-ethylhexyl) phthalate (DEHP), mono(2-ethylhexyl) phthalate (MEHP), 
perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic acid (PFOS) on 
breast cancer resistance protein (BCRP), multidrug resistance protein 1 and 4 
(MRP1,4), and P-glycoprotein (P-gp) using membrane vesicles overexpressing 
these transporters. BPA solely inhibited BCRP activity whereas TBBPA, PFOA 
and PFOS inhibited all transporters tested. No effect was observed for the 
phthalates. Using transporter-overexpressing MDCKII cells (Madin-Darby Canine 
Kidney), we show that BPA and PFOA, but not TBBPA, are transported by BCRP, 
whereas none of the compounds were transported by P-gp. To investigate the 
toxicological implications of these findings, testosterone secretion and expression 
of steroidogenic genes were determined in murine Leydig (MA-10) cells upon 
exposure to the selected EDCs. Only BPA and TBBPA concentration-dependently 
increased testosterone secretion by MA-10 cells to 6- and 46-fold of control levels, 
respectively. Inhibition of the Mrp’s by MK-571 completely blocked testosterone 
secretion elicited by TBBPA, which could not be explained by coinciding changes 
in expression of steroidogenic genes. Therefore, we hypothesize that transporter-
mediated efflux of testosterone precursors out of MA-10 cells is inhibited by 
TBBPA resulting in higher availability for testosterone production. Our data show 
the toxicological and clinical relevance of ABC transporters in EDC risk assessment 
related to testicular toxicity.

Keywords ABC transporters, blood-testis barrier, endocrine disruptors (EDCs), 
MA-10 mouse Leydig cells, steroidogenesis
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Introduction
Male sub- and infertility is an increasing problem in Western society. 
Epidemiological trends show an increase in infertility and requests for assisted 
reproductive techniques. This increasing trend is observed not only as a 
consequence of lifestyle factors or side effect of therapeutic agents but is also 
suggested to be a consequence of environmental exposures. It is estimated that 
of all infertile couples, 20% of the cases can be attributed to male factors solely 
and that male factors are contributory in another 30-40% [96, 97]. Yet, male infertility 
is a complex problem of which possible causes are still poorly understood.
In adult males, spermatogenesis is driven by the gonadotropins luteinizing 
hormone (LH) that stimulates steroidogenesis in Leydig cells (LCs) and 
follicle-stimulating hormone (FSH) that acts on Sertoli cells. Local testicular 
steroidogenesis, i.e. production of androgens and estrogens, is essential in 
regulating spermatogenesis and involves multiple cytochrome P450 (CYP) and 
hydroxysteroid dehydrogenase (HSD) enzymes. Maturation and differentiation 
of LCs coincides with decreased expression of genes related to adhesion and 
increased expression of steroidogenic enzymes (i.e. 3β-HSD) [154]. Moreover, the 
LH receptor (LHr), steroidogenic acute regulatory protein (StAR), cytochrome 
P450 cholesterol side-chain cleavage enzyme (CYP11A1), and 17α-hydroxylase/20-
lyase (CYP17A1) expression are induced upon differentiation, resulting in adult LCs 
that primarily produce testosterone upon LH stimulation.
The testicular microenvironment is pivotal for mammalian steroidogenesis and 
spermatogenesis. In the testis, the blood-testis barrier (BTB) physically divides 
the seminiferous epithelium into a basal and an apical compartment thereby 
playing a crucial role in the differentiation of spermatogonia into spermatocytes 
[181]. In the active part of the BTB, like in various other tissues with a barrier function 
(i.e. blood-brain barrier, placenta), ATP binding cassette (ABC) transporters are 
present that protect the organ from internal exposure to harmful substances 
and influence the disposition and metabolism of xenobiotics. These transporters 
are located at the cellular membranes of Leydig cells, Sertoli cells, and capillary 
endothelial cells. Efflux transporters are involved in the transport of a variety of 
molecules against steep concentration gradients at the expense of ATP. The most 
abundant efflux transporters in the BTB include breast cancer resistance protein 
(BCRP/ABCG2), P-glycoprotein (P-gp/ABCB1), and multidrug resistance proteins 
1 and 4 (MRP1,4/ABCC1,4). Differential expression of these transporters can be 
observed throughout various parts of the BTB. In adult human testis, Leydig cells 
express P-gp, MRP1, and MRP4 but not BCRP [51, 52]. BCRP and P-gp are present 
at the luminal side of testis capillaries, whereas Sertoli cells mainly express P-gp, 
MRP1, and MRP4 [53-55]. The positioning of the efflux transporters in the BTB 
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suggests that their substrates are transported out of the seminiferous tubules 
to prevent entry and accumulation of xenobiotics in the testes and to protect 
the germ cells. Often, exposure to endocrine-disrupting chemicals (EDCs), i.e. 
compounds that interfere with hormone biosynthesis, metabolism or action, is 
suggested to contribute to the increasing incidence of male sub- and infertility. 
Consequently, the possible risk of several high-volume chemicals that are used 
to enhance the usability and safety of consumer products, and which have shown 
endocrine activity, is under continuous debate. Examples of these chemicals 
include bisphenol A (BPA), tetrabromobisphenol A (TBBPA), bis(2-ethylhexyl) 
phthalate (DEHP), mono(2-ethylhexyl) phthalate (MEHP), perfluorooctanoic acid 
(PFOA), and perfluorooctanesulfonic acid (PFOS). People in developed countries 
are exposed daily to these chemicals and, as a result, continuous exposure occurs 
in blood, liver, kidneys, spleen, gall bladder, and also in testes [66-68]. Several studies 
have shown that these EDCs can affect steroidogenesis in vitro and in vivo [67, 69-

73, 157] and, as such, may act as testicular toxicants. However, for risk assessment 
purposes it is extremely important to consider the toxicokinetics of these EDCs 
and to date it is unclear whether they can affect the activity of ABC transporters 
present in the BTB.
Here, we describe the interaction of six commonly suggested EDCs, i.e. BPA, 
TBBPA, DEHP, MEHP, PFOA, and PFOS, with the transport activity of the human 
efflux transporters BCRP, P-gp, MRP1 and MRP4 that can be found in the BTB, 
using a membrane vesicle interaction assay. Furthermore, MDCKII (Madin-Darby 
Canine Kidney) cells stably overexpressing BCRP or P-gp were used to study 
transport of BPA, TBBPA, and PFOA. Also, the effects of these EDCs and the role of 
the ABC transporters on testosterone secretion and steroidogenic gene expression 
were determined in P-gp-, Mrp1- and Mrp4-expressing MA-10 mouse Leydig cells.

Materials and methods

Chemicals
Selected EDCs (Figure S1), bisphenol A (BPA; >99%; CAS# 80-05-7), 
tetrabromobisphenol A (TBBPA; >97%; CAS# 79-94-7), perfluorooctanoic acid 
(PFOA; ≥98%; CAS# 335-67-1), and perfluorooctane sulfate (PFOS; ≥98%; 
CAS# 1763-23-1) were purchased from Sigma-Aldrich Co. (Zwijndrecht, The 
Netherlands). Diethylhexyl phthalate (DEHP; >98.0%; CAS# 117-81-7) was 
acquired from TCI Europe N.V. (Zwijndrecht, Belgium) and mono-ethylhexyl 
phthalate (MEHP; >97.5%; CAS# 4376-20-9) from Wako Chemicals GmbH (Neuss, 
Germany). [6,7-3H(N)]-estrone sulfate ([3H]-E1S; 54.3 Ci/mmol) and [6,7-3H(N)]-
estradiol 17-β-d-glucuronide ([3H]-E217βG; 41.8 Ci/mmol) were obtained from 
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Perkin Elmer (Groningen, the Netherlands). [3H]-N-methylquinidine ([3H]-NMQ; 
85 Ci/mmol) was purchased from Solvo Biotechnology (Szeged, Hungary), 
[3,5,7-3H(N)]-methotrexate ([3H]-MTX; 25.3 Ci/mmol) from Moravek (Brea, CA, 
USA) and [3H(G)]-BPA (25 Ci/mmol) and [14C]-PFOA (55 mCi/mmol) from American 
Radiolabeled Chemicals, Inc. (St. Louis, MO, USA). All radiochemicals were solved 
in ethanol.

Transduction of Human Embryonic Kidney (HEK293) cells and preparation of 
membrane vesicles
Overexpression of human BCRP, P-gp, MRP1, and MRP4 in HEK293 cells was 
established using baculoviruses, which were produced using the Bac-to-Bac system 
(Invitrogen, Breda, The Netherlands), as described previously [53, 182]. As a control, 
vesicles from HEK293 cells overexpressing the enhanced yellow fluorescent 
protein (control) were used. Crude membranes were isolated, resuspended in TS 
buffer (10 mM Tris-HEPES and 250 mM sucrose, pH 7.4) and membrane vesicles 
were prepared according to the previously described method [182]. Total protein 
content was determined by a Bio-Rad protein assay kit (Bio-Rad Laboratories, 
Veenendaal, The Netherlands). Crude membrane vesicles were dispensed in 
aliquots, snap frozen in liquid nitrogen, and stored at -80 °C until further use.

Transport interaction assay
The interaction of EDCs with transporter activity was assessed by adding a 
reaction mix consisting of TS buffer supplemented with 4 mM ATP/AMP, 10 mM 
MgCl2, radiolabelled substrates and various concentrations of EDCs to 7.5 µg 
of membrane vesicles. The following substrates were used; 250 nM [3H]-E1S for 
BCRP, 100 nM [3H]-NMQ for P-gp, 133 nM [3H]-E217βG for MRP1, and 200 nM [3H]-
MTX for MRP4. After an incubation of 60 sec (BCRP and P-gp) or 5 min (MRP1 
and MRP4) at 37 ºC to enable ATP-dependent uptake, the reaction was stopped by 
placing the samples on ice and by addition of ice-cold TS buffer. Reaction mix was 
removed and the vesicles were washed by means of a rapid filtration technique 
using glass fiber filter plates (BCRP and P-gp) or PVDF filter plates (MRP1 and 
MRP4) (Millipore, Etten-Leur, The Netherlands). Scintillation fluid was added to 
the filters and the amount of radioactivity was determined using a scintillation 
counter (Tri-Carb® 2900TR; Perkin Elmer, Waltham, MA, USA). Reference samples 
were measured to calculate the amount of transported substrate. ATP-dependent 
transport was calculated by subtracting values measured in the presence of AMP 
from those measured in the presence of ATP. Net transporter-mediated transport 
was calculated by subtracting ATP-dependent uptake in control vesicles from that 
of transporter-overexpressing vesicles.
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Accumulation assay in MDCKII cells
To determine transport of BPA, TBBPA, and PFOA, Madin-Darby Canine Kidney 
cells (MDCKII cells) stably overexpressing BCRP or P-gp were used, which were 
kindly provided by Dr. A. Schinkel (Netherlands Cancer Institute, Amsterdam, The 
Netherlands) and Dr. M. Gottesman (Laboratory of Cell Biology, National Cancer 
Institute, USA), respectively. Cells were seeded in 24-well plates and grown until 
confluent. For the accumulation assay, cells were washed with Hank’s balanced 
salt solution (HBSS), supplemented with 10 mM HEPES (pH 7.4), twice before 30 
min pre-incubation with optiMEM (reduced serum medium; Invitrogen; Breda, The 
Netherlands) at 37 °C. Thereafter, cells were incubated with optiMEM containing 
3H-BPA (40 nM), unlabeled TBBPA (1 µM), or 14C-PFOA (1 µM) with or without the 
BCRP inhibitor Ko143 (1 µM; Sigma-Aldrich Co., Zwijndrecht, The Netherlands) or 
the BCRP and P-gp inhibitor elacridar (2 µM; GF120918; Sequoia Research Products 
Limited, Pangbourne, United Kingdom). After one h at 37 °C, cells were washed 
twice with ice-cold HBSS/HEPES + 0.5% BSA and twice with ice-cold HBSS. For 
scintillation counting, cells were lysed with 1 M NaOH. Subsequently, HCl (1 M) was 
added and lysates were transferred into scintillation tubes containing scintillation 
fluid. Reference samples were measured to calculate the amount of transported 
substrate. For TBBPA measurements, cells were suspended after 30 min trypsin 
incubation and lysed by 50% acetonitrile. TBBPA content was determined by LC-
MS/MS analysis.

LC-MS/MS analysis of TBBPA
After the accumulation assay, rigorously pipetted samples were centrifuged for 
10 min at 16,000 x g and subsequently injected into the LC-MS/MS system that 
consisted of an Accela HPLC system (Thermo scientific, Breda, the Netherlands) 
equipped with a C18 UPLC column (Acquity UPLC HSS T3, 1.8 µm, 2.1 x 100 mm; 
Waters Corporation, Milford, Massachusetts, USA). Separation was performed at 
a flow rate of 200 µl/min with eluent A (50% acetonitrile/50% water) and eluent B 
(100% acetonitrile) under the following gradient conditions: 0 min, 0% eluent B, 
5 min, 80% eluent B, 7 min, 80% eluent B, 8 min, 0% eluent B, 13 min, 0% eluent 
B. The eluate was directly passed into a TSQ Vantage tandem mass spectrometer 
(Thermo scientific) equipped with an electrospray ionization source. Negative 
electrospray ionization was achieved using a nitrogen sheath gas with ionization 
voltage at 2500 V. The capillary temperature was set at 350 °C. Detection of TBBPA 
was based on isolation of the deprotonated molecular ion, [M - H]+. Subsequently, 
MS/MS fragmentations and selected reaction monitoring were performed. The 
following SRM transitions were used: m/z 542.7 (parent ion) to m/z 447.8 and 419.9 
(both product ions). A calibration curve of TBBPA was used to quantify the amount 
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of transport. Acquired data were processed with Thermo Xcaliber software 
(Thermo scientific).

MA-10 cell culture and exposure to EDCs and/or inhibitors
The MA-10 cell line, derived from mouse Leydig tumor cells, was kindly provided 
by Dr. Mario Ascoli (University of Iowa, Iowa City, IA, USA) [163]. Cells were cultured 
in 1:1 Dulbecco’s Modified Eagle Medium/F-12 nutrient mixture (Ham) with phenol 
red (DMEM/F-12 1:1, #11320; Gibco, Life Technologies Europe BV, Bleiswijk, 
The Netherlands) supplemented with 15% HyClone (Thermo Fisher Scientific, 
Waltham, MA, USA), 2% HEPES (1 M), and 1% penicillin/streptomycin (Gibco). 
Cells were maintained at 37°C in a humidified atmosphere (95%) at 5% CO2. Flasks 
and plates were coated at room temperature with 0.1% gelatin (Attachment 
Factor Protein; Gibco), 45 min before use.
For gene expression assessment, MA-10 cells were plated in gelatin pre-coated 
12-wells plates (Greiner, Alphen aan Den Rijn, The Netherlands) at a density 
of 6 x 105 cells per well. For testosterone secretion measurements, MA-10 cells 
were seeded at a density of 2 x 105 cells per well onto pre-coated 24-wells plates. 
After 24 h, the medium was replaced with medium containing the EDCs and/or 
inhibitors (at a maximum solvent concentration of 0.1% v/v). Gene expression was 
determined after a 6-hour exposure and testosterone levels were measured after 
24 hours.

Gene expression of ABC transporters and steroidogenic enzymes in MA-10 cells
After a 6-hour exposure of MA-10 cells, the effects of the EDCs on expression of 
transporter and steroidogenic genes with and without transporter inhibition were 
determined by quantitative polymerase chain reaction (qPCR). First, total RNA was 
isolated from MA-10 cells by phenol-chloroform extraction using RNA InstaPure 
according to instructions provided by the manufacturer (Eurogentec, Liège, 
Belgium). Purity and concentration of the isolated RNA samples was determined 
at absorbance wavelengths of 230, 260, and 280 nm using a NanoDrop 2000 
Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). RNA samples 
were diluted to a concentration of 66.7 mg/ml by addition of RNAse free water 
and stored at -80 °C until further use. cDNA was synthesized using the iScript 
cDNA synthesis kit (Bio-Rad Laboratories, Inc.) and diluted 10 times. qPCR was 
performed with reaction mixtures containing 12.5 ml iQ SYBR green supermix (Bio-
Rad Laboratories, Inc.), 1 ml forward primer (FP), 1 ml reversed primer (RP), 0.5 ml 
RNAse free water, and 10 ml diluted cDNA. Table S1 describes the sequences of the 
primer pairs used including the reference gene β-actin. All primers span an exon-
exon junction to ensure mRNA amplification only and were run through National 
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Center for Biotechnology Information (NCBI) Blast (nucleotide non-redundant 
database) to confirm specificity. Also, efficiency was determined for all primer 
pairs. The mixtures were placed in the MyiQTM iCycler (Bio-Rad Laboratories, Inc.) 
and heated to 95 °C for 3 min, following 40 cycles of denaturation at 95 °C for 15 
s and annealing/extension at 60 °C for 45 s. To ensure exclusion of primer dimers 
and other non-specific products formed, a melt curve was run afterwards.

Testosterone secretion
After a 24-h exposure of MA-10 cells to the EDCs, medium was removed and stored 
at -80 °C until analysis. Secretion of testosterone by MA-10 cells was measured in a 
50 µl aliquot using a commercially available radioimmunoassay (RIA) kit (Beckman 
Coulter GmbH, Krefeld, Germany) according to manufacturer’s instructions.

Results

Effects of EDCs on BCRP, P-gp, MRP1, and MRP4 transport activity
To investigate the effects of the selected EDCs (Figure S1) on activity of the 
ABC transporters, we performed an uptake assay using membrane vesicles 
overexpressing the specific transporters incubated with known substrates [53, 182, 

183] at concentrations of the EDCs ranging from 1 to 100 µM. Figure 1 shows the 
calculated net transporter-mediated substrate uptake depicted as percentage of 
maximum transport activity. BPA did not influence the activity of P-gp, MRP1, 
and MRP4. However, exposure to 100 µM of BPA resulted in a 77% reduction of 
BCRP-mediated E1S uptake (Figure 1A). TBBPA inhibited the activity of all four 
transporters tested (Figure 1B). At 10 µM, TBBPA inhibited BCRP and MRP4 activity 
with 39% and 25%, respectively. At 100 µM TBBPA the activity of all transporters 
was reduced with > 85%. For P-gp and MRP4, additional concentrations between 
10 and 100 µM TBPPA were tested and a clear concentration-dependent decrease 
in transport activity was seen with corresponding IC50 values of 22.9 and 24.0 
µM for P-gp and MRP4, respectively. Both phthalates DEHP and MEHP, did not 
interact with any of the transporters tested at concentrations up to 100 μM (Figure 
1C-D). PFOA and PFOS inhibited the activity of all transporters tested, mainly at 
100 μM (Figure 1E-F). The strongest effect was observed on P-gp activity with an 
inhibition at 100 μM of 71% and 84% by PFOA and PFOS, respectively.
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EDC accumulation in transporter-overexpressing MDCKII cells
An inhibition of transport by the EDCs does not necessarily imply that the 
compounds are substrates for the transporters. To investigate whether the EDCs 
tested acted as competing substrates, thereby inhibiting transporter activity, we 
determined the accumulation of BPA, TBBPA, and PFOA in MDCKII cells stably 
overexpressing BCRP or P-gp. Overexpression of BCRP significantly reduced the 
accumulation of BPA and PFOA to 20% and 52% of control cells, respectively 
(Figure 2A and E). This inhibition was reversed by the BCRP inhibitor Ko143. TBBPA 
accumulated to similar levels in BCRP overexpressing cells as compared to control 
cells (Figure 2C) indicating that this compound may not be a substrate for the 
transporter. Furthermore, in P-gp-overexpressing cells, no difference was found 
between BPA, TBBPA, or PFOA accumulation as compared to control cells (Figure 
2B, D, and F) indicating that these compounds are most likely not substrates for 
P-gp.

Effects of EDCs on testosterone secretion by MA-10 cells with and without transporter 
inhibition
Testosterone production by Leydig cells is prerequisite for proper spermatogenesis. 
To study the effect of EDCs on testosterone secretion and the role of ABC 
transporters in this process, we used the murine Leydig (MA-10) cell line. First, 
a qPCR was performed to confirm the presence of the ABC transporters in MA-
10 cells. In Table 1, the relative mRNA levels (ΔΔCt values transcript/β-actin) of 
Mrp1, Mrp4, and P-gp in MA-10 cells after a 24-hour exposure to vehicle (0.1% v/v 
DMSO) or 8-Bromoadenosine 3’,5’-cyclic monophosphate (8-Br-cAMP; 100 μM) 
are shown. In accordance with previously described tissue distribution [51], Bcrp 
expression was undetectable in the MA-10 cells (data not shown). To investigate 
the influence of the selected EDCs on testosterone secretion, MA-10 cells were 
exposed to the compounds for 24 hours, either alone or in combination with 
known ABC transporter inhibitors. Basal testosterone levels in MA-10 media 
were 6.6 ± 1.0 pg/ml. Complete inhibition of testosterone production was elicited 
by inhibiting Cyp17 activity using SU10603, indicating the presence of a de novo 
steroidogenic pathway in this cell line. Steroidogenesis could be induced by 
LH (not shown) and 8-Br-cAMP (Figure 3A), which increased the testosterone 
concentration in the medium to 3.2 ± 0.4 ng/ml. Inhibiting Mrp or P-gp activity 
by MK-571 or PSC 833, respectively, did not affect basal nor 8-Br-cAMP-induced 
testosterone levels. Next, the effects of the selected EDCs on testosterone levels 
in the medium were determined. DEHP, MEHP, PFOA, and PFOS had no effect 
on testosterone levels at concentrations up to 30 µM (Figure 3B). In contrast, BPA 
and TBBPA concentration-dependently increased testosterone levels in the media 
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up to 6- and 46-fold of control levels, respectively. Co-exposing the cells to BPA 
(10 µM) and PSC 833, but not MK-571, increased testosterone concentrations 
even further (12-fold of DMSO control level; Figure 3C). When MA-10 cells were 
co-exposed to TBBPA in combination with MK-571, testosterone levels did not 
increase above vehicle control levels and were statistically significantly lower than 
upon TBBPA-treatment alone (Figure 3D). After co-exposure of cells to TBBPA and 
PSC 833, testosterone levels did not statistically significantly change compared to 
cells treated with TBBPA alone (Figure 3D).

Figure 2. Accumulation of BPA, 

TBBPA or PFOA in MDCKII cells 

with or without overexpression of 

BCRP (A, C, and E) or P-gp (B, D, and 

F). Cells were incubated with either 

40 nM [3H]-BPA, 1 µM unlabeled 

TBBPA or 1 µM [14C]-PFOA in 

absence or presence of BCRP 

inhibitor Ko143 (1 µM; A,C,E black 

bars) or BCRP and P-gp inhibitor 

elacridar (2 µM; B,D,F black bars) 

for one h at 37 °C. BPA and PFOA 

accumulation were determined by 

scintillation counting and TBBPA 

accumulation was estimated by 

LC-MS/MS analysis. Bars represent 

means ± SEM of 3-4 independent 

experiments. Significance between 

control cells and inhibitor-treated 

cells (*** P < 0.001) was assessed 

by means of a Student’s t-test.
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Figure 3. Testosterone secretion by MA-10 cells after a 24-h exposure to (A) Cyp17 inhibitor SU10603 (2 

µM), Mrp inhibitor MK-571 (100 μM), P-gp inhibitor PSC 833 (5 μM), 8-Br-cAMP (100 μM) or a combination; 

(B) various concentrations of EDCs; (C) various concentrations of BPA alone or in combination with MK-

571 or PSC 833 and (D) various concentrations of TBBPA alone or in combination with MK-571 or PSC 833. 

Testosterone was measured using a commercially available RIA. Data are represented as means ± SEM of 

3 independent experiments that were performed in triplicate. Significance was assessed using a Student’s 

t-test (A), a one-way ANOVA test followed by Dunnett’s post hoc test for individual curves (B), and a two-

way ANOVA test followed by Bonferroni’s post hoc test for multiple curves (C-D). # Significantly different 

from vehicle-treated cells; * Significantly different from uninhibited BPA- or TBPPA-treated cells at the 

same concentration; (# or * P < 0.05).

EDCs mediated ABC transporter and steroidogenic gene expression in MA-10 cells
Next, we investigated whether changes in testosterone levels of MA-10 cells were 
a result of altered steroidogenic gene expression upon EDC exposure. No changes 
in gene expression of Mrp1, Mrp4, and P-gp were observed upon exposure to either 
8-Br-cAMP (Table 1), the Mrp inhibitor MK-571, the P-gp inhibitor PSC 833, or any 
of the EDCs at 10 µM (Figure S2). Exposure of MA-10 cells to 8-Br-cAMP caused an 
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increase in expression of the steroidogenic genes StAR (67-fold), Cyp11A1 (4-fold), 
Cyp17 (24-fold), and 5α-reductase type 1 (5aRed1; 2-fold) compared to vehicle-
treated cells (Figure 4A). This indicates that increased testosterone levels in media 
of 8-Br-cAMP-treated cells (Figure 3A) were a result of an increased testosterone 
production. In accordance with the effects on testosterone levels, DEHP, MEHP, 
PFOA and PFOS did not affect steroidogenic gene expression in MA-10 cells 
(Figure S3). Interestingly, though exposure to BPA or TBBPA alone significantly 
increased testosterone levels in MA-10 media, the effects on steroidogenic 
gene expression were only minor. BPA only slightly induced Cyp11A1 (1.5-fold) 
expression and TBBPA moderately induced StAR (1.2-fold), Cyp11A1 (1.3 fold), and 
Cyp17 (1.3 fold) expression (Figure 4B and 5C, respectively). This suggests that the 
changes in testosterone secretion by MA-10 cells after BPA or TBBPA exposure 
MA-10 cells are most likely not (solely) attributable to an increased production of 
testosterone as a result of upregulation of steroidogenic genes.
The next step was to determine whether gene expression in 8-Br-cAMP-, BPA- 
or TBBPA-exposed MA-10 cells was affected during (P-gp or Mrp) transporter 
inhibition. Exposure to PSC 833 or MK-571 did not affect basal expression of 
the steroidogenic genes (Figure S3). However, when cells were exposed to MK-
571 in combination with 8-Br-cAMP, a 2-fold increase in StAR gene expression 
was observed compared to 8-Br-cAMP alone, albeit not statistically significant 
compared to cells exposed to 8-Br-cAMP alone (Figure 4A). Furthermore, 8-Br-
cAMP in combination with MK-571 showed a decrease in Cyp17 (2-fold) and 
5aRed1 (2-fold) gene expression compared to 8-Br-cAMP-treated cells (Figure 
4A). A significant increase in StAR gene expression (2-fold) was observed in MA-
10 cells exposed to the combination of TBBPA with MK-571 compared to cells 
exposed to TBBPA alone (Figure 4C). No effect of MK-571 on the expression of 
other steroidogenic genes studied in combination with 8-Br-cAMP, BPA or TBBPA 
was observed. PSC 833 did not significantly affect steroidogenic gene expression 
levels in 8-Br-cAMP-, BPA- or TBBPA-exposed MA-10 cells (Figure 4A, B and C). 
Taken together, these data indicate that changes in testosterone levels in MA-10 
cell media upon BPA or TBBPA exposure do not arise from concurrent changes in 
steroidogenic enzyme activity following altered gene expression.
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Figure 4. Expression of genes involved in steroidogenesis in MA-10 cells after a 24-h exposure to (A) 

8-Br-cAMP (100 μM); (B) BPA (10 μM) or (C) TBBPA (10 μM) alone or in combination with MK-571 (100 

μM) or PSC 833 (5 μM). Data are represented as means ± SEM of 3 independent experiments that were 

performed in triplicate. Significance was assessed by means of a Student’s t-test. # Significantly different 

from vehicle-treated cells; * Significantly different from 8-Br-cAMP-, BPA- or TBPPA-treated cells; (# or * 

P < 0.05). Dotted lines indicate the reference level of the DMSO control.
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Discussion
The present study shows for the first time differential inhibitory effects of BPA, 
TBBPA, PFOA and PFOS on BCRP, P-gp, MRP1, and MRP4 transport activities. 
Moreover, BPA and PFOA appear to be substrates for BCRP. Our data further 
indicate that exposure to BPA and TBBPA can affect testosterone secretion from 
murine Leydig cells, which appears to be only partly due to increased steroidogenic 
enzyme expression. Possibly, increased availability of precursors for testosterone 
production via decreased ABC transporter-facilitated excretion of testosterone 
precursors plays a role in this process.
The BTB provides structural and protective support to developing germ cells. The 
BTB constitutes of coexisting tight junctions, testis-specific atypical adherens 
junctions, desmosomes, and gap junctions [184]. The active part of the BTB 
consists of drug efflux transporters that are differentially expressed throughout 
various parts of the BTB. Drug efflux transporters are a major determinant of 
xenobiotic kinetics and, consequently, of testicular exposure to potentially 
harmful compounds. From this perspective, the interaction of EDCs with ABC 
transporters is of great toxicological relevance. Our study shows that BPA, TBBPA, 
PFOA and PFOS differentially inhibit the activity of BCRP, P-gp, MRP1 or MRP4. 
Interestingly, BPA specifically inhibits BCRP but not P-gp, MRP1 or MRP4 activity. 
Furthermore, we demonstrated that BPA is transported by BCRP and not by P-gp. 
In accordance, Mazur et al. recently reported that BPA is a potential substrate 
for BCRP, but not for P-gp [185], based on an indirect ATP consumption assay. In 
contrast, the halogenated derivative of BPA, TBBPA, is not transported by BCRP or 
P-gp even though TBBPA is a potent inhibitor of all four transporters tested. Based 
on these data, TBBPA can be classified as a non-competitive transport inhibitor, 
yet detailed kinetic studies are needed to confirm this. PFOA also appeared to 
be a substrate for BCRP and, considering the structural similarity and inhibitory 
potency, it is likely that PFOS is also a BCRP substrate.
ABC transporters play an important role in the distribution of chemicals into 
several tissues, including the testis [186, 187]. Several single nucleotide polymorphisms 
(SNPs) have been reported that render transporters inactive causing substrates to 
accumulate in tissues [188-190]. Moreover, drug-induced inhibition of ABC transporter 
activity can occur. For example, BCRP function can be modulated several 
commonly used drugs [191]. BCRP, P-gp, MRP1 and MRP4 transport a broad range 
of substrates, including endogenous molecules involved in cellular signaling and 
communication, such as folic acid, cyclic nucleotides, conjugated steroids, vitamin 
B2 and uric acid [188, 190, 192, 193]. Interestingly, a recent study has demonstrated 
impaired testicular testosterone production in Mrp4-deficient mice, suggesting 
a physiological role for this transporter in spermatogenesis [52]. Based on our 
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findings that BPA, TBBPA, PFOA and PFOS are able to inhibit the activity of one or 
more ABC transporters, it can be expected that this potentially influences a myriad 
of cellular processes that are regulated by ABC transporters and disturbs cellular 
homeostasis and local sex steroidogenesis.
Mammalian male sexual differentiation and functioning is entirely androgen-
dependent and therefore endocrine disrupting effects on the androgen-producing 
Leydig cells can have profound biological consequences. Testicular steroidogenesis 
is regulated by a negative feedback mechanism via the hypothalamus–pituitary–
testis axis but also locally via cAMP-mediated modulation of CYP17 activity [194]. 
This latter mechanism was shown to be present in MA-10 cells that we used in 
this study. Mouse Leydig cells appear to resemble human Leydig cells with respect 
to interferences with local testicular steroidogenesis [195]. Studies using fetal testis 
xenotransplants show that both human and mouse fetal testis, but not rat testis, 
are refractory to phthalate-induced inhibition of testosterone production [70, 71, 

196]. However, it is important to note that in men, a large portion of sex steroids 
and its precursor DHEA is produced in the adrenals. Circulating DHEA and its 
sulfate (DHEA-S) provide a high level of substrates for androgen formation in 
peripheral tissues like the testis, which is reflected by extremely high expression 
levels and activity of human testicular 17β-HSD [197]. This is in strong contrast 
with experimental animals, such as rat and mouse, where the secretion of sex 
steroids takes place exclusively in the gonads [198]. These species-differences are 
mechanistically important and should be taken into account when translating 
effects of EDCs found in animal models for human risk assessment.
In vitro studies have demonstrated that exposure to estrogenic or anti-androgenic 
EDCs can affect sex steroidogenesis [69, 157]. For example, BPA and DEHP have been 
shown to induce CYP19 but not CYP17 activity in human adrenocortical H295R cells 
[157]. TBBPA inhibited CYP17 activity but had no effect on CYP19 activity [69]. Here, 
we also demonstrate that BPA and TBBPA can affect testosterone secretion from 
MA-10 Leydig cells. In line with our findings, MEHP did not affect steroidogenesis 
in the H295R steroidogenesis assay nor altered testosterone production in MA-
10 cells [157, 199]. In our study, 8-Br-cAMP increased testosterone secretion by MA-
10 cells, which was accompanied by a marked increase in StAR and Cyp17 gene 
expression. Steroidogenesis is initiated by cholesterol transport into the inner 
mitochondrial membrane, which is mediated by the StAR protein [200]. However, 
the changes in StAR and/or Cyp17 gene expression did not concur with the 
changes in testosterone levels observed in media of MA-10 cells upon exposure to 
BPA or, even more profoundly, TBBPA. This indicates that other mechanisms are 
involved that can explain the concentration-dependent increase in testosterone 
levels upon BPA and TBBPA exposure. We also showed that TBBPA potently 
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inhibits P-gp transporter activity. Furthermore, inhibition of P-gp by the specific 
transporter inhibitor PSC 833 increased testosterone levels in MA-10 cells. This led 
us to hypothesize that transporter-mediated efflux of testosterone precursors, i.e. 
androstenedione or DHEA, from the MA-10 cells is inhibited by TBBPA and PSC 
833 (graphically explained in Figure 5). As a result, more precursors are available 
for testosterone production, which is reflected by increased testosterone levels 
measured. An in vivo study with rats showed that TBBPA exposure resulted 
in increased plasma testosterone levels, which correlated with an increase in 
testicular weight [73]. In our study, the Mrp inhibitor MK-571 completely abolished 
TBBPA-mediated increase in testosterone secretion in MA-10 cells, suggesting a 
decrease in active transport of testosterone out of the Leydig cells. The high rate 
of local testosterone production that is observed in vivo implies the need for local, 
intratesticular transport of testosterone from Leydig cells to specific target cells, 
i.e. Sertoli cells that nourish and support the developing sperm cells throughout 
the stages of spermatogenesis. Moreover, intratesticular testosterone levels 
are maintained at ∼100 times the level found in the systemic circulation in both 
humans and rodents [201], stressing the importance of local, active transport of 
sex steroids within the testis. Possibly, ABC transporters play a role in this local 
transport.
In humans, plasma TBBPA levels are very low but maximum plasma 
concentrations of TBBPA-glucuronide were found to be 16 nmol/l after a single 
oral dose of 0.1 mg/kg TBBPA given to healthy volunteers [202]. In our studies, the 
concentrations of EDCs that affected ABC transporter activity and testosterone 
secretion were in the nanomolar to micromolar range. However, plasma EDC 
levels have limited relevance for predicting effects on a membrane protein that 
transports molecules from inside to outside the cell. To our knowledge no data on 
intracellular concentrations for the selected EDCs exist. Yet, the fact that people in 
industrialized countries are daily exposed to these chemicals [66-68] emphasizes the 
importance of our findings.
In conclusion, our results provide a novel insight in mechanisms of male testicular 
toxicity by EDCs that warrants further investigation. The results from this study 
demonstrate that the endocrine disrupting capacity of suggested EDCs should 
not only be sought in direct effects on steroidogenesis upon accumulation in the 
testes, but can also entail indirect effects via interaction with ABC transporters 
in the BTB. It is, therefore, of high toxicological and clinical relevance to take 
the interactions between EDCs and the ABC transporters into account when 
performing risk assessment related to testicular toxicity.
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Figure 5. Proposed effect of inhibition of P-gp and MRPs on testosterone production and secretion. In this 

study, we show that TBBPA potently inhibits P-gp. Also, TBBPA increases testosterone secretion by MA-10 

Leydig cells, which suggests an increased conversion from testosterone (T-)precursors into testosterone. 

Since steroidogenic genes were not markedly upregulated by TBBPA, this effect is probably caused 

by increased availability of T-precursors due to P-gp inhibition. The same effect was provoked by P-gp 

inhibitor PSC 833. Subsequent inhibition of Mrps by MK-571 totally abolished TBBPA-mediated increase 

in testosterone secretion, indicating the potential role of Mrps to transport testosterone out of the cell.
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Supplementary data

Gene Forward primer (5'-3') Reverse primer (5'-3')

β-actin ATGCTCCCCGGGCTGTAT CATAGGAGTCCTTCTGACCCATTC

Mrp1 AGGCTGGAGCTAAGGAGGAG CAGCCATGGAGTAGCCAAAT

Mrp4 GGTTGGAATTGTGGGCAGAA TCGTCCGTGTGCTCATTGAA

P-gp TCATTGCGATAGCTGGAGTG CAAACTTCTGCTCCCGAGTC

StAR AAAAGACACGGTCATCACTCA CCACCCCTTCAGGTCAATAC

Cyp11A1 GCACTTTGGAGTCAGTTTACATC AGGACGATTCGGTCTTTCTT

Cyp17 TCGCCTGGGTACCACAACTGC AGAGTCACCATCTGGGGCCGAC

3β-HSD TCAGCCACCACCATCTCAGACTTT AGCCGCTCAGTTCAGAATGTAGGA

17β-HSD ACTGTGCCAGCAAGTTTGCG AAGCGGTTCGTGGAGAAGTAG

5αRed1 CTGGAGGGTTTCCTGGCTTTC GTGAACAGCAGGGTGGGCTT

LHr CCAGAGTTGTCAGGGTCGCGC GGTGAGAGATAGTCGGGCGAGGC

Table S1. Sequences of primer pairs used in this study. All primers are designed for mouse genes as 

described in the Materials and Methods section.

Abbreviations: Mrp, multidrug resistance protein; P-gp, P-glycoprotein; StAR, steroidogenic acute regulatory protein; Cyp, 

cytochrome P450; HSD, hydroxysteroid dehydrogenase; 5αRed1, 5α-reductase type 1; LHr, luteinizing hormone receptor.

Figure S1. Chemical structures of selected molecules prepared using the molecule editor ChemDraw 

(CambridgeSoft, Cambridge, MA, USA). These commonly suggested endocrine disruptors are widely used 

in the production of plastics (BPA, DEHP, and MEHP), as flame retardant (TBBPA), or surfactant (PFOA 

and PFOS).
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Figure S2. Expression of genes of ABC transporters in MA-10 cells after a 24-h exposure to MK-571 (100 

μM), PSC 833 (5 μM) or one of the EDCs (BPA, TBBPA; 10 μM). Data are represented as means ± SEM of 

3 independent experiments that were performed in triplicate. Significance was assessed by means of a 

Student’s t-test. The dotted line indicate the reference level of the DMSO control.

Figure S3. Expression of genes involved in steroidogenesis in MA-10 cells after a 24-h exposure to MK-571 

(100 μM), PSC 833 (5 μM) or one of the EDCs (DEHP, MEHP, PFOA, or PFOS; 10 μM). Data are represented 

as means ± SEM of 3 independent experiments that were performed in triplicate. Significance was 

assessed by means of a Student’s t-test. The dotted line indicate the reference level of the DMSO control.
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Abstract
Although much information on the endocrine activity of bisphenol A (BPA) is 
available, a proper human hazard assessment of analogues that are believed to 
have a less harmful toxicity profile is lacking. Here the possible effects of BPA, 
bisphenol F (BPF), bisphenol S (BPS), as well as the brominated structural analogue 
and widely used flame retardant tetrabromobisphenol A (TBBPA) on human 
glucocorticoid and androgen receptor (GR and AR) activation were assessed. BPA, 
BPF, and TBBPA showed clear GR and AR antagonism with IC50 values of 67 µM, 60 
µM, and 22 nM for GR, and 39 µM, 20 µM, and 982 nM for AR, respectively, whereas 
BPS did not affect receptor activity. In addition, murine MA-10 Leydig cells exposed 
to the bisphenol analogues were assessed for changes in secreted steroid hormone 
levels. Testicular steroidogenesis was altered by all bisphenol analogues tested. 
TBBPA effects were more directed towards the male end products and induced 
testosterone synthesis, while BPF and BPS predominantly increased the levels 
of progestagens that are formed in the beginning of the steroidogenic pathway. 
The MA-10 Leydig cell assay shows added value over the widely used H295R 
steroidogenesis assay because of its fetal-like characteristics and specificity for 
the physiologically more relevant testicular Δ4 steroidogenic pathway. Therefore, 
adding an in vitro assay covering fetal testicular steroidogenesis, such as the MA-
10 cell line, to the panel of tests used to screen potential endocrine disruptors, is 
highly recommendable.

Keywords Androgen Receptor (AR), (structural) bisphenol analogues (TBBPA, 
BPA, BPF, BPS), Glucocorticoid Receptor (GR), murine MA-10 Leydig cells, (fetal-
like) steroidogenesis, testosterone (T)
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Introduction
During the last decade much attention has been given to the hazard characterization 
and safety evaluation of endocrine disrupting compounds (EDCs). Considering 
the increasing list of potential EDCs, there is a strong need for alternative, rapid, 
and truly predictive in vitro screening assays. Consequently, many in vitro assays 
to assess for endocrine disrupting properties have been developed throughout 
the past years, such as the H295R steroidogenesis and several receptor-reporter 
gene transcriptional activation assays [35, 36, 105, 203]. Most of these assays, however, 
are directed towards effects in adults or puberty and less of these are focusing on 
effects early in life. For example, no appropriate in vitro model to test for effects 
on fetal steroidogenesis has been developed so far, while this is highly relevant 
with respect to masculinization of the male fetus. Furthermore, questions have 
been raised concerning the added value of the recently developed assays [1, 204]. 
Therefore, it seems more appropriate to focus on the development of assays that 
cover crucial aspects within the reproductive system that are not covered yet by 
existing assays [1, 204-207].
One of the most debated examples in the area of endocrine disruptors is 
bisphenol A (BPA) that is used to make plastics and epoxy resins. Associations 
between exposure to bisphenol A and the occurrence of several adverse health 
outcomes have been indicated, including breast and prostate cancer, metabolic 
syndrome, obesity, and subfertility [74]. However, the scientific debate about causal 
relationships is still ongoing and it seems that there are sensitive and critical 
time windows for exposure to BPA early in life [72, 208]. BPA possesses estrogenic 
as well as anti-androgenic properties as a result of its binding affinity for these 
respective steroid hormone receptors [67, 209, 210]. In addition, (genes encoding for) 
steroidogenic enzymes can be modulated by BPA [211]. Even at low dose levels BPA 
can cause effects. For example, in utero exposure to BPA can instigate sex-specific 
epigenetic changes in the brain, which possibly underlie enduring effects on 
function and behavior concerning sexually dimorphic phenotypes [72, 208]. In order 
to protect the highly susceptible group of infants, the European Union decided 
to ban the usage of BPA in baby bottles in 2011. Since then, the European Food 
Safety Authority (EFSA) has been reevaluating the safety limits of BPA. Recently, 
also the Dutch Ministry of Health, Welfare and Sport released a report of the 
National Institute for Public Health and the Environment (RIVM) regarding the 
human and environmental health issues and regulatory perspectives of BPA [212]. 
Meanwhile, ever more compounds have been developed and used to replace BPA. 
Amongst these are the BPA analogues bisphenol F (BPF) and bisphenol S (BPS). 
As a result, the use of BPF and BPS in consumer products has gradually increased, 
supposedly as safer alternatives for BPA. Consequently, both compounds can 
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nowadays be found in canned soft drinks and foods as well as thermal receipt 
paper [75, 213-215]. Moreover, BPS has already been detected in human urine samples 
[216]. Although much toxicological information on BPA is available, a proper 
human risk assessment of BPA analogues like BPF and BPS that are believed to 
have a less harmful toxicity profile is lacking. In our previous study we showed 
that BPA as well as the brominated structural analogue and widely used flame 
retardant tetrabromobisphenol A (TBBPA) affected efflux transporter activities 
and testosterone (T) secretion by murine MA-10 Leydig cells [164]. Noticeably, 
TBBPA has also been associated with in vivo endocrine and reproductive toxic 
effects [73]. Our previous findings were especially interesting with respect to the 
reported increase in male sub- and infertility, which has been observed in human 
populations in a number of industrialized countries. Exposure to EDCs has often 
been suggested as an important contributing factor to this observed increase in 
male sub- and infertility [98, 99]. In recent studies this decline in human male fertility 
is reflected by poor semen quality, a suggested decline in sperm count, and 
lowered testosterone levels in men [90-92].
The testicular microenvironment plays a crucial role in mammalian 
spermatogenesis. The binding of the gonadotropins luteinizing hormone (LH) 
to the LH receptor (LHR) on Leydig cells and follicle-stimulating hormone (FSH) 
to the FSH receptor (FSHR) combined with activation of the androgen receptor 
(AR) in Sertoli cells are the essential factors in this process. Additionally, multiple 
cytochrome P450 (CYP) and hydroxysteroid dehydrogenase (HSD) enzymes are 
involved in local steroidogenesis in Leydig cells, which is pivotal for regulating 
spermatogenesis in males [48, 49]. The male sex steroid testosterone (T) is the final 
product of testicular steroidogenesis. Besides its function in the fertility of the 
adult male, T also has a crucial task in fetal development and maturation. During 
the masculinization programming window (MPW) the fetal testes start to produce 
T, which assures correct phenotypic development of the male reproductive system 
[7]. Recently, Silva et al. described the role of glucocorticoids in the maintenance 
of spermatogenesis and maturation of sperm in adulthood [38]. Moreover, the 
human fetal adrenal gland produces cortisol at the start of the MPW, which 
evokes suppression of adrenal androgen production via a negative feedback loop, 
minimizing the potential for masculinization in the female fetus [217]. A number of 
studies have shown that BPA as well as TBBPA can affect steroidogenesis in vitro 
and in vivo [67, 69, 73, 121, 157, 164], and as a result could possibly act as human testicular 
toxicants. Unfortunately, the possible role of the glucocorticoid receptor (GR) in 
steroidogenesis as well as the potential effects of BPF and BPS on steroidogenesis 
remain rather unclear.
In the present in vitro study, we examined the effects of structural bisphenol 
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analogues on several major endocrine factors involved in testicular functioning. 
Recombinant yeast cells expressing the AR or GR were used to study possible 
interactions of TBBPA, BPA, BPF, and BPS with these steroid hormone receptors. 
Furthermore, effects of BPF, BPS, and TBBPA on production of (sex) steroids in 
mouse MA-10 Leydig cells were evaluated. Also, effects on the expression of genes 
within the cholesterol biosynthesis and steroidogenesis pathway were assessed.

Materials and methods

Chemicals
Table 1 displays the test compounds used: tetrabromobisphenol A (TBBPA; 
97%, CAS# 79-94-7) was obtained from Sigma-Aldrich Co. (Zwijndrecht, The 
Netherlands), bisphenol A (BPA; 99.5%, CAS# 80-05-7) was purchased at Dr. 
Ehrenstorfer GmbH (Augsburg, Germany), and bisphenol F (BPF; >99.0%, CAS# 
620-92-8) and bisphenol S (BPS; >98.0%, CAS# 80-09-1) were acquired from TCI 
Europe N.V. (Zwijndrecht, Belgium). Stock solutions were prepared in DMSO. The 
maximum solvent concentration for exposures was 0.1% v/v.

Bisphenol analogue Abbreviation Structure Log P

Tetrabromobisphenol A TBBPA OHOH
CH3

CH3

Br

BrBr

Br

7.12

Bisphenol A BPA
OHOH

CH3

CH3

4.04

Bisphenol F BPF C
H2

OH OH 3.46

Bisphenol S BPS SOH OH

O

O

2.32

Table 1. Overview of the test compounds used in this study, including their structural formulas (prepared 

with MDL ISISTM/Draw 2.5, MDL Information Systems, Inc., San Leandro, CA, USA) and log P values 

(derived from http://www.chemicalize.org/).
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Yeast AR and GR bioassays
The recombinant yeasts used in the present study were constructed by Dr. T. 
Bovee (RIKILT Wageningen UR). These yeasts stably express human androgen (AR) 
or glucocorticoid (GR) receptors and express yeast enhanced green fluorescent 
protein (yEGFP) as reporter protein when exposed to androgens or (gluco)
corticosteroids, respectively [35, 36]. Three days before exposure, cytosensor cultures 
were prepared by inoculating yeasts on agar of a minimal medium supplemented 
with L-leucine (#L8912; Sigma-Aldrich Co.) Agar plates were incubated at 30°C for 
two days for colonies to form and then stored at 4°C. One day before exposure, 
overnight cultures were prepared by inoculating one colony of yeast in 15 mL 
minimal medium supplemented with 120 mg L-leucine (MM/L) and containing 20 
g dextrose (D-glucose, #215530; Becton Dickinson B.V., Breda, The Netherlands), 
5 g ammoniumsulfate (#A4418; Sigma-Aldrich Co.), and 1.7 g yeast nitrogen 
base (#233520; Becton Dickinson B.V.) in 1 L Milli-Q water. Overnight cultures 
were kept at 30°C with orbital shaking at 225 rpm. At the late log phase, cultures 
were diluted in MM/L to an optical density (OD) of 0.05 measured at 630 nm on 
a spectrophotometer (Shimadzu UV-160A; Shimadzu Benelux, ‘s-Hertogenbosch, 
The Netherlands). For exposure, aliquots of 200 μL/well of this yeast suspension 
were plated into the inner 60 wells of 96-well plates with V-shaped bottom 
(#651201; Greiner Bio-One B.V., Alphen a/d Rijn, The Netherlands). The remaining 
outer wells were filled with sterile water. Yeast suspension aliquots were exposed 
to the controls and test compounds by addition of 2 μL of stocks dissolved in 
DMSO. For both AR and GR agonistic studies several concentrations of BPA (10 
nM-300 μM), BPF, BPS (10 pM-1 mM), and TBBPA (10 pM-100 μM) were tested. 
As positive controls for AR and GR activation, testosterone (T; 100 pM-1 mM) 
and dexamethasone (DEXA; 100 nM-1 mM) were used, respectively. To study 
the AR or GR antagonistic properties of the selected test compounds, a range of 
concentrations of BPA (AR: 10 nM-300 μM; GR: 1 nM-300 μM), BPF (AR: 10 nM-300 
μM; GR: 1 nM-1 mM), BPS (AR and GR: 1 nM-1 mM), and TBBPA (AR: 1 nM-1 mM; 
GR: 1 nM-100 μM) were co-exposed with either T [100 nM] for AR or DEXA [60 
μM] for GR measurements, respectively. Yeast cultures were exposed for 24 hours 
at 30°C with orbital shaking at 125 rpm. Fluorescence (excitation at 485 nm and 
emission at 530 nm) was measured at 0 and 24 hours with the POLARstar Galaxy 
(BMG Labtech GmbH). Also, OD (at 595 nm) was measured at these time points to 
check if cytotoxicity occurred.

MA-10 Leydig cell culture
Mouse Leydig tumorigenic cells (MA-10) were kindly provided by Dr. Mario 
Ascoli (University of Iowa, Iowa City, Iowa, USA) [163]. Propagation of cells was 



107

  5

  Structural bisphenol analogues effects on MA-10 cells, the AR and GR

performed as described previously by Dankers et al. [164]. In short, cells were 
grown in 1:1 Dulbecco’s Modified Eagle Medium/F-12 nutrient mixture (Ham) 
with phenol red (DMEM/F-12 1:1, #11320; Gibco, Life Technologies Europe BV, 
Bleiswijk, The Netherlands) supplemented with 15% HyClone (#SH30068.03; 
Thermo Fisher Scientific, Waltham, USA), 2% HEPES [1 M] (#15630; Gibco), and 
1% penicillin/streptomycin (#15140; Gibco). Cells were maintained at 37°C in a 
humidified atmosphere (95%) with 5% CO2. Medium was refreshed 24 hours prior 
to subculturing cells twice weekly. At least 45 min prior to use, flasks and plates 
were coated at room temperature with 0.1% gelatin (Attachment Factor Protein; 
Gibco).

Cytotoxicity assay
Cell viability of MA-10 cells after exposure to test compounds was determined 
by performing cytotoxicity assays. Therefore, the capacity of cells to reduce 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) to formazan 
by the mitochondrial enzyme succinate dehydrogenase was measured. Following 
exposure, media were removed and cells were incubated with MTT (1 mg/mL) for 
30 min at 37°C in a humidified atmosphere (95%) with 5% CO2. After aspiration 1 
mL isopropanol was added at room temperature in order to extract the formed 
blue colored formazan [118]. At a wavelength of 595 nm absorbance was measured 
spectrophotometrically (POLARstar Galaxy, BMG Labtech GmbH).

Testosterone secretion assay
T secretion assays were performed as described previously by Roelofs et al. [218]. 
Briefly, MA-10 cells were plated 24 hours prior to exposure at a density of 2.0 X 105 
cells/well/1 mL in 24-well plates. Cells were exposed to a range of non-cytotoxic 
concentrations of BPS (0.01-30 μM), BPF, and TBBPA (0.01-100 μM) for 48 hours. 
Afterwards, the media were removed and stored at -20°C until further analysis. 
Measurements of T secretion in the media were performed with a commercially 
available T radioimmunoassay (T RIA) kit according to producer’s instructions 
(#IM1119; analytical sensitivity = 0.025 ng/mL; Beckman Coulter GmbH, Krefeld, 
Germany). 8-Bromoadenosine 3′,5′-cyclic monophosphate (cAMP; [100 μM]), 
a second messenger, which induces the expression of genes of steroidogenic 
enzymes, was used as a positive control for induction of T secretion.

Assessment of the steroid profile
For assessment of the steroid profile via a metabolomics approach, MA-10 cells 
were plated in 6-well plates at a density of 6.0 X 105 cells/well/3 mL 24 hours prior 
to exposure. Cells were exposed for 48 hours to BPF, BPS, and TBBPA [10 μM], as 
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well as cAMP [100 μM], which was used as a positive control for steroid secretion. 
After exposure, medium of each well was transferred separately to a 10 mL Greiner 
tube and stored at −80°C until further analysis.
Analysis of samples was performed at RIKILT Wageningen UR (Wageningen, The 
Netherlands). Determination of steroidogenic profiles was performed using GC-
MS/MS analysis as described by Rijk et al. [109]. A 300 μL aliquot per sample was 
filled up with Milli-Q water till 3 mL and spiked with an internal standard mixture. 
Next, samples were subjected to solid-phase extraction (SPE) using a C18 column 
(500 mg, 3 mL, Varian Bond Elute, Harbor City, CA, USA), which was previously 
conditioned with methanol. The column was washed with Milli-Q water and a mix 
of acetonitrile and water (35:65, v/v), respectively. Free steroids were then eluted 
with acetone, the eluent was evaporated under nitrogen gas and reconstituted in 
100 μL methanol and 2 mL TRIS-buffer (0.1 M, pH = 9.5), after which a liquid-liquid 
extraction was performed with n-pentane. After centrifugation for 5 min at 3000 
X g, the organic layer was collected in a glass tube. This extraction procedure was 
repeated and the combined organic fraction was evaporated until dryness at 40°C 
under a gentle stream of nitrogen gas. Each dried sample was redissolved in 0.5 
mL ethanol, transferred into a derivatization-vial and evaporated until dryness. 
The dried samples were derivatized by adding 25 μL of the derivatization reagent 
MSTFA++ followed by an 1 hour incubation at 60°C. Finally, the derivatized mixture 
was evaporated and reconstituted in 25 μL iso-octane. Steroid hormones were 
analyzed using a Varian 1200 L triple quadruple mass spectrometer equipped with 
a CP8400 autosampler and a CP-3800 GC. The VF-17MS GC column (L = 30 m, id = 
0.25 mm, df = 0.25 μm) was obtained from Varian. Two microliter of the purified 
samples or standard solutions were injected onto the GC column at a pulsed 
pressure of 30 psi. The temperature program was started at 110°C (constant for 1 
minute), whereafter it was increased 20°C per minute till 240°C (held for 1.5 min), 
and subsequently increased 1°C per minute to 244°C, followed by an increase of 
25°C per minute to 340°C (held for 2 min). The helium flow was kept constant at 
1.0 mL per minute. The GC-MS/MS was operated in electron ionization (EI) mode 
using Multiple Reaction Monitoring (MRM). The programs Cluster and Treeview 
were used to visualize the changes in steroid profiles plotted in a heat map as fold 
changes compared to the DMSO control [219].

Gene expression
Gene expression studies were performed according to the method previously 
described by Roelofs et al. [218]. In brief, MA-10 cells were plated 24 hours prior 
to exposure in 12-well plates at a density of 6.0 X 105 cells/well/2 mL. Exposure 
to BPF, BPS, and TBBPA [10 μM], as well as the positive control cAMP [100 μM] 
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was continued for 6 hours. Total RNA was isolated from exposed MA-10 cells 
by chloroform-phenol extraction using RNA InstaPure according to producer’s 
instruction (Eurogentec, Liège, Belgium). The purity and concentration of the 
isolated RNA was determined spectrophotometrically at absorbance wavelengths 
of 230, 260, and 280 mm using a NanoDrop2000 Spectrophotometer (Thermo 
Fisher Scientific, Waltham, USA. RNA samples were diluted to a concentration of 
66.7 μg/mL by the addition of RNAse free water and kept at −80°C until further 
use. cDNA was prepared from 15 μL RNA [66.7 μg/mL] with 4 μL iScript reaction 
mix and 1 μL iScript reverse transcriptase from the iScript cDNA synthesis kit (Bio-
Rad Laboratories, Inc., Veenendaal, The Netherlands) and real time quantitative 
polymerase chain reaction (RT-qPCR) was performed with a mixture of 7.5 μL iQ 
SYBR green supermix (Bio-Rad Laboratories, Veenendaal, The Netherlands), 0.6 
μL forward primer (FP) [10 μM], 0.6 μL reverse primer (RP) [10 μM], 0.3 μL RNAse 
free water, and 6 μL cDNA diluted till the appropriate concentration for each 
primer pair (Table S1).
The expression of three cholesterol biosynthesis genes was studied: cytochrome 
P450 enzyme lanosterol 14α-demethylase (Cyp51), HMG-CoA reductase (HMG-
CoA red), and cytochrome P450 oxidoreductase (Por). Also, the expression 
of eight steroidogenic genes was studied: steroidogenic acute regulatory 
protein (StAR), cytochrome P450 enzyme 11A1 (Cyp11A1), cytochrome P450 
enzyme 17A1 (Cyp17A1), 3β-hydroxysteroid dehydrogenase type 1 (3β-Hsd1), 
and 17β-hydroxysteroid dehydrogenase type 3 (17β-Hsd3), 5α-reductase type 1 
(5αRed1), receptor tyrosine kinase c-Kit (c-Kit; stem cell factor with proposed role 
in spermatogenesis) [220], and luteinizing hormone receptor (LHr). As a reference 
gene β-actin was used, similarly to previous studies with this cell line [164, 218]. 
β-Actin gene expression in MA-10 cells was not statistically significantly affected 
by the exposures in this study and the mean Cq value between assays was 18.26 ± 
0.35. All primers span an exon-exon junction to ensure mRNA amplification only 
and were run through National Center for Biotechnology Information (NCBI) Blast 
(nucleotide non-redundant database) to confirm specificity. Efficiency was also 
determined and was between 90-115% for all primer pairs. Table S1 shows the 
sequences of the primer pairs used. The mixtures were placed in the CFX Connect™ 
(Bio-Rad Laboratories, Inc.) and firstly heated till 95°C for 3 min, following 40 
cycles of denaturation at 95°C for 15 seconds, and annealing/extension at 60°C for 
45 seconds. Subsequently, a melt curve was run to ensure the exclusion of primer 
dimers and other non-specific products formed during the RT-qPCR. The gene 
expression of each sample was expressed as threshold cycle (Ct), normalized to 
the reference gene β-actin (ΔCt). For each sample the fold induction relative to 
the DMSO control was calculated. A maximum technical replicate variance of 0.5 
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cycles was established, which corresponds to a change of 1.4-fold in expression. 
Therefore, any change in gene expression that was between 0.7 and 1.4-fold was 
considered to be within experimental variation and thereby uncertain.

Data analysis
Experiments were performed in duplicate (T secretion assays) or triplicate (yeast 
AR and GR bioassays, gene expression experiments, and steroid profile) and within 
each independent experiment each concentration was tested in duplicate (steroid 
profile) or triplicate (yeast AR and GR bioassays, gene expression experiments, 
and T secretion assays). The results are depicted as the mean with standard 
deviation (SD; steroid profile) or standard error (SEM; yeast AR and GR bioassays, 
T secretion assays, and gene expression experiments) of replicates within each 
experiment. Data calculations were made using GraphPad Prism 6.0 (GraphPad 
Software Inc., San Diego, USA). Statistical significance of differences of the mean 
as compared to the control was calculated using a two-tailed unpaired Students’ 
t-test (for single concentrations) or a one-way ANOVA and post-hoc Dunnett’s test 
(for concentration curves). Statistically significant differences were considered 
when P<0.05.

Results and discussion
Yeast receptor (AR and GR) bioassays
Effects of structural bisphenol analogues, TBBPA, BPA, BPF, and BPS, on androgen 
(AR) and glucocorticoid (GR) receptor activation were assessed in specific yeast 
receptor bioassays. Only non-cytotoxic concentrations of the compounds were 
used. Both receptors responded well upon stimulation of the receptor with their 
corresponding known agonist, i.e. testosterone (T) for the AR and dexamethasone 
(DEXA) for the GR, with EC50 values of 58 nM and 74 µM, respectively (Figure S1). 
None of the bisphenol analogues tested showed agonistic effects on either AR or 
GR activity (data not shown). AR activity in yeast cells evoked by the addition of T 
[100 nM] was significantly and concentration-dependently inhibited by BPA, BPF, 
and TBBPA with IC50 values of 39 μM, 20 μM, and 982 nM, respectively (Figure 1A). 
Also, GR activity in yeast cells stimulated with DEXA [60 μM] was significantly and 
concentration-dependently inhibited by BPA, BPF, and TBBPA with corresponding 
IC50 values of 67 μM, 60 μM, and 22 nM, respectively (Figure 1B). Thus, BPA, 
BPF, as well as TBBPA showed clear antagonistic properties towards both the 
AR and GR. In contrast, BPS did not have an antagonistic effect on either AR or 
GR activity. For both receptors, TBBPA was the most potent antagonist with IC50 
values in the nanomolar range, whereas BPA and BPF had apparent IC50 values in 
the micromolar range.
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With respect to the receptor antagonism described in the present study, it is clear 
that BPA and BPF show effects within the same order of magnitude, which is in 
line with previous work from Rosenmai et al. [108]. It was noted that TBBPA was a 
very potent in vitro antagonist for especially the GR, but also for the AR, compared 
to the other structurally-related bisphenols (Table 1). The AR antagonizing effects 
seen in yeast cells exposed to BPA and BPF are consistent with earlier reports [67, 

108, 113, 221, 222]. However, we did not observe the AR antagonistic trend previously 
described for BPS [67, 108]. We are the first to observe antagonistic properties of 
TBBPA on AR activity, while in previous studies TBBPA did not show an effect 
on AR activity, neither agonistic nor antagonistic [67, 222]. These earlier studies 
were conducted with either a mouse fibroblast cell line (NIH3T3) or a yeast two-
hybrid assay system both with a reporter gene, luciferase or β-galactosidase, 
respectively, using dihydrotestosterone (DHT) as an AR substrate (EC50 = 10 pM or 
13 nM, respectively) [67, 222]. Our studies were performed with recombinant yeasts 
containing a reporter protein using T as a ligand for the AR (EC50 = 58 nM). The 
different cell systems and distinct composition of the assays used by each research 
group, may explain the differences in findings that have been reported.
To our knowledge, we are the first to describe GR antagonistic effects of BPA, BPF 
and TBBPA as well as the absence of an effect of BPS. Sargis et al. found BPA to 
be a GR agonist at a concentration of 1 µM in 3T3-L1 preadipocytes transiently 
transfected with a luciferase reporter construct [223]. The transient character of 
the transfection method within their assay as well as the possible differences in 
the role of the GR in the process of adipogenesis, might explain the difference 
with our results. Moreover, luciferase assays are known to suffer from aspecific 
effects, for example when compounds degrade or stabilize luciferase [224]. Elevated 
levels of glucocorticoids have been found to suppress T levels in adult males [225]. 
Also, inhibition of androsterone production occurred in rat progenitor Leydig 
cells in vitro via suppression of steroidogenic acute regulatory protein (StAR) and 
3B-HSD by glucocorticoids through a GR-mediated mechanism [226]. Furthermore, 
in vivo rat Leydig cell apoptosis increases when corticosterone levels are raised 
under the influence of the GR, thereby lowering serum T levels [227]. It remains 
to be investigated how the GR antagonism of bisphenols we found could affect 
testicular steroidogenesis in vivo. Because the GR is involved in the regulation 
of spermatogenesis, compounds affecting GR activity might hamper adequate 
sperm production [38]. This is clearly a mode of action that has so far remained 
unrecognized in the research on EDCs and male fertility in particular. Future 
experimental studies should confirm if this antagonism is also applicable for the in 
vivo situation at relevant (human) dose levels.



112

Chapter 5  

Figure 1. (A) AR and (B) GR response measured as relative fluorescence as compared to vehicle-treated 

yeast cells after a 24-hour exposure to a concentration curve of BPA and the three selected analogues 

in combination with testosterone [100 nM] for AR and dexamethasone [60 μM] for GR measurements, 

respectively. Data are represented as means ± SEM with N = 3 and n = 9.

Differential modulation of testosterone secretion
At first, we measured the sex hormone endpoint of male steroidogenesis in MA-
10 Leydig cells, namely testosterone (T) secretion, after exposure to bisphenol 
analogues (Figure 2). T secretion by MA-10 cells after exposure to the DMSO control 
(0.1% v/v) was 4.5 ± 1.1 pg/mL, which was comparable to the level observed in our 
previous study with the same cell line [164]. Exposing cells to the positive control 
cAMP [100 μM] induced T secretion 1,241-fold compared to vehicle-treated 
cells (data not shown) and was also in the same range as reported previously [164, 

218]. In this study, exposure to each of the three selected bisphenol analogues in 
concentration ranges of 0.01-30 μM for BPS, and up to 100 μM for BPF and TBBPA 
showed that BPF and TBBPA increased T secretion, whereas BPS did not affect 
T secretion by MA-10 cells at the highest concentration tested (Figure 2). The 
increase in T secretion by BPF and TBBPA was 2.5-fold and 59-fold, respectively, at 

A

B
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the highest concentration tested [100 μM] (Figure 2). BPA was previously shown 
to concentration- dependently increase T levels in the media of MA-10 cells up to 
6-fold of control levels at 30 μM [164]. In line with our in vitro findings, a single, high 
dose of BPA (125 mg/kg) was found to transiently increase testicular T production 
in 18-day old mice [228]. While another study showed a decrease in rat testicular T 
production, Leydig cell numbers and steroidogenic enzymes at BPA exposure of 
> 100 mg/kg in Wistar/ST rats after 6 weeks of exposure starting at prepubertal 
age [229]. Yet, studies with low doses of BPA (< 40 µg/kg) suggest a decrease in 
circulating T levels in mice and rats or no effect upon prenatal and early pubertal 
exposure [230, 231]. The decline in testicular T production in abovementioned studies 
was consistent with a reduced number of Leydig cells upon in utero exposure and 
subsequent reduced steroidogenic capacity. For TBBPA and especially BPS and 
BPF, less information on testicular effects is available. TBBPA studies typically 
show testicular effects, i.e. increased testicular weight and testicular adenomas, 
but no effects on plasma T levels or sperm [73, 232]. On the other hand, interactions of 
TBBPA with hormone-mediated pathways are found in vitro [233]. No in vivo studies 
were found that described in vivo testicular effects of BPS and BPF. Yet, some 
studies describe interactions with steroidogenesis in vitro. Recently, BPA, BPF, 
as well as BPS showed a decreased secretion of basal T in human and mouse but 
not rat fetal testis explant cultures [234]. Clearly, a better mechanistic insight in the 
actions of bisphenol analogues is needed at relevant (human) dose levels.

Figure 2. Testosterone secretion by MA-10 cells after a 48-hour exposure to various concentrations of BPF, 

BPS, and TBBPA. Testosterone was measured using a commercially available RIA. Data are represented 

as means ± SEM of two independent experiments that were performed in triplicate. Significance was 

assessed using a one-way ANOVA test followed by Dunnett’s post hoc test. * Significantly different from 

DMSO control-treated cells (P < 0.05).
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Steroid hormone profiling
To provide more insight in the effects of BPS, BPF and TBBPA on Leydig cell 
steroidogenesis, steroid levels of MA-10 cells were further evaluated at a single 
non-toxic concentration [10 μM] using a metabolomics approach. Changes in 
hormone levels are represented in Figure 3 as (A) a table with the absolute levels 
and (B) a heat map of three independent experiments, showing the effects of 
these compounds on overall steroid production in these cells. Additionally, Figure 
S2 shows bar graphs with the relative levels of each separate steroid hormone 
assayed. Analysis of all the steroid hormones secreted by vehicle-treated MA-10 
Leydig cells revealed that these cells display a fetal-like testicular steroidogenic 
profile, instead of an adult hormone synthesis pathway [7, 34]. Based on these 
steroid profiles, an overview of the active steroidogenic pathways in the MA-10 
cells was compiled (Figure S3).
Our finding of the presence of an alternative pathway leading to the formation 
of DHT (dotted arrows), next to the conventional pathway for the generation of 
androgens in the testes, is noticeable. In literature, this alternative pathway is 
described as the so-called “backdoor pathway” [33, 34]. This “backdoor pathway” 
involves the enzyme 5α-reductase, which converts 17-hydroxy-progesterone (17-
OH-P4) to androsterone. From this step onwards, androstanediol and eventually 
DHT are formed. Interestingly, exposure of MA-10 cells to cAMP did not result 
in any androsterone secretion, suggesting that this “backdoor pathway” is not 
stimulated by cAMP. However, this “backdoor pathway” is mentioned as one of the 
more pronounced pathways for fetal testicular hormone production [34]. Possible 
steroidogenic effects of EDCs on fetal testes are highly important for development 
later in life. Thus, an in vitro system like the MA-10 cells is of particular importance to 
study direct effects on fetal testicular steroidogenesis. Based on the results of the 
present study, the Leydig MA-10 cell line would be a valuable addition to existing 
screening methods for steroidogenesis like the human adrenocorticocarcinoma 
cell line H295R [105]. We clearly show here for the first time, that the steroidogenic 
pathway in murine testicular MA-10 cells resembles the vivo testicular situation 
better and is very different from the adrenal H295R steroidogenic pathway 
[109, 235]. In testicular steroidogenesis, the Δ4 pathway is the main steroidogenic 
pathway via formation of androstenedione, instead of the Δ5 pathway, which runs 
via DHEA and is the main route seen in the adrenals [10, 11]. This is also reflected 
by the present study, where DHEA was only measured in media of MA-10 cells 
exposed to cAMP, a second messenger and inducer of several pathways enhancing 
steroidogenesis in an unspecific manner. Furthermore, DOC, corticosterone, and 
11-deoxycortisol were found, which are all corticoids possible of activating the GR. 
MA-10 cells, like other Leydig cells, are known to possess the GR. Also, in Sertoli 
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cells the GR is expressed and Sertoli cell-mediated GR actions support normal 
testicular function [236]. Its presence in multiple testicular cell types renders the 
GR a potentially important target for testicular toxicity, which is already stressed 
by the GR antagonism we observed in the yeast bioassays after exposure to the 
bisphenols as stated above (section 1.3.1). Additionally, differential steroidogenic 
profiles in the human H295R cell line and the murine MA-10 cell line could indicate 
species-differences in steroidogenic pathways. The extent of species differences 
in the fetal testicular steroidogenic pathway of human, mouse, and other species 
are under debate [7, 10, 11]. Interestingly, a recent study by Johnson et al. shows that 
there is high resemblance between mouse and human fetal xenografts regarding 
testicular steroidogenesis [70]. As a result, studies using murine testes can offer 
great advantages for mechanistic studies of testicular development and for 
exploring the mechanisms by which compounds exert testicular toxic effects in 
humans [237].
Exposure of MA-10 cells to the vehicle (DMSO) control demonstrated that 
progesterone (P4), the main precursor of T in the testes, is the predominant 
hormone secreted. This finding is supported by earlier studies with this cell line 
[163, 238, 239]. Hormone levels found in the MA-10 cell medium after exposure to the 
DMSO control ranged between 0.04 and 1.77 ng/mL for androstanediol and P4, 
respectively. A difference in total T levels after exposure to the DMSO control 
was found between measurements with the RIA and metabolomics approach, 
showing a higher level (approximately 60-fold) measured in the samples analyzed 
by GC-MS/MS compared to the T RIA samples. This difference is most likely due 
to the difference in analytical method used, where the GC-MS based method is 
much more sensitive, specific, and accurate. Furthermore, these measurements 
are a snapshot of the situation in the medium of the cell at that exact moment. 
This will affect the hormone levels over time and therefore should be considered 
with some margin of uncertainty. Exposure of MA-10 cells to cAMP [100 
μM] showed a significant increase of almost all steroids assessed, except for 
17-hydroxy-pregnenolone (17-OH-P5), which showed a decreased level compared 
to the control, and etiocholanolone/androsterone (etio/androsterone), which 
was even absent in the media samples analyzed. However, corticosterone and 
androstanediol levels did not significantly change after cAMP exposure. Also, only 
after cAMP exposure, dehydroepiandrosterone (DHEA), that reflects the preferred 
Δ5 pathway, was measured, next to the Δ4 pathway-derived androstenedione, 
which indicates that both steroidogenic routes are present in this cell line. This 
is also supported by high levels of P4 and 17-OH-P5 in vehicle-control exposed 
samples, indicating high 3β-HSD and CYP17 activity, of which 3β-HSD especially 
is needed for conversion of Δ5 to Δ4 hormones. The presence of estrone (E1) 
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indicated some level of estrogen formation.
Compared to DMSO control-treated cells, several hormone levels increased after 
exposure to the bisphenol analogues. In the case of BPF and BPS an increase of 
pregnenolone (P5) and P4 levels was observed, whereas TBBPA exposure caused 
an induction of P4, 17-OH-P4, deoxycorticosterone (DOC), androstenedione, 
α-T as well as β-T levels (Figure S2). When comparing the effects of the different 
bisphenols exposures mutually, only TBBPA showed statistically significant 
changes in hormone levels when compared to either BPF or BPS exposure. TBBPA 
showed an increase in androstenedione and α-T as well as a decrease of P5, 17-
OH-P4, and androstanediol as compared to BPF-exposed cells. Compared to BPS, 
TBBPA exposure resulted in an increase in 17-OH-P4, androstenedione, α-T, and 
β-T levels, but also a decrease in the levels of P5 and androstanediol. Comparing 
the effects of TBBPA, BPF and BPS, those of TBBPA were more directed towards 
the male end products of T synthesis, while BPF and BPS predominantly changed 
the levels of progestagens that are formed in the beginning of the steroidogenic 
pathway (cf. Figure S3). The difference in effects on steroidogenesis caused 
by TBBPA versus bisphenol A analogues exposure, possibly originating from 
differences in their mechanism of action, already points out that validation of the 
MA-10 cell assay by different classes of compounds in necessary. Furthermore, 
combining multiple assays covering specific modes of action of the endocrine 
system could advance our knowledge on the way EDCs exert their differential 
effects [1]. A recent study by Rosenmai et al. described metabolomics in the human 
adrenocortical H295R cell line upon exposure to several structural bisphenol 
A analogues [108]. They also showed a marked increase in progestagens for BPF 
(mainly P4) and BPS (mainly 17-OH-P4), but no effect of BPA. Interestingly, we 
observed no difference in potency between BPF and BPS for induction of P4 
levels and in our study 17-OH-P4 was not statistically significantly affected. Also, 
a decrease in DHEA was described upon BPA, BPS and especially BPF exposure 
of H295R cells, while secretion of this metabolite was not detectable in our study 
with MA-10 cells. Moreover, the “backdoor pathway” steroids etio/androsterone 
or androstanediol were not described in the study of Rosenmai et al. [108]. The 
differences in bisphenol analogue effects found between H295R cells and MA-
10 cells again underline the importance of combining both assays as tissue- and 
possibly also species-differences in steroidogenic pathways can exist as described 
above that might influence the outcome of a study. 
An increase in testicular T production could theoretically lead to a more masculine 
phenotype because of its promoting role in the development and differentiation 
of the male organs [7]. However, no in vivo studies were found that clearly found 
such an effect upon TBBPA exposure [73, 240]. Moreover, as described above, the
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Figure 3. Steroid hormone secretion by MA-10 cells exposed for 48 hours to cAMP [100 μM], BPF, BPS, or 

TBBPA [10 μM]. (A) Table with absolute steroid hormone levels (ng/mL). Data are represented as means 

± SD of three independent experiments that were performed in duplicate. Significance was assessed by 

means of a Student’s t-test. *, #, or ^ Significantly different from DMSO control-, BPF-, or BPS-treated 

cells, respectively (P < 0.05). (B) Heat map showing fold changes of individual experiments compared 

with DMSO control-treated cells. Color scales range from bright red to bright green corresponding to 

up- or downregulation of the steroid hormone, respectively. Maximum brightness represents a fold-

change of ≥ 4 (2Log ratios of ≤ -2 or ≥ 2). Mass amplitudes showing a fold-change < 1.5 (2Log ratios < 

0.58) are presented in black. EXP = experiment, (17-OH-)P5 = (17-hydroxy-)pregnenolone, (17-OH-)

P4 = (17-hydroxy-)progesterone, DOC = deoxycorticosterone, etio/androsterone = etiocholanolone/

androsterone, DHEA = dehydroepiandrosterone, E1 = estrone, α/a-/β/b-T = alpha- or beta-testosterone, 

respectively.

timing of exposure plays an important role on the ultimate effect. Increased 
prenatal progestagen levels have been associated with a delay in parturition [241-

245]. Vinggaard et al. found that higher levels of testicular P4 in male rat fetuses 



118

Chapter 5  

upon exposure of the pregnant dams to the fungicide prochloraz were linked with 
delayed parturition [246]. In addition, both androgens and progestagens function 
as anti-gonadotropins through a negative feedback loop within the (adult) 
hypothalamic-pituitary-gonadal (HPG) axis, thereby reducing FSH and LH levels. 
As a result, this may lead to an adverse reproductive outcome later in life [247, 248]. 
Whether this could also be a pathway for (developmental) toxicity by BPF and BPS 
needs to be confirmed by an in vivo study.

Expression of Genes Involved in Cholesterol Biosynthesis and Steroidogenic Pathways
Subsequently, we investigated whether effects seen on steroid secretion by MA-
10 cells are reflected by altered cholesterol biosynthesis or steroidogenic gene 
expression after cAMP, BPF, BPS, or TBBPA exposure. cAMP [100 μM] caused a 
statistically significant increase in gene expression of Cyp51 (1.4-fold), Por (1.6-
fold), StAR (50-fold), Cyp11A1 (3.9-fold), Cyp17A1 (19-fold), 3β-Hsd1 (2.2-fold), 
and 5αRed1 (6.8-fold) whereas HMG-CoA red, 17β-Hsd3, c-Kit, and LHr gene 
expression levels were not affected (Figure 4). The rather unspecific manner in 
which cAMP upregulated most of the genes involved in cholesterol biosynthesis 
and steroidogenesis is also reflected in its steroid profile (Figure 3). The increase 
in P4 together with StAR gene expression after exposure of MA-10 cells to cAMP 
has been reported previously [238]. None of the bisphenol analogues upregulated 
the StAR gene expression, which suggests that their effects on testicular 
steroidogenesis are not mediated by a cAMP-dependent pathway.
Most notable was the upregulation of 5αRed1 gene expression by 6.4-, 8.4-
, and 7.2-fold by BPF, BPS, and TBBPA, respectively (Figure 4B). This is in line 
with our findings pointing towards the existence of the physiologically relevant 
fetal “backdoor pathway” in MA-10 cells. Additionally, Flück et al. found that the 
5αRed1 gene is expressed more in fetal than in adult testes [34], which supports 
our finding that the MA-10 Leydig cell line represents a more fetal-like testicular 
steroidogenesis pattern. Statistically significant upregulation of Cyp51 gene 
expression by BPF (Figure 4A), as well as Cyp17A1 by BPS (Figure 4B) were also 
observed in our study, yet these lie within the uncertainty range of the study design. 
Together, the results from the gene expression and steroid production suggest 
that effects of bisphenol analogues on steroidogenesis are caused by catalytic 
modulation of e.g. CYP17 activity. Yet, the upregulation of 5αRed1 gene expression 
suggests a redirection of steroidogenesis, which might lead to important effects in 
fetal testis development and function that warrant further investigation.
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Figure 4. Expression of genes involved in (A) cholesterol biosynthesis or (B) steroidogenesis in MA-10 

cells after a 6-hour exposure to cAMP [100 μM] or one of the selected bisphenol analogues [10 μM]. Data 

are represented as means ± SEM of three independent experiments that were performed in triplicate. 

Significance was assessed by means of a Student’s t-test. * Significantly different from DMSO control-

treated cells (P < 0.05). The gray dotted line indicates the reference level of the DMSO control. Dashed 

lines indicate the upper and lower limits of uncertainty of 1.4 and 0.7-fold difference compared to the 

DMSO control, respectively.

A

B
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Conclusions
The present study shows for the first time that bisphenols have differential 
effects on the steroidogenesis in MA-10 Leydig cells. Our results indicate that 
BPF and BPS are not necessarily ‘safer’ alternatives compared to BPA regarding 
their endocrine modulating capacity. This conclusion is in line with results of a 
recent study by Rosenmai et al. [108]. Moreover, TBBPA seems to elicit the highest 
endocrine modulating potential with strong induction of Leydig cell testosterone 
secretion and GR antagonism in the nanomolar range. The limited information on 
GR modulating effects with respect to male reproductive toxicity warrant further 
in vivo studies. The MA-10 Leydig cell assay appears to be particular useful to 
study effects of suggested EDCs on fetal testicular steroidogenesis, which differs 
substantially from adrenal steroidogenesis. Therefore, it is highly recommendable 
to consider the use of an in vitro assay covering the fetal testis, such as the MA-10 
cell line, next to the existing H295R steroidogenic assay for screening for potential 
EDCs.
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Supplementary data

Gene Forward primer (5'-3') Reverse primer (5'-3') cDNA dilution

β-actin ATGCTCCCCGGGCTGTAT CATAGGAGTCCTTCTGACCCATTC 1:10

StAR AAAAGACACGGTCATCACTCA CCACCCCTTCAGGTCAATAC 1:250

Cyp11A1 GCACTTTGGAGTCAGTTTACATC AGGACGATTCGGTCTTTCTT 1:10

Cyp17A1 TCGCCTGGGTACCACAACTGC AGAGTCACCATCTGGGGCCGAC 1:10

3β-Hsd TCAGCCACCACCATCTCAGACTTT AGCCGCTCAGTTCAGAATGTAGGA 1:20

17β-Hsd ACTGTGCCAGCAAGTTTGCG AAGCGGTTCGTGGAGAAGTAG 1:100

5αRed1 CTGGAGGGTTTCCTGGCTTTC GTGAACAGCAGGGTGGGCTT 1:100

c-Kit ATTGGCTTTGTGGTCGCA GGCACTTGGTTTGAGCATCT 1:10

LHr CCAGAGTTGTCAGGGTCGCGC GGTGAGAGATAGTCGGGCGAGGC 1:10

Cyp51 GAGAGAAGTTTGCCTATGTGCC TGTAACGGATTACTGGGTTTTCT 1:10

HMG-CoA red GGGGAGTTCAAACTGTATTACTT ATGCTCCTTGAACACCTAGCATC 1:10

Por CGAGGGCAAGGAGCTGTACC CACAGGTGGTCGATGGGTGG 1:10

Table S1. Sequences of primer pairs used in this study including their corresponding cDNA dilutions. All 

primers are designed for mouse genes as described in the Materials and Methods section.

Figure S1. (A) AR and (B) GR response measured as relative fluorescence as compared to vehicle-treated 

yeast cells after a 24-hour exposure to a concentration curve of testosterone (100 pM-1 mM) for AR and 

dexamethasone (100 nM-1 mM) for GR measurements, respectively. Data are represented as means ± 

SEM with N = 5-8 and n = 15-24. Significance was assessed using a one-way ANOVA test followed by 

Dunnett’s post hoc test. * Significantly different from vehicle-treated cells (P < 0.05).
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Figure S3. Schematic representation of the enzymes (in bold) and (pre)hormones (in rectangles) within 

the fetal-like steroidogenic pathway of MA-10 Leydig cells. Including the Δ5 and Δ4 pathways, as well 

as the “backdoor pathway” (dotted arrows). (17-OH-)P5 = (17-hydroxy-)pregnenolone, (17-OH-)P4 = 

(17-hydroxy-)progesterone, DOC = deoxycorticosterone, DHEA = dehydroepiandrosterone, E1 = estrone, 

T = testosterone, DHT = dihydrotestosterone.
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1. Summary of results

The research within this thesis was dedicated to the search for alternative testing strategies 

to ultimately replace animal studies, more specifically focused on reproductive toxicity 

screening assays for chemicals. The overall purpose of this thesis was the scientific validation 

and implementation of in vitro alternative assays for compounds toxic by interference with sex 

steroid hormone production i.e. steroidogenesis.

Starting our search for in vitro alternative methods to screen for steroidogenesis 
toxicity, we focused on the effects of (suggested) endocrine disrupting compounds 
(EDCs) on cytochrome P450 17 (CYP17) activity (Chapter 2). The CYP17 enzyme 
is responsible for the conversion of progestagens to dehydroepiandrosterone 
(DHEA), the main precursor for androgens and estrogens. It is an important 
hormone for sexual functioning and development, especially in the fetus. We 
developed a new assay to screen for effects on CYP17 activity using porcine 
adrenal cortex microsomes (PACMs) and decided to use the well-known H295R 
steroidogenesis assay for comparison. Next to this, effects of (suggested) EDCs 
on cytochrome P450 19 (CYP19) activity in the H295R assay as well as human 
placental microsomes (HPMs) were assessed. We screened 28 compounds, either 
known for their endocrine toxic effects or suggested to be an EDC, including 
several phthalates, perfluorinated compounds, as well as conazole fungicides 
and bisphenol analogues. The PACM assay showed to be an effective, rapid tool 
for screening of direct interaction of these endocrine-active compounds with the 
CYP17 enzyme. Furthermore, we discovered that the mechanism for regulation 
of CYP17 enzyme activity differs from the one for the CYP19 (aromatase) 
enzyme, since differential effects after exposure to (suggested) EDCs were seen. 
Considering the importance of CYP17 in steroidogenesis, the addition of a specific 
and validated CYP17 assay to an EDC screening battery would be of added value 
on top of the existing steroidogenesis assays that mainly consider effects on the 
CYP19 enzyme, like the H295R steroidogenesis assay.
After studying the effects of 28 compounds in multiple assays for modulation 
of CYP17 and CYP19 activity in Chapter 2, we decided to further investigate 
the endocrine modulating properties of a specific class of suggested EDCs: the 
conazole fungicides. Some of these widely used fungicides have been shown 
to affect male fertility parameters in vitro and in vivo. To further investigate the 
mechanism of action behind these effects, an in vitro study on several male 
fertility endpoints was performed as described in Chapter 3. Here, the murine 
MA-10 Leydig cell is introduced as an in vitro model suitable for EDC screening 
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for effects specifically on testicular steroidogenesis. Ten conazole fungicides were 
selected and tested for potential in vitro (anti-)androgenic effects using the MA-10 
cell line as well as an androgen receptor (AR) activity reporter assay. Exposure of 
MA-10 cells to six of these conazoles resulted in a decrease in basal testosterone 
(T) secretion. Moreover, flusilazole (FLU) and tebuconazole (TEBU) showed a 
concentration-dependent inhibition of T secretion when their exposure to MA-10 
cells was combined with luteinizing hormone (LH), a trigger for steroidogenesis 
in the Leydig cell. Nine of the tested conazole fungicides showed an inhibition of 
T-induced AR activation. Thus, several of the tested conazole fungicides showed 
distinct in vitro anti-androgenic effects in the performed assays. These effects 
are a result of two mechanisms, i.e. inhibition of T secretion and AR antagonism, 
suggesting that these compounds are potential testicular toxicants in vivo.
Chapter 4 presents the data from our study on the effects of two bisphenol 
analogues, two perfluorinated compounds, and two phthalates on ATP-binding 
cassette (ABC) efflux transporters in the blood-testis barrier (BTB). Again, the 
MA-10 cell line is used to evaluate effects of the aforementioned compounds on 
testicular steroidogenesis. Bisphenol A (BPA), tetrabromobisphenol A (TBBPA), 
perfluorooctanoic acid (PFOA), as well as perfluorooctane-sulfonic acid (PFOS) 
inhibited breast cancer resistance protein (BCRP) activity. Further studies with 
BPA and PFOA showed that these compounds are substrates for BCRP. TBBPA, 
PFOA, and PFOS also showed inhibition of multidrug resistance proteins 1 and 
4 (MRP1 and MRP4) and P-glycoprotein (P-gp). In MA-10 cells, BPA and TBBPA 
concentration-dependently increased T secretion. In the case of TBBPA, this 
could be blocked by inhibition of MRPs by MK-571, which lead us to the following 
hypothesis: the transporter-mediated efflux of T precursors is inhibited by TBBPA 
resulting in a higher availability of precursors for T production. EDCs are considered 
to primarily cause testicular toxicity by interference with steroid hormone 
function. However, this research indicates that, in EDC risk assessment, ABC 
efflux transporters present in the BTB are of toxicological and clinical relevance 
for testicular toxicity and should be taken into account.
Next, we zoomed in on the potential male toxic effects of several (structural) 
bisphenol analogues (Chapter 5). Effects of these compounds on AR and 
glucocorticoid receptor (GR) activity modulation were tested, as well as testicular 
steroidogenesis in MA-10 cells. BPA, bisphenol F (BPF), and TBBPA, but not 
bisphenol S (BPS) showed differential inhibition of AR as well as GR activity. BPF 
and BPS exposure of MA-10 cells mainly resulted in higher levels of progestagens 
that are formed at the beginning of the steroidogenic pathway, whereas TBBPA 
shows a distinct profile more directed towards the endpoint of testicular 
steroidogenesis, i.e. T and other androgens production. Furthermore, full steroid 
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profiling of the in vitro MA-10 cell model shows the presence of a more fetal-like, 
testicular-specific steroidogenesis pathway. This so-called “backdoor pathway” 
renders the MA-10 assay added value on top of the H295R steroidogenesis assay 
for tissue-specific questions related to EDC screening.
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2. (General) discussion

2.1 Steroidogenesis as a target for EDCs
Proper hormone balance is essential for survival of the organism, not only for 
physiological homeostasis but also regarding its involvement in development 
and reproduction. Hence it is important to investigate possible interactions with 
steroidogenesis with respect to endocrine toxic effects of compounds, as already 
stated in the introduction of this thesis and throughout the different chapters. 
There are several aspects that play a role in the susceptibility of steroidogenesis 
to endocrine disruption, which was also illustrated in the work for this thesis. To 
improve the endocrine screening of compounds, each of these individual factors 
should be considered when assessing effects on steroidogenesis.
First of all, the timing of exposure to EDCs, like for all compounds, within the life 
cycle is crucial for their possible effects. In classical toxicology it is stated that the 
dose makes the poison, however, besides this the timing of the actual exposure 
is of the utmost importance for an EDC to be able to instigate an adverse effect 
with possible irreversible damage as a consequence. When for instance an embryo 
or fetus is exposed to EDCs this can be harmful for its development. Additionally, 
effects later in life can be brought about due to altered fetal programming, which 
may not already be recognized early in life [72, 249]. The developmental period of the 
child includes specific developmental time windows for each organ. These critical 
periods leave a developing organ highly sensitive for exposure to EDCs. Therefore, 
sensitivity of different tissue types for EDCs during fetal life depends not only 
on whether exposure itself occurs but above all on the timing of this exposure. 
One of these specific developmental periods of the fetus is the masculinization 
programming window (MPW) [7]. During this time frame, EDCs can interfere with 
the testosterone peak that is needed for correct male phenotypic development. 
Disturbances in testosterone production during the MPW can lead to feminization 
of the male fetus. In Chapter 5 we elaborate on the discovery of the presence of the 
fetal backdoor pathway in MA-10 Leydig cells. The fetal steroidogenic backdoor 
pathway shows high resemblance with the classical (adult) steroidogenic pathway, 
but contains an additional route generating androgens via 5α-reductase activity. 
Differences in the steroidogenic pathway routes of the fetus versus adult can 
result in differences in sensitivity to EDCs and differential coping mechanisms for 
adverse effects caused by EDCs. Besides the fetal sensitivity, timing of exposure 
is also a factor that should be taken into account in later life stages. Especially in 
vulnerable groups like the elderly and pregnant just as in developing young teens 
and fertile adults [39].
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Secondly, different tissue types respond differentially to exposure to certain 
chemicals, i.e. there is a tissue-specific sensitivity for EDCs. We see this clearly 
when we look at the differences in response of the testicular Leydig cell line MA-
10 versus the adrenal H295R cell line. Rosenmai et al. performed in vitro studies 
for steroidogenesis with bisphenol A analogues using H295R cells [108]. Likewise 
we investigated the response of MA-10 cells in terms of hormone secretion after 
exposure to bisphenol analogues (Chapter 5 [250]). We clearly see differential effects 
of the compounds in our study versus Rosenmai et al. [108]. Where they found an 
increase of mainly estrogen and progestagen levels, we only found an increase 
of progestagens after exposure of the cells to BPF or BPS. Furthermore, we did 
not detect the most abundant circulating endogenous sex steroid precursor 
DHEA in the MA-10 cells secretion medium, whereas Rosenmai et al. showed 
a decrease of DHEA in H295R cells after exposure to the test compounds [108]. 
Moreover, no steroids that are incorporated in the fetal-like “backdoor pathway” 
for steroidogenesis were detected in the H295R cells used by Rosenmai et al., 
indicating that this pathway is not available in these cells, in contrast to its presence 
in MA-10 cells [108]. In Chapter 2 we also saw that differences in the composition 
of the steroidogenic pathways between different organ types exist. For example, 
the human placenta expresses high CYP19 activity but does not contain the 
CYP17 enzyme. In addition, different organs can have a preference for a certain 
steroidogenic route. In the testes the main route for androgen production is the 
Δ4 pathway, whereas in adrenals the Δ5 pathway is the preferred steroidogenic 
route (Chapter 5; [10, 11]).
Tissue-specific effects also arise from toxicokinetic differences. We show in Chapter 
4 the differential interactions of several EDCs with ABC transporter activity [164]. 
With respect to the testes, the blood-testis barrier contains transporters that are 
able to selectively transport certain EDCs across the physiological barrier between 
the blood compartment and testes. This is important to consider when assessing 
testicular toxicity of EDCs.
The third factor involved in differential sensitivity of steroidogenesis to EDCs we 
address in this thesis are species-differences. In humans a large portion of sex 
steroids and their precursors is produced in the adrenals [197]. However, in often-
used animal models for reproduction, the mouse and rat, secretion of sex steroids 
takes place exclusively in the gonads [198]. In Chapter 2 we analyzed enzyme 
activity in three types of assays: the H295R cells, human placental microsomes, 
and porcine adrenal cortex microsomes. Of the three types of biological material 
we used, the first two are of human origin and the latter of porcine origin, which 
can introduce differences in the results obtained. The H295R steroidogenesis 
assay is composed of cells derived from a female human adult presenting with a 
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more fetal-like structure and function in terms of hormone production, whereas 
the MA-10 cells find their origin in male murine testicular Leydig cells (Chapter 5). 
The discrepancies in results described in the scientific chapters of this thesis might 
partly be induced by species-differences in the cell models that were used, instead 
of or in addition to tissue-differences. Mouse and human Leydig cells seem to be 
quite similar when it comes to interactions with local testicular steroidogenesis 
[195]. Johnson et al. already pointed out that species differences exist for phthalate-
induced fetal testis endocrine disruption; in this case, mouse and human seem 
to respond more alike than rat to either one [70]. If this is also the case for other 
potential EDCs remains to be investigated.

2.2 Novel parameters; in vitro assays for EDC screening
Classical reproductive toxicity screening uses a high number of laboratory 
animals, and is therefore ethically challenged, costly and time-consuming [101]. It is 
estimated that in vivo developmental and reproductive toxicology tests performed 
under OECD guidelines are requiring 65% of all experimental animals used for the 
purpose of REACH legislation [101]. Besides, the list of suggested EDCs requiring 
full screening is still growing. Thus, the need for rapid and predictive alternative 
testing models that can refine, reduce and ultimately replace animal testing is 
high. During the last years, a lot of time has been spent on the development of 
these alternative assays. However, the implementation of these methods is still 
lagging behind [251, 252].
Classical reproductive toxicity screening is mainly based on apical endpoint 
measurements in the intact animal (e.g. guidelines OECD 414 developmental 
toxicity study, OECD 416 two generation study, and OECD 421 developmental 
toxicity screening) [101]. Also, distinct species are used, mainly rats and rabbits, 
as a golden standard model for the human being. Consequently, extrapolation 
from these species to human is always needed. Furthermore, investigating the 
mechanism of action in whole animal studies is less common, for that we revert 
to in vitro studies. Many robust in vitro assays for EDC screening purposes, like 
the H295R steroidogenesis assay and several hormone transactivation receptor 
assays have been developed [35, 36, 105, 203]. But what is the added value of these 
tests regarding the reduction of animal assays? Addressing this important topic, 
it is suggested to focus more on the development of assays that cover essential 
aspects within the reproductive cycle that are not yet covered by existing test 
methods [1, 204-207]. As already mentioned above (see §2.1), there are several 
important aspects that should be considered carefully when designing an assay 
to screen for endocrine disrupting activity. According to our research, these 
aspects include: timing of exposure, exposed tissue type, and the species used, 
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as mentioned above. However, these are not exhaustive since these aspects are 
related to general principles only that are involved in endocrine toxicity. Other 
aspects, concerning the mechanisms of action of EDCs, will be explained below.

Enzymes
Especially the enzymes involved in steroid biosynthesis have already been 
recognized for a while as important targets for the actions of various EDCs [10], and 
therefore have been studied thoroughly during the last decade [69, 77, 106, 121, 126, 137, 138, 

147]. Our research also indicates that there is an important role for specific enzyme 
activity measurements in the screening for possible EDC effects, as opposed to 
general hormone production (Chapter 2). The CYP17 enzyme is proposed as a key 
element for steroidogenic toxicity testing as it is essential in the production of 
DHEA, the main androgen and estrogen precursor. In particular, in the fetus, this 
(pre)hormone is of high importance for both sexual functioning and development. 
The CYP19 enzyme, aromatase, has already been extensively studied [69, 106, 111, 

119, 134, 135, 139, 147]. However, we discovered that the mechanism for regulation of 
CYP17 enzyme activity differs from the one for the CYP19 (aromatase) enzyme, 
thus requiring a specific test for each to screen for possible effects on these two 
enzymes (Chapter 2; [124, 129, 130]). This example shows that, even though CYP17 and 
CYP19 are members of the same family of cytochrome P450 enzymes, mechanistic 
differences in regulation can exist, which should be considered while performing 
EDC screening assays.
Moreover, from our studies it becomes clear that direct interaction with CYP17 
enzyme activity is a more common EDC-effect than are indirect ways of affecting 
enzyme activity. Whenever we saw effects on enzyme activity, these could not 
be explained by correlating effects on gene expression (Chapters 2-5; [157, 164, 

218, 250]). The same goes for cAMP activity; no correlation between cAMP levels, 
gene expression levels or enzyme activity could be found for the effects of EDCs 
on CYP17 enzyme activity (Chapter 2; [157]). This indicates that posttranslational 
mechanisms play a more important role in the regulation of this particular enzyme, 
instead of influences on a transcriptional level [124, 129]. Therefore, in our opinion the 
focus of EDC screening should be on direct interaction with enzyme activity rather 
than studying indirect effects.

Steroid profiling
In order to estimate effects on steroidogenesis, the simplest way is to measure 
the endpoints, namely progesterone, testosterone, and/or estradiol levels. Our 
studies together with those of others tell us that endpoint measurements are 
not always sufficient to answer the question “How does this chemical disrupt 
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steroidogenesis?”. To be able to answer this question in more detail, mechanistic 
insight is needed. This mechanistic insight can be gained by, instead of looking 
only for endpoint hormone levels, assessing the full steroid profile in an assay. 
This can be done in cell lines that accommodate the steroidogenic pathway, for 
instance the H295R cells, like Rosenmai et al. did previously, or MA-10 cells, the 
latter we did ourselves (Chapter 5; [108, 250]). Assessing the full steroid profile of a 
cell line gives much more information on what is happening inside the ‘black box’ 
compared to only endpoint measurements. Hence, this results in more profound 
evidence to form the mechanistic basis for any argumentation as to whether or 
not a chemical should be classified as an EDC.
Nonetheless, attention should be payed to the fact that each cell line containing 
a steroidogenic pathway has its own unique preference route for passing through 
this pathway. As already stated in §2.1, different organs have different preferred 
steroidogenic routes (e.g. the Δ4-pathway in the testes and the Δ5-pathway in 
the adrenal gland). Moreover, steroidogenic pathways in different cell lines can 
have different outcomes, i.e. different hormones to be produced as a result of 
steroidogenesis in the specific cells. This is already illustrated by differences in 
hormones resulting from the H295R versus the MA-10 steroidogenic pathway 
(see §2.1). And by the example of the existence of the “backdoor pathway” in 
MA-10 cells (see §2.1). Differential steroidogenic pathways do not have to be a 
limitation, but should rather be treated as an extension of our options to explore 
different tissue types resembling different life stages. This way, one gets a better 
mechanistic insight, which can lead to better risk assessment for humans.

Hormone receptors
In order for steroidogenic hormones to exert their action, the availability of 
corresponding hormone receptors is a necessity. EDCs can be endocrine active via 
interaction with these hormone receptors. For instance, all ten conazoles tested in 
Chapter 3, except for fluconazole, showed anti-androgenic activity via interaction 
with the AR. Flusilazole was an even more potent AR antagonist than the known 
therapeutic AR antagonist flutamide. This emphasizes why it is necessary to 
incorporate assays for hormone receptor activity in an EDC screening battery, 
next to methods for testing on steroidogenesis interactions.
In Chapter 5 we showed interaction of bisphenol A and two of its analogues, BPF 
and TBBPA, with the AR and GR, whereas BPS did not. BPA and BPF showed 
responses with a similar potency, while TBBPA was more active in an antagonistic 
manner. Another study also looked at the interaction of bisphenol A analogues 
with hormone receptors, namely the AR and ER [108]. In their case, all test 
compounds caused the same qualitative effects on AR and ER activities, meaning 
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that the analogues exhibited potencies within the same range as BPA [108]. The use 
of different methods could be an explanation for the differences seen between 
these studies. Therefore, this issue should be considered well before drawing any 
conclusions when quantitatively evaluating effects of EDCs on hormone receptor 
activity.
Arguably, in 2002 the IPCS already stated that EDCs can act at multiple sites via 
multiple mechanisms of action and pointed out that, although receptor-mediated 
mechanisms have received the most attention, other mechanisms, like hormone 
synthesis, transport, and metabolism, have been shown to be equally important 
[39]. Environmental chemicals that have the potential to alter endogenous hormone 
production or metabolism, may seem innocuous based on the results of hormone 
receptor screening assays, but could pose a risk via another mechanism [89].

Efflux ABC-transporters in the BTB
The BTB is thought to form a protective barrier against entrance of toxic compounds 
into the testes by dividing the seminiferous epithelium in two compartments (see 
also Introduction §1.6 section BTB). The efflux ABC-transporters in the BTB are 
located in such a way that their substrates are transported out of the seminiferous 
tubules. This positioning suggests that these efflux transporters prevent entry 
and/or accumulation of foreign, undesirable molecules. Hereby, the testes as a 
whole, and more specifically the germ cells inside it that contain fragile genetic 
material, will be protected against testicular toxic compounds. Furthermore, 
also (precursors of) hormones can be transported via ABC-transporters, as 
hypothesized in Chapter 4. Therefore, it is essential to know the interaction 
of chemicals, in this case predominantly the toxicokinetics of EDCs, with these 
transporters for proper risk assessment (Chapter 4).

Limitations of in vitro models
As is true for all models: an in vitro model is reductionist by nature and therefore 
not more or less than a possible representation of the actual situation. Therefore, 
it comes with certain limitations. For example, hormonal feedback loops are not 
incorporated in in vitro test systems, as a result it cannot be estimated whether a 
single exposure is enough to cause an adverse effect or if this in reality could be 
reversed, an important mechanistic feature. In reproductive toxicology research, 
feedback loops are very important because of the presence of reproductive 
hormone axes that include multiple feedback connections between various organs 
(see §1.4 of the Introduction).
Besides the lack of knowing if homeostatic control could have occurred, it is also 
hard to make a distinction between adaptive versus adverse effects when using 
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in vitro models. In addition, aspects of kinetics and metabolism are usually not 
present. An extrapolation is necessary to translate an in vitro test result to an actual 
effect that might happen in a whole animal or human. This can be very challenging 
as it involves multiple assumptions. Still, increasing knowledge on toxicological 
and biological mechanisms and improved computational models for toxicokinetic 
and toxicodynamic predictions have greatly enhanced the applicability and 
predictivity of in vitro models to assess endocrine toxicity [253]. Since the basis for 
most of the toxicology testing are animal models, an extrapolation step including 
large safety margins that allow for differences in susceptibility between individuals 
and species, is always needed, not only for in vitro studies [89].
The above paragraphs illustrate once more that combining multiple assays 
covering specific modes of action of the endocrine system could help us get a 
clearer picture while identifying and classifying potential EDCs and that in risk 
assessment processes more weight should be given to in vitro studies [1].

2.3 Risk assessment of (potential) EDCs
Toxicologists have a unique position in the field of risk assessment of chemicals. 
Where epidemiology often ends up with associations between exposures and 
effects, which may or may not indicate causality, experimental toxicological 
methods allow us to determine whether this health effect is indeed causally 
linked to the actual exposure. That puts us toxicologists in the position of being 
the gatekeepers of the safety of the environment in terms of delivering cause-
and-effect relationships as a basis for rules and regulations for the production and 
use of chemicals. In order to deliver solid evidence-based results to risk managers, 
toxicologists are dependent on the correct performance of their risk assessment. 
Acknowledging that a chemical can potentially cause harm reveals a ‘hazard’, but 
the actual ‘risk’ of that chemical lies in the potential to cause an actual biological 
effect, combined with an estimate of expected exposure levels [89]. The latter 
depends on the properties of a chemical in combination with an actual, sufficient 
exposure level that should be reached, which can be determined with standard 
toxicological testing [89].
Many ubiquitous environmental chemicals are suggested to be (potential) 
endocrine disruptors [89]; but to what extent? In 2006 Sanderson already concluded, 
from a review of studies on the steroid hormone biosynthesis pathway as a target 
for EDCs, that relatively little was known at that time about the underlying 
mechanisms of interference of EDCs with steroidogenesis and their potential 
toxicity in steroidogenic tissues [10]. This seriously complicates risk assessment for 
humans and the environment [10]. Turning to in vitro models could give us more 
insight in the mechanistic ways EDCs can exert their effects. Generally, in vitro 
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assays are useful tools for identifying possible toxicants [254]. In vitro versus in vivo 
toxic dose data show good correlations [255-258]. However, since extrapolation is 
always necessary in order to say something about human or animal risk, errors 
could be introduced. Furthermore, it is difficult to estimate the ‘real’ dose that 
elicits an effect in vitro. Since many EDCs show high protein binding, for example to 
serum in culture media of cells, or plastic binding, for instance in culture plates, the 
availability of active compound is lowered, hence higher dosing concentrations are 
needed. In order to circumvent this problem, establishing the free concentration 
of a compound for calculations of dose versus response would be helpful [259-262].
The effective concentrations of the compounds studied for the research 
described in this thesis where found to be ranging from nanomolar to micromolar 
levels, hence being quite variable for each compound for the different effects 
we observed. In Chapter 2, we found that the effective concentrations of the 28 
tested compounds for effects seen on CYP17 and CYP19 activity were generally 
within the high nanomolar to low micromolar range, which represent rather high 
physiological levels. Chapter 3 shows that conazole fungicides can be effective at 
levels lower than the ones that can be reached in the human body. The example 
of fluconazole explains that plasma levels after treatment are higher than the 
maximum concentration tested in vitro that resulted in inhibition of testosterone 
secretion. Moreover, significant internal exposure to conazoles can be expected 
because of their fast uptake rate (Tmax = approximately two hours) in combination 
with a plasma half-life of approximately 30 hours. Furthermore, as mentioned 
in paragraph 2.2.3, flusilazole showed a much higher (3.61 times) potency as 
an AR antagonist compared to the known AR antagonist flutamide. Low effect 
concentrations of conazoles in combination with possible exposures to mixtures 
of the compounds therefore pose a potential risk. The concentrations of the EDCs 
that affected ABC transporter activity and testosterone secretion in Chapter 4 
were found to be in the nanomolar to micromolar range. Since we were looking at 
the effects on a (efflux) membrane protein that transports molecules from inside to 
outside the cell, plasma EDC levels are of limited relevance. Data on intracellular 
concentrations for the selected EDCs would be a better indicator when predicting 
effects that could occur in the human body by EDCs to which we are daily exposed. 
The effects seen on AR and GR activity by bisphenol analogues vary in terms 
of effective concentrations (Chapter 5). TBBPA shows effects at a nanomolar 
concentration, whereas BPA and BPF show effects at a micromolar level. The 
effects of the bisphenol analogues on hormone secretion by the MA-10 cells were 
only tested at one concentration of 10 µM. Whether these concentrations are of 
toxicological and thus biological relevance, remains to be elucidated.
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From each individual scientific chapter in this thesis, it can be deduced that proper 
risk assessment is severely hampered by the lack of accurate exposure data. 
Exposure at relevant doses should be the starting point for a solid risk assessment. 
This means that reliable exposure assessment data are needed for each EDC 
to be evaluated. Unfortunately, for a lot of ECDs this information is still missing. 
Also, information on chronic exposures should be investigated more. Studying 
chronic exposure in an in vitro setting is challenging but a couple of successful 
attempts in this direction have been made by others and should definitely be 
explored further [263, 264]. Since chemicals occur everywhere in our daily life, we 
are continuously exposed to a mixture of (low doses of) these chemicals, hence, 
they could influence each other’s bioavailability and toxicity. For estimating both 
chronic as well as mixture influences on exposure to chemicals, in silico models, 
like physiologically based pharmacokinetic (PBPK) modelling, are a valuable asset.
Another issue, that is perhaps the most controversial in EDC research, is the topic 
of dose-response relationships. Lee and Jacobs stated that endocrine-disrupting 
chemicals can have biological effects at low doses that are not observed at high 
doses, resulting in non-monotonic dose-response curves, which is also claimed 
previously by others [57, 208, 265, 266]. This would be a result of the ability of EDCs to act 
like an endogenous hormone; mimicking (agonize) or suppressing (antagonize) 
the actions of naturally occurring hormones [39, 57]. Endogenous hormones also 
often display various non-monotonic dose-response relationships [57]. It is likely 
that dose-response relationships vary for different chemicals as well as endocrine 
mechanisms, and that timing of exposure is a crucial factor [39]. Furthermore, there 
is a big difference between research on environmental chemicals in general versus 
specifically on EDCs, since endogenous hormones, that are often more potent 
than exogenous EDCs, are present in physiologic concentrations and consequently 
have their influence on the endocrine system irrespective of the possible effects 
of EDCs. This also touches upon the question if endocrine disruption is really the 
effect we should be looking at; is endocrine disruption the primary or secondary 
toxicity of EDCs? Could it be that endocrine-disrupting effects occur only at doses 
which are preceded by other effects, for instance neurotoxicity, that already occur 
at lower doses? If this would be the case, the endocrine-disrupting effects would 
not be the ones we have to worry about. Our primary concern should then be the 
primary toxicity that occurs instead of secondary endocrine- toxic effects that 
do not occur at dose levels reached. The above-described matters should all be 
considered carefully when performing EDC screening assays.
In relation to male fertility, a lot of concern has risen throughout the last decades 
regarding the influence of EDCs on a possible decline in (factors associated with) 
male fertility. In 2002 it was already stated in an IPCS report that if a modulation of 
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the testosterone that is synthesized in the testes and adrenal glands occurs, this 
will have an effect on male reproduction as well as development [39]. We, as well 
as others, saw some clear endocrine disrupting effects in our in vitro studies on 
endpoints that are proven to be related to testicular toxicity (i.e. steroidogenesis 
and AR activity). Commonly occurring chemicals and environmental contaminants, 
like bisphenol analogues, conazole fungicides, phthalates and perfluorinated 
chemicals, presented with effects on steroidogenesis (i.e. testosterone secretion 
in murine testicular MA-10 cells or human adrenal H295R cells), hormone receptors 
(e.g. AR and GR), and/or efflux ABC-transporters in the blood-testis barrier 
(Chapters 2-5 [157, 164, 218, 250]). In general, the direct effects on enzyme activity are the 
most potent and could not be explained by changes in gene expression (Chapters 
2-5 [157, 164, 218, 250]). Besides, effects on the androgen receptor were all antagonistic, 
indicating a suppression of the androgen action. A compound-specific mechanism 
can be the cause for action of an EDC, as seen with TBBPA (Chapter 4 and 5 [164, 250]). 
But also structural resemblances in effects are seen, for instance for conazoles and 
the bisphenol analogues BPA, BPF, and BPS (Chapter 3 and 5 [218, 250]). For the latter, 
quantitative structure-activity relationships (QSARs) could be a solution to enable 
us to get more insights. In the case of the bisphenol analogues, our results indicate 
that BPF and BPS are not necessarily safer alternatives to BPA, since they can have 
effects in the same order of magnitude in our in vitro tests.
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Conclusions
•  Chapter 2: Steroidogenesis is a major target for EDCs leading to endocrine 

toxicity. Especially, steroidogenic enzyme activity is at risk, e.g. direct 
interaction with CYP17 and CYP19.

•  Chapter 2: The mechanism for regulation of CYP17 enzyme activity differs 
from the one for the CYP19 (aromatase) enzyme. Therefore, the addition of 
a specific CYP17 assay to an EDC screening battery would be of added value 
on top of the existing steroidogenesis assays that mainly consider effects on 
CYP19, like the H295R steroidogenesis assay.

•  Chapter 3: Conazoles show distinct in vitro anti-androgenic effects that are 
derived by two mechanisms: inhibition of T secretion and AR antagonism, 
which suggest a potential for inducing testicular toxicity.

•  Chapter 4: There is toxicological and clinical relevance in taking into account 
ABC efflux transporters present in the BTB in EDC risk assessment related to 
testicular toxicity.

•  Chapter 5: Bisphenol analogues show differential effects on AR and GR 
activity as well as testicular steroidogenesis.

•  Chapter 5: The MA-10 cell model contains a more fetal-like testicular 
steroidogenesis pathway, the so-called “backdoor pathway”, which renders 
the MA-10 assay added value on top of the H295R steroidogenesis assay for 
specific, mechanistic EDC screening.

•  Decreasing male fertility is a problem of concern, which could be investigated 
mechanistically with the use of in vitro assays.

•  Several relevant in vitro assays for endocrine disruptor screening exist, e.g. 
enzyme activity assays, steroid profiling, hormone receptor assays, ABC-
transporter tests.

•  Limitations of in vitro assays for risk assessment purposes should be 
acknowledged and considered carefully while screening for EDC effects, 
e.g. extrapolation, free concentration, effective concentrations, lack of 
exposure data, chronic exposure, mixtures, low doses, (non-monotonic) 
dose-response relationships, interaction with endogenous hormones, 
timing, primary or secondary effect.

•  Timing of exposure, tissue types, and species-differences are important 
factors to consider in endocrine toxicity assessment.
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3. Future perspectives

Already in 2002, it was recognized by ECVAM that EDCs can have many (weak) as 
well as contrasting effects [254]. The general public is concerned about synthetic, 
man-made chemicals that are released into the environment, especially pesticides 
[89]. They expect these chemicals to have adverse effects on human health [57]. 
Scientific proof for this is not unambiguous but many chemicals do possess 
intrinsic hormonal activity, which feeds the debate around EDCs [89]. Contrasting 
opinions about rules and regulations on EDC legislation that are instigated by 
different governments make one’s round [267, 268]. Unfortunately, this will not solve 
the problem for decision-makers, but will only lead to polarization in the scientific 
field and thus make it very difficult for policy makers to come up with solid EDC 
legislation. Still, there is a need to develop programmes and collaborations 
that break down institutional and traditional scientific barriers that stimulate 
cooperation between multiple disciplines in science [269].
The field of endocrine disruption is a hugely contentious area with predominantly 
polarized opinions because of a lack of definitive scientific results [89]. For some 
compounds, like BPA, there are many data available already but the results 
are very diverse and point in practically all directions. Is there a need for more 
research on these kinds of chemicals? Or should we evaluate the data that we 
have with great care and if no unequivocal conclusion can be drawn, make use 
of the precautionary principle? In some countries the latter is already applied 
(e.g. France and most Scandinavian countries). In order to protect ourselves, and 
especially vulnerable groups like the developing child, it might be a good idea 
to pursue the precautionary principle, even in the absence of clear proof, until 
a better alternative is found or consensus is reached on the scientific results [89]. 
Even though scientific results can point into (seemingly) opposite directions, 
they do appear within a dynamic world of information in which new insights 
can put available results in a completely different perspective. Repeated careful 
consideration of existing knowledge in light of new results is always warranted.
Next to the discussion if a compound is indeed to be called an EDC, a lot of debate 
and research is going on in the field of the development of alternative screening 
assays to detect EDCs. So, what have we actually learned from this long and 
winding (and still continuing!) road towards the development of animal-free 
reproductive toxicity screening assays for suggested EDCs? A lot, I would say, 
which gives us opportunities for the (near) future, although there still remain lots 
of things to unravel - because isn’t that always the case for any work that is carried 
out in the field of (biomedical) research? Therefore, although it holds true, instead 
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of just re-quoting the all too well known platitude “more research is needed”, I 
would like to conclude this thesis with some future directions, which I believe 
should be the point of departure for future research in the field of EDC screening.
First of all, the term EDC is rather difficult in its use. It implies a certain “irreversibility” 
of adverse effects caused by EDCs because they “disrupt” something. In fact, 
EDCs can have adverse effects that either are irreversible or reversible, but they 
can also present with effects that are not merely disrupting (implying adversity 
of effects) but rather modulating. Therefore, calling these compounds ‘endocrine 
modulating compounds’ (EMC) would be more logical, and hopefully result in 
less confusion and more uniformity in statements regarding these compounds.
Nowadays, a shift in focus on the development of animal-free compound 
screening methods has emerged. For REACH a lot of chemical screening is still 
needed/in progress. The available methods, mostly using small rodents, are 
animal consuming and timely, thus very expensive. The research described in this 
thesis indicates that the development of animal-free testing strategies is still in 
progress. Although several relevant in vitro assays exist, as well as ex vivo and 
in silico methods, there is definitely room for improvement. Full replacement of 
animal testing is not feasible yet. It will take more effort, both on a financial as 
well as labor level, to ever get close to this point. In order to develop tests that are 
more successfully validated and finally implemented in standard EDC screening 
programs, the general focus paradigm should be changed. It is not sufficient 
to test the reproductive toxic potential of a compound by only using a single 
alternative method, which is merely assessing one aspect of the reproductive 
cycle. A single cell-based assay will never be able to fully replace an animal assay. 
A battery approach using complementary (in vitro) assays, however, could result 
in a better resemblance of possible outcomes in a whole organism. Therefore, the 
focus should be on developing assays that fit within an integrated testing strategy 
and cover crucial steps in reproductive development, especially for those endpoints 
for which no good alternative assay exists yet, such as fetal steroidogenesis [206, 270, 

271]. Starting with high throughput assays assessing basic endpoints and working 
towards tests for more apical endpoints could be cost-effective. If we would 
gather all the alternative tests and their data that we already have, we could 
very well come up with a test battery with a reasonable predictivity that could 
be used to make a preselection of chemicals (tiered approach), based on a 
weighted decision, before turning to animal tests [206]). If more mechanistic details 
become available from in vitro tests, this would reduce animal use, safe money 
and time, and would, in the end, even result in better predictions for human and 
ecological risk assessment in the field of reproductive toxicology. Unfortunately, 
implementation of in vitro tests in the regulatory toxicology is still minimal and 
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has to deal with obstacles in the regulatory process [251, 252]. The belief that the 
animal model is still the golden standard, hampers implementation of alternative 
methods. If we really want to generate an animal-free testing environment, we 
should simply stop testing things on animals and start referring more to alternative 
ways to get our answers, especially on a regulatory level. Of course, quitting all 
animal test and replacing them with (in vitro) alternatives is easier said than done, 
if an in vitro assay would show a 100% match with the described applicability 
domain, there would be no problem to use it. Moreover, in vitro assays provide 
us with mechanistic information that can be the basis for a solid extrapolation in 
terms of relevance for the human situation. The combination of multiple in vitro 
assays could give as an ultimate battery of tests to cover all aspects in the field of 
interest, which would generate a valuable replacement of the animal assays. This 
is still a utopian idea, but with that being said also a goal worthwhile to pursue.
At the start of this PhD research we challenged ourselves with the task to 
search for in vitro alternative assays for compounds toxic by interference with 
steroidogenesis, and, if developed, to scientifically validate and implement these 
methods. Now, at the end of four (plus) years of intensive research on this topic, 
we have partly succeeded in fulfilling this task. We identified some crucial aspects 
that are currently not addressed well and proposed some valuable alternative 
assays to assess for effects on steroidogenesis, e.g. the microsomal CYP17 assay 
and the MA-10 testicular steroidogenesis assay (Chapter 2 and 5 [157, 250]). And we 
investigated several EDC effects in more detail, to get better mechanistic insight 
in the way possible EDCs can act. However, although we unraveled some pieces of 
the puzzle and therefore contributed to the search for alternative assays with our 
research, we are still far from an animal-free EDC screening method. Combining 
several assays in an integrated testing strategy enhances the predictivity of the 
test battery as compared to evaluating each individual assay within it separately 
[1, 206, 270, 271]. This makes it possible for producers of synthetic chemicals to diminish 
the amount of animal tests needed for standard registration testing, if accepted by 
regulators and legislators. With a test battery including predictive in vitro assays, 
a preselection of chemicals can be made and where animal testing is only used as a 
last resort for specific cases of concern. Hereby, in light of the three R’s principle, 
reduction, refinement, and in some cases replacement of certain animal tests can 
be achieved. If full replacement of animal testing by alternative methods is ever 
going to be possible is still a question we cannot answer today, but what is certain 
is that there are still a lot of possibilities to improve endocrine toxicity testing.
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Nederlandse samenvatting

Doel van dit project
Het onderzoek opgenomen in dit proefschrift was gericht op de zoektocht 
naar teststrategieën om stoffen te screenen voor effecten op de (mannelijke) 
voortplanting ter vervanging van proefdierstudies. Het hoofddoel was het 
wetenschappelijk valideren en implementeren van in vitro alternatieve methodes 
voor stoffen die toxisch zijn door verstoring van de geslachtshormoonproductie, 
de steroïdgenese. In de wetenschappelijke artikelen opgenomen als hoofdstukken 
in dit proefschrift, wordt ingegaan op de ontwikkeling van screeningsmodellen 
voor hormoonverstorende stoffen. De focus lag hierbij voornamelijk op (foetale 
en/of mannelijke) veranderende hormooneffecten.

Introductie
Het endocriene systeem
Het menselijk lichaam staat onder constante (interne) controle om te zorgen dat 
het goed blijft functioneren. Hiervoor is het behoud van een bepaalde balans 
noodzakelijk, deze balans wordt ook wel homeostase genoemd. Eén van de 
systemen die het lichaam in balans te houdt, is het endocriene of hormonale 
systeem. Het endocriene systeem bestaat uit verschillende organen, klieren, die 
zich verspreid over het hele lichaam bevinden. Zo bevinden zich in de hersenen de 
hypothalamus, hypofyse en pijnappelklier, bovenop de nieren liggen de bijnieren 
en in het bekken bevinden zich de geslachtsklieren (gonaden), daarnaast maken 
ook de alvleesklier, thymus en (bij)schildklier deel uit van het endocriene systeem. 
Endocriene organen hebben hun werking te danken aan signaalstoffen die ze 
uitscheiden, de hormonen. Hormonen zijn biologisch actieve stoffen die via het 
bloed getransporteerd worden naar vele andere weefsels en organen waar ze hun 
biologisch effect uitvoeren om goede intra- en intercellulaire (binnen en tussen 
cellen) communicatie te waarborgen. Dit doen ze door een specifieke receptor te 
activeren. De binding aan deze receptor zet een cascade van signalen in gang die 
het uiteindelijke effect van het hormoon bewerkstelligen. Hormonen kunnen veel 
verschillende functies hebben, waaronder een sturende rol bij de voortplanting 
en ontwikkeling. Er zijn drie hormonen die erg belangrijk zijn voor ontwikkeling- 
en voortplantingsprocessen in het lichaam: de androgenen (‘mannelijke 
geslachtshormonen’), de oestrogenen (‘vrouwelijke geslachtshormonen’) en 
de progestagenen. Daarnaast zijn er nog andere groepen hormonen die van 
invloed zijn op de voortplanting, zoals de glucocorticoïden, gonadotropines, 
mineraalcorticoïden en schildklierhormonen.



164

 

De geslachtshormonen zoals testosteron en oestradiol zijn steroïdhormonen, wat 
betekent dat ze worden gevormd uit cholesterol. Onder invloed van verschillende 
enzymen (katalysatoren voor chemische reacties in of buiten een cel) wordt 
cholesterol stapje voor stapje omgezet tot een specifiek hormoon. Dit stapsgewijze 
proces waarbij steroïdhormonen worden gevormd heet steroïdgenese. Twee 
belangrijke enzymen in het proces van steroïdgenese zijn cytochroom P450 17 
(CYP17) en cytochroom P450 19 (CYP19), die laatste wordt ook wel aromatase 
genoemd. CYP17 katalyseert de omzetting van cholesterol naar het (pro)
hormoon DHEA. CYP19 katalyseert de laatste stap van de steroïdgenese keten 
waarbij androgenen omgezet worden naar oestrogenen. Steroïdgenese vindt 
voornamelijk plaats in de bijnieren en geslachtsklieren, de eierstokken (ovaria) en 
zaadballen (testes).

Hormoonverstoring door EDCs
De hormonale balans kan verstoord worden wanneer een lichaamsvreemde 
stof binnendringt en een interactie aangaat met hormonen, enzymen, 
receptoren en/of andere componenten van het endocriene systeem. Een 
hormoonverstorende stof, ook wel endocrine disruptor (EDC) genoemd, wordt door 
de Wereldgezondheidsorganisatie (WHO) gedefinieerd als een stof of mengsel dat 
van buiten het lichaam komt (exogeen) en de functie van het endocriene systeem 
verandert met als gevolg dat het ongewenste gezondheidseffecten veroorzaakt in 
een intact organisme, zijn nageslacht of (sub)populaties. Gedurende de afgelopen 
jaren is de lijst van deze (potentieel) hormoonverstorende stoffen steeds verder 
gegroeid en er worden nog steeds namen aan deze lijst toegevoegd. Vier 
hoofdgroepen van stoffen die als (potentieel) EDC beschreven worden, hebben 
wij meegenomen in ons labonderzoek, namelijk:

1. Bisfenol analogen: deze stoffen worden gebruikt in veel 
gebruiksvoorwerpen, voornamelijk in de vorm van plastics. Je vindt 
deze stoffen o.a. in waterflesjes, conservenblikken, medische en 
sporthulpmiddelen, alsook in thermisch papier (bijv. in kassabonnetjes). 
De meest bekende en veelvoorkomende stof uit deze groep is bisfenol 
A (BPA). Daarnaast bestaan er een aantal veel gebruikte alternatieven 
voor BPA, waaronder bisfenol F (BPF) en bisfenol S (BPS). Een andere 
belangrijke en veel gebruikte bisfenol analoog, is de vlamvertrager 
tetrabromobisfenol A (TBBPA).

2. Conazolen: een groep bestrijdingsmiddelen die gebruikt wordt om 
schimmelgroei in gewassen tegen te gaan.

3. Ftalaten: in de volksmond ook wel weekmakers genoemd, zijn stoffen 
die worden gebruikt om materialen zoals plastics hun flexibiliteit te 
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geven. Daarnaast zorgen ze ook voor extra transparantie, duurzaamheid 
en een langere levensduur van het materiaal. 

4. Perfluorkoolwaterstoffen: stoffen die bijvoorbeeld voorkomen in de 
teflon antiaanbaklaag van pannen, maar bijvoorbeeld ook in pizzadozen 
en als waterafstotende coating in regenkleding. De twee meest bekende 
stoffen in deze groep zijn perfluoroctaanzuur (PFOA) en perfluoroctaan 
sulfonaat (PFOS).

Mannelijke vruchtbaarheid
Er is steeds meer bewijs dat de vruchtbaarheid van mannen afneemt. Voornamelijk 
in de geïndustrialiseerde landen komt dit fenomeen voor, met als kenmerken 
een slechte spermakwaliteit, een mogelijke daling in het aantal spermacellen, 
verlaagde testosteronlevels in mannen, het vaker voorkomen van hypospadie 
(afwijking van de uitmonding van de plasbuis in de penis) en zaadbalkanker. 
Anderzijds zijn er ook onderzoeken bekend die aangeven dat een verminderde 
spermakwaliteit en/of mannelijke vruchtbaarheid toegeschreven zou kunnen 
worden aan kenmerken van iemands levensstijl, zoals stress en dieet, alsook 
seizoensveranderingen en een stijgende leeftijd. Naast een daling van de 
mannelijke vruchtbaarheid wordt in sommige landen een toename in het aantal 
verzoeken voor ondersteunende voortplantingstechnieken gezien. Blootstelling 
aan chemische stoffen, waaronder EDCs, die in de omgeving voorkomen, wordt 
aangedragen als een belangrijke factor die bijdraagt aan de dalende mannelijke 
vruchtbaarheidstrend die waargenomen wordt.

In vitro testen
Mensen in geïndustrialiseerde landen worden dagelijks aan EDCs blootgesteld 
terwijl de mogelijke effecten van deze stoffen op de voortplanting vaak nog niet 
duidelijk zijn en dus ook niet uitgesloten kunnen worden. Om de werking van al 
deze stoffen te kunnen testen volgens klassieke methoden zijn er veel proefdieren 
nodig. Inmiddels zijn er veel pogingen gedaan om deze proefdieronderzoeken te 
vervangen door alternatieve methoden. Naast vervanging wordt in het kader van 
dit concept ook gestreefd naar verfijning en vermindering van de te gebruiken 
dierproeven.
Al geruime tijd wordt er onderzoek gedaan naar de ontwikkeling van alternatieve 
methoden waarmee dierproeven te vervangen zijn. Voor het onderzoeksgebied 
binnen de toxicologie dat kijkt naar effecten van chemische stoffen op de 
ontwikkeling en voortplanting (reproductietoxicologie) is dit met name van 
belang, omdat ongeveer 65% van alle gebruikte proefdieren wordt ingezet 
voor dit type onderzoek. De vraag naar relevante, voorspellende alternatieve 
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testmethoden is dus groot. De zogenaamde in vitro (‘in een reageerbuis’) testen 
vormen een belangrijke groep van alternatieve testsystemen. Op het gebied 
van toxiciteitstesten voor effecten op steroïdgenese bestaan er al een aantal 
alternatieven. Twee van deze belangrijke alternatieve methoden hebben wij 
ook meegenomen in het onderzoek uitgevoerd voor dit proefschrift. De eerste 
is de H295R steroïdgenese test. Dit is een test op basis van het celtype H295R, 
een humane bijniercellijn die in staat is om de steroïdhormonen te produceren. 
Deze test is ook gevalideerd als vervangende methode door de Organisation 
for Economic Co-operation and Development (OECD) en wordt inmiddels gezien 
als de ‘gouden standaard’ test. De belangrijkste uitkomstmaat van deze test 
is de bepaling van de hoeveelheid geproduceerd progesteron, testosteron 
en oestradiol na blootstelling van de cellen aan een chemische stof. Naast 
alternatieve testen voor het meten van hormoonlevels, zijn er ook methodes die 
kijken naar de invloed van chemische stoffen op de interactie van hormonen met 
hun receptoren, de hormoonreceptorbindingstesten. Met deze tweede groep van 
testen kunnen effecten op verschillende hormoonreceptoren, zoals de androgeen 
of de glucocorticoïd receptor, bestudeerd worden.

Resultaten uit het onderzoek beschreven in dit proefschrift
In hoofdstuk 2 van dit proefschrift hebben we allereerst onderzocht welke effecten 
28 mogelijk hormoonverstorende stoffen hebben op de werking van de enzymen 
CYP17 en CYP19. Hiervoor hebben we gebruik gemaakt van drie in vitro modellen: 
1. de H295R steroïdgenese test, het ‘gouden standaard’ model; 2. humane placenta 
microsomen (bolletjes met enzymen); 3. en de door onszelf nieuw ontwikkelde 
methode, de ‘porcine adrenal cortex microsomes’ (PACM) test, die gebruikt maakt 
van microsomen uit de bijnierschors van het varken. Eerstgenoemde methode 
werd gebruikt om zowel CYP17, een nieuwe uitkomstmaat, als CYP19 activiteit 
te testen, de tweede methode kan alleen gebruikt worden om CYP19 activiteit 
te testen en de laatste methode alleen voor CYP17-activiteitsmetingen. De PACM 
test bleek een effectieve, snelle methode voor screening van directe interactie 
van de 28 teststoffen met CYP17. Door de verschillende effecten op CYP17- en 
CYP19-activiteit werd verder duidelijk dat de activiteit van deze enzymen op een 
verschillende manier gereguleerd wordt. Vanwege de belangrijke rol van CYP17 in 
de steroïdgenese zou de toevoeging van een specifieke CYP17 test, naast een test 
voor effecten op CYP19 zoals de H295R test, relevant zijn in een testbatterij van 
EDC screeningsmethoden.
Vervolgens hebben we onze zoektocht naar alternatieve testmethoden 
voortgezet door een specifieke groep van EDCs nader onder de loep te nemen: 
de conazolen. Een aantal stoffen uit deze groep staan bekend om hun effecten op 
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de mannelijke vruchtbaarheid die zowel in vitro als in vivo (‘in het levende wezen’) 
op kunnen treden. Om het werkingsmechanisme achter deze effecten beter in 
kaart te brengen, hebben we daarom in hoofdstuk 3 gekeken naar de effecten 
van tien conazolen op in vitro eindpunten voor mannelijke vruchtbaarheid. In dit 
hoofdstuk wordt de MA-10 cellijn geïntroduceerd als geschikt model om effecten 
op steroïdgenese in de testes te onderzoeken; een celtype bestaande uit Leydig 
cellen afkomstig uit de testes van de muis. Naast (anti-)androgene effecten op de 
MA-10 cellijn, werden de tien geselecteerde conazolen ook getest op interactie 
met de androgeen receptor (AR). Zes van de tien conazolen remden de productie 
van testosteron in MA-10 cellen. Daarnaast lieten negen van de geteste conazolen 
een remming zien van de activatie van de AR. Verschillende van de geteste 
conazolen laten dus duidelijke anti-androgene effecten zien in de gebruikte in 
vitro modellen. Deze effecten zijn het resultaat van twee specifieke mechanismen: 
de remming van testosteronafgifte en/of de remming van AR-activatie. Deze 
resultaten vormen een sterke aanwijzing dat de conazolen ook in vivo potentieel 
testiculaire toxiciteit kunnen veroorzaken.
In de testes vindt spermatogenese plaats, d.w.z. de productie van levensvatbare 
spermacellen. Om dit proces te beschermen is er een fysiologische barrière 
aanwezig tussen het bloed en de (spermacellen in de) testes, de bloed-testis 
barrière. Deze barrière heeft als doel het buiten houden van lichaamsvreemde 
stoffen die bijv. hormoonverstoring zouden kunnen veroorzaken. Om dit te 
kunnen doen, bezitten de cellen in de barrière o.a. efflux ABC-transporters. 
Transporters zijn moleculen die stoffen in of uit de cel kunnen vervoeren en op 
die manier schadelijke stoffen uit de cel kunnen houden en/of z.s.m. de cel 
uit kunnen transporteren mocht dat nodig zijn. In hoofdstuk 4 hebben we de 
effecten op deze transporters (BCRP, P-gp, MRP1 en MRP4) onderzocht van twee 
bisfenol analogen (BPA en TBBPA), twee perfluorkoolstoffen (PFOA en PFOS) 
en twee ftalaten (DEHP en MEHP). BPA, TBBPA, PFOA en PFOS lieten allen een 
remming van BCRP-activiteit zien. Vervolgonderzoek met BPA en PFOA lieten 
zien dat deze twee stoffen een substraat vormen voor de BCRP-transporter. 
TBBPA, PFOA en PFOS lieten daarnaast ook een remming van de activiteit van 
P-gp, MRP1 en MRP4 zien. In MA-10 cellen veroorzaakte blootstelling aan BPA 
en TBBPA een concentratie-afhankelijke stijging van testosteronafgifte. In het 
geval van TBBPA kon dit effect op de testosteronafgifte geblokkeerd worden 
door het toevoegen van MK-571, een inhibitor van de MRPs. Dit laatste bracht 
ons tot de volgende hypothese, namelijk: de door de ABC-transporters gestuurde 
efflux van testosteronvoorlopers wordt geremd door TBBPA, waardoor er meer 
prehormonen beschikbaar blijven in de cel voor de productie van testosteron. Van 
EDCs wordt verondersteld dat ze voornamelijk testiculaire toxiciteit veroorzaken 
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door de verstoring van het functioneren en de productie van steroïdhormonen. 
Deze studie maakt ons er echter bewust van dat, in het geval van risicoschatting 
voor EDCs, efflux ABC-transporters die aanwezig zijn in de bloed-testis barrière van 
toxicologisch en klinisch belang zijn voor het al dan niet ontstaan van testiculaire 
toxiciteit en daarbij dus in de beoordeling meegenomen zouden moeten worden.
Als laatste hebben we ingezoomd op de potentiële toxische effecten voor de 
mannelijke vruchtbaarheid van een aantal bisfenol analogen: BPA, BPF, BPS en 
TBBPA. Hoofdstuk 5 laat de effecten van deze stoffen zien op activiteit van de AR 
en glucocorticoïd receptor (GR), alsmede de testiculaire steroïdgenese in MA-10 
cellen. De AR- en GR-activiteit werd in verschillende mate geremd na blootstelling 
aan BPA, BPF en TBBPA, maar niet door BPS. Blootstelling van MA-10 cellen aan BPF 
dan wel BPS resulteerde voornamelijk in grotere hoeveelheden progestagenen, 
welke aan het begin van de steroïdgenese gevormd worden, terwijl blootstelling 
aan TBBPA een duidelijk profiel liet zien in de richting van het eindpunt van de 
mannelijke steroïdegenese, namelijk de productie van testosteron en andere 
androgenen. Door het in kaart brengen van het volledige steroïdhormonenprofiel 
van de MA-10 cellijn hebben we een nieuwe steroïdgenese route ontdekt in deze 
cellijn: de zogenaamde ‘achterdeur route’. Deze ‘backdoor pathway’ vormt een 
specifieke route voor testiculaire steroïdgenese de we ook terugvinden bij de 
foetus. Door de aanwezigheid van de ‘backdoor pathway’ in de MA-10 cellen, is dit 
model van toegevoegde waarde bovenop de al bestaande H295R steroïdgenese 
test wanneer het gaat om EDC screening in specifieke weefseltypen.

Discussie van de resultaten uit dit proefschrift
Steroïdgenese als doelwit van EDCs
De verstoring van hormoonvorming is een belangrijke manier waarop EDCs 
aangrijpen op de hormonale balans van het lichaam. Endocriene toxiciteit wordt 
nog steeds veelal veroorzaakt door stoffen die na blootstelling de productie, afgifte 
en functie van hormonen verstoren. De timing van een dergelijke blootstelling is 
hierbij van groot belang, zeker als het gaat om specifieke ontwikkelingsperiodes 
in bijvoorbeeld de foetus. Naast de timing van de blootstelling aan een chemische 
stof, spelen nog twee factoren een belangrijke rol in het al dan niet tot uiting 
komen van (ongewenste) effecten. Allereerst is het weefseltype dat wordt 
blootgesteld van belang. Uit mijn onderzoek beschreven in hoofdstuk 2 en 
hoofdstuk 5 komt bijvoorbeeld duidelijk naar voren dat er verschillen bestaan 
tussen de steroïdgenese routes en aanwezige enzymen in de bijnier, de testis 
en de placenta. Verder wordt in hoofdstuk 4 beschreven wat de invloed van de 
aanwezigheid van een fysiologische barrière met bijbehorende transporters is 
op de verplaatsing van stoffen in het lichaam; in dit geval specifiek van belang 
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voor de testes. Als tweede factor zijn ook verschillen tussen soorten van cruciaal 
belang voor de effecten die stoffen kunnen hebben. Dit komt wederom aan bod 
in zowel hoofdstuk 2 als hoofdstuk 5, waarin verschillen worden gevonden tussen 
modellen waarbij gebruik wordt gemaakt van materiaal dat zijn oorsprong vindt 
in de mens (H295R, placenta microsomen), het varken (PACM) of de muis (MA-10).

Nieuwe meetpunten
Tijdens onze zoektocht naar relevante, voorspellende alternatieve testen voor EDC 
screeningsdoeleinden zijn we veel verschillende modellen tegengekomen. Echter, 
we hebben ook een aantal nieuwe meetpunten gevonden in al bestaande in vitro 
testen. Belangrijke testen om mee te nemen wanneer men een risicoschatting 
voor een (potentiële) hormoonverstorende stof uit wil voeren, zijn:

1. Enzymactiviteitstesten voor bijv. CYP17 en CYP19 (aromatase; 
hoofdstuk 2).

2. Het maken van hormoonprofielen van cellijnen die in staat zijn tot 
steroïdgenese, zoals de H295R en MA-10 cellijnen (hoofdstuk 5).

3. Hormoonreceptorbindingstesten om de effecten op de interactie van 
hormonen met hun receptor (bijv. AR, GR) te testen (hoofdstuk 3 en 5).

4. Testen waarbij de functionaliteit van efflux ABC-transporters wordt 
geanalyseerd. Dit is vooral van belang wanneer het aangrijpingspunt 
van een stof zich bevindt in specifieke organen met een fysiologische 
barrière of er een onderdeel van zijn, zoals bijv. de testes en de placenta 
(hoofdstuk 4).

Zoals voor elk model geldt, blijft ook een in vitro model slechts een model en 
daarmee slechts een (zo goed mogelijke) representatie van de daadwerkelijke 
situatie. Dit maakt dat ook in vitro modellen niet zonder beperkingen komen. 
Het ontbreekt ze bijvoorbeeld aan terugkoppelingen die in het intacte lichaam 
zorgen voor regulatie van hormonale effecten. Ook is het lastig om onderscheid te 
maken tussen effecten die adaptief (aanpasbaar) en ongewenst zijn. Vaak worden 
in in vitro modellen aspecten van kinetiek (snelheid van een chemische reactie), 
metabolisme (stofwisseling, omzetting van stoffen) en de vrije (beschikbare) 
concentratie buiten beschouwing gelaten. Het is bovendien noodzakelijk om 
een in vitro-in vivo extrapolatie factor toe te passen om effecten die in het model 
gezien worden te kunnen vertalen naar effecten in het intacte organisme. Dit 
laatste is trouwens ook nodig bij diermodellen, ook dit zijn modellen waarvan 
de effecten nog een translatie-factor behoeven voordat ze vertaald kunnen 
worden naar effecten in de mens of andere organismen. Ondanks de limitaties 
van in vitro modellen geven ze ons wel veel inzicht in de mechanismen achter de 
effecten die we kunnen verwachten van blootstelling aan een toxische stof. Door 



170

 

het combineren van de resultaten van meerdere testen die allen afzonderlijk 
een uitkomstmaat vormen voor een specifiek werkingsmechanisme, krijgen we 
een beter beeld van het totaalplaatje en inzicht in het achterliggende proces of 
werkingsmechanisme van een stof.

Conclusies
Naar aanleiding van het onderzoek beschreven in dit proefschrift, kunnen we een 
aantal conclusies trekken:

•  Hoofdstuk 2: Steroïdgenese is een belangrijk doelwit voor EDCs 
waardoor endocriene toxiciteit veroorzaakt wordt. Vooral de interactie 
met (de activiteit van) enzymen als CYP17 en CYP19 vormt een risico.

•  Hoofdstuk 2: Het mechanisme voor regulatie van CYP17-activiteit is 
anders dan dat voor CYP19-activiteit. Hierdoor zou het toevoegen 
van een specifieke CYP17 test aan een testbatterij voor EDC screening 
relevant zijn, bovenop de al bestaande CYP19 screeningsmethoden, 
zoals de H295R steroïdgenese test.

•  Hoofdstuk 3: Conazolen laten duidelijke anti-androgene effecten zien in 
in vitro modellen. Deze effecten zijn het gevolg van twee mechanismen: 
inhibitie van testosteronafgifte en AR-antagonisme. Dit vormt een 
sterke aanwijzing dat conazolen potentieel in staat zijn om testiculaire 
toxiciteit in vivo te veroorzaken.

•  Hoofdstuk 4: Het meenemen van de invloed van efflux ABC-transporters 
die aanwezig zijn in de bloed-testis barrière op het ontstaan van 
testiculaire toxiciteit in EDC risicoschatting is van toxicologisch en 
klinisch belang.

•  Hoofdstuk 5: (structurele) bisfenol analogen laten verschillende effecten 
zien op zowel AR- en GR-activiteit alsook testiculaire steroïdgenese.

•  Hoofdstuk 5: Het MA-10 celmodel bevat een meer foetale, testiculaire 
steroïdgenese route, de zogenaamde ‘achterdeur route’. Deze backdoor 
pathway maakt de MA-10 test van toegevoegde waarde bovenop 
de H295R steroïdgenese test voor specifieke, mechanistische EDC 
screening.

•  Verminderde mannelijke vruchtbaarheid is een probleem dat 
mechanistisch onderzocht zou kunnen worden met behulp van in vitro 
testen.

•  Er bestaan verscheidene relevante in vitro testen die gebruikt 
kunnen worden voor EDC screening (bijv. enzymactiviteitsmetingen, 
hormoonprofielen, hormoonreceptorbindingstesten, ABC-
transportertesten).
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•  De beperkingen van in vitro testen voor het gebruik bij risicoschattingen 
moet onderschreven worden en in acht genomen worden wanneer 
men screent op EDC-effecten (bijv. extrapolatie, vrije concentratie, 
effectieve concentraties, het ontbreken van blootstellingsdata, 
chronische blootstelling, mengsels, lage doses, (niet-monotone) dosis-
respons-relaties, interactie met endogene hormonen, timing, primair of 
secundair effect).

•  Timing van blootstelling, het weefseltype en verschillen tussen soorten 
zijn belangrijke factoren die meegenomen moeten worden in de 
risicoschatting van endocriene toxiciteit.

Aandachtspunten voor toekomstig onderzoek naar hormoonverstoring
De publieke opinie over chemische stoffen is overwegend negatief. In de media 
worden hormoonverstorende stoffen voornamelijk neergezet als stoffen waar 
we ons ongerust over moeten maken. Echter is er niet voor al deze beweringen 
eenduidig of onomstotelijk wetenschappelijk bewijs te vinden. Om hier meer 
duidelijkheid voor het algemene publiek over te krijgen is het testen van 
chemische stoffen op hun mogelijke hormoonverstorende effecten van groot 
maatschappelijk belang. Ook binnen de wetenschappelijke wereld bestaan er 
uiteenlopende ideeën over de (potentiële) effecten van EDCs. De meningen liggen 
ver uiteen en het onderzoeksveld lijkt zich te polariseren. In sommige landen 
houdt men het ‘voorzorgsprincipe’ aan als het gaat om het gebruik van EDCs. 
Dit wil zeggen dat de regering in deze landen het gebruik van stoffen verbiedt 
waarvan vermoed wordt dat ze hormoonverstorende effecten teweeg kunnen 
brengen. Om te voorkomen dat we het ‘voorzorgsprincipe’ nu voor elke stof toe 
moeten gaan passen, is gericht onderzoek van belang om zo potentiële EDCs te 
kunnen screenen.
In dit proefschrift zijn we op zoek gegaan naar relevante, dierproef-vervangende 
testen voor EDC screening en hebben we gezien dat er een groot aantal geschikte 
in vitro testen bestaan. Het algemeen heersende paradigma waarbij de focus lag 
op het testen van één stof in één reproductietoxiciteitstest, is achterhaald. We 
weten dat een individuele methode op basis van cellen niet genoeg is om een 
volledige dierproef te vervangen. Om dit doel te kunnen bereiken is het gebruik 
van een testbatterij, een serie alternatieve testen die effecten op verschillende 
aspecten van de voortplantingscyclus analyseren, een betere benadering. 
Hiermee kan in ieder geval een voorselectie van stoffen gedaan worden (tiered 
approach), voordat deze, als laatste optie voor specifieke, uitzonderlijke gevallen, 
getest worden in een dier. Helaas wordt het proefdiermodel nog steeds gezien 
als de ‘gouden standaard’ om chemische stoffen te testen, maar niets is minder 
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waar. Een proefdiermodel blijft immers ook (maar) een model. Het is nog steeds 
onduidelijk of alternatieve testmethoden uiteindelijk het proefdiermodel zouden 
kunnen vervangen. Verder laat de implementatie van waardevolle in vitro testen 
nog te wensen over, o.a. door het ontbreken van specifieke wetgeving die hierin 
voorziet. Maar een combinatie van meerdere, relevante in vitro testen geeft ons 
extra inzicht in de achterliggende mechanistische details over de werkzaamheid 
van een stof en zou daarom de richting moeten zijn die we op gaan in het streven 
naar een proefdiervrije testomgeving. Samen met andere alternatieve methoden 
(in silico, ex vivo) kan er zo gebouwd worden aan een geïntegreerde teststrategie, 
met daarin in vitro testen met een goede voorspelbaarheid van effecten van 
stoffen. Dit alles om ervoor te zorgen dat we zoveel mogelijk aan het concept van 
de drie V’s kunnen voldoen: vermindering, verfijning en in sommige gevallen zelfs 
vervanging van dierproeven. Of een volledige vervanging van dierproeven door 
alternatieve methoden ooit mogelijk is, is een vraag die we op dit moment nog niet 
kunnen beantwoorden, maar wat we wel met zekerheid kunnen zeggen is dat er 
nog voldoende ruimte voor is om testen voor endocriene toxiciteit te verbeteren.

Verantwoording
Het hierboven beschreven onderzoek is uitgevoerd als onderdeel van het EU-
project ChemScreen (http://www.chemscreen.eu/), een project opgezet vanuit de 
internationale Europese Gemeenschap binnen het Seventh Framework Programme. 
Het belangrijkste doel van dit EU-project was om een voortplantingstoxiciteit 
screeningsbatterij zonder het gebruik van dierproeven te ontwikkelen. Verder werd 
dit project ook financieel ondersteund door de Doerenkamp-Zbinden foundation 
(http://www.doerenkamp.ch). Deze stichting ondersteunt de ontwikkeling van 
diervriendelijke teststrategieën.
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Dankwoord

Daar zit ik dan, het eind van mijn proefschrift is in zicht, klaar om het laatste en 
meest gelezen stukje te schrijven: mijn dankwoord. Ik prijs mezelf gelukkig met 
zoveel lieve mensen om me heen die me steunen in alles wat ik doe. En hoewel 
het boekje dat voor jullie neus ligt míjn proefschrift is, was dit er nooit gekomen als 
ik de hele reis er naartoe in mijn eentje had moeten afleggen. Daarom wil ik jullie 
graag allemaal bedanken en een aantal personen in het bijzonder:

Allereerst mijn promotoren en copromotor, Martin, Aldert en Majorie. Bedankt 
dat jullie me de kans hebben gegeven om mijn promotieonderzoek onder jullie 
supervisie uit te voeren en voor het geduld om mij dit in mijn eigen tempo af te 
laten ronden. Martin, ik had als één van de weinige promovendi op jouw afdeling 
het geluk om meermaals van jouw excellente editor skills te mogen profiteren bij 
het doorlezen van mijn manuscripten (en natuurlijk het inkorten van mijn abstracts 
J). Dank dat je me al vroeg vertelde dat 95% perfectie echt wel voldoende is. 
Aldert, dank voor je constructieve en motiverende manier van werken. Je was 
nooit te beroerd om tijd voor me vrij te maken, zoals voor een overleg op de weg 
naar huis vanuit het RIVM, waardoor ik mijn eigen plaatje vaak weer helder voor 
ogen kreeg. Jouw inzet voor de EU-tak van het project was onmisbaar. Majorie, 
dank voor al je hulp tijdens de dagelijkse beslommeringen van het AiO-zijn. Je 
optimisme, directheid en kunde om dingen begrijpelijk te maken voor anderen 
zijn voor mij van groot belang geweest. Ik heb veel door jou mogen leren en ik 
hoop dat dat een klein beetje wederzijds is. Dank voor het vertrouwen dat je me 
hebt gegeven om mijn proefschrift af te maken. Nu wordt het hoog tijd om er 
samen een biertje/wijntje op te drinken dat het dan toch echt af is!

Sandra, jouw uitstekende praktische vaardigheden waren op veel momenten een 
onmisbaar aspect van mijn onderzoek. Dank voor alles wat je me in het lab geleerd 
hebt en alle experimenten waar je me bij geholpen hebt! Ook Fiona en Konrad, 
bedankt voor jullie helpende labhandjes waar nodig.

(Mijn) studenten: Wouter(tje), dank voor het leveren van de eerste aanzet voor 
mijn promotieonderzoek, het was altijd erg gezellig met jou! Maria, thank you for 
the hard work you performed with great precision and for being so brave to be my 
first real internship student. Saskia, dank voor het uitvoeren van een aantal van de 
testis-transporter experimenten. Robin, dank voor het je inzicht, kritische houding 
en humor. Jouw bijdrage aan hoofdstuk 3 was essentieel.
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De personen van buiten het IRAS waarmee ik mocht samenwerken: Anita, Roos, 
Frans vanuit de Radboud Universiteit in Nijmegen (bekend terrein voor mij als 
voormalig student). Dank voor de prettige samenwerking en het tot stand komen 
van een mooi, gezamenlijk artikel (hoofdstuk 4). Anita, het was erg leuk om jouw 
weer tegen te komen, uitdagend en bovendien gezellig om samen een project 
aan te gaan. Jouw snelle manier van denken en praktische skills hebben erin 
geresulteerd dat er een mooi artikel van ons verschenen is. Toine, bedankt voor je 
kritische input vanuit Wageningen voor hoofdstuk 5.

My roomies! Elsa, the cheerful pretty pink lady J, with excellent cooking skills! 
It was a joy to sit next to you in ‘het geitenhok’ at Nieuw Gildestein. Karin, jouw 
onuitputtelijke positiviteit werkt aanstekelijk evenals jouw doorzettingsvermogen. 
Dank voor alle steun, geruststellende adviezen en luisterende oren die je me 
geboden hebt. Het was heel fijn om jou zo lang als kamergenote te mogen 
hebben. Kamila, one of a kind! Started almost at the same time and therefore 
we were roomies for almost our entire time as a PhD student. Thanks for all the 
things we could share. It was great to have you as a roomy; never a dull moment 
;-) Cyrina, Dax, Xueqing, thanks for adding some veterinary pharmacological input 
and extra joy to our room. Giulio, thanks for your Italian vibe in the room and fun 
on the dance floor. Oh, and sorry for all the carrots I ate :P Jort, dank voor alle fijne 
gesprekken samen, je humor en het rustgevend effect dat je op me hebt. En nog 
één ding: YOLO!!

En dan waren daar natuurlijk nog een heleboel andere promovendi bij IRAS-
TOX die in hetzelfde schuitje zaten/zitten: Irene, thanks for your supportive 
words every now and then at the end of the day. Jessica, dank voor al die keren 
dat je mijn verhalen aan hebt gehoord en me van advies hebt voorzien als 
ervaringsdeskundige. Ik ben heel blij dat ik je nog met regelmaat zie en spreek 
en dan vaak van jouw excellente kookkunsten mag genieten! Marieke, dank 
voor de gezelligheid en de vele hardlooprondjes over de prachtige landgoederen 
Amelisweerd en Rhijnauwen (vaak ook samen met Cyr & Hes J) om stoom af te 
kunnen blazen. Cyrina, dank voor jouw openheid, positieve instelling en grote 
lol die we samen kunnen hebben! Martje, dank voor je gezelligheid, zelfspot en 
motiverende, begripvolle woorden als dat nodig was. Hester H., dank voor het 
delen van herkenbare zaken waar je als AiO tegenaan loopt en voor de leuke 
filmavonden. Niels, de enige échte PCBer, dank voor de enerverende discussies, 
lol en zomerse BBQ’s. Laura, Veronica, Barry, Maaike, Lydia, Peyman, Arash, 
Soheil, Stephan, and Floris: thanks for all the ‘gezelligheid’ at the department and 
for being able to share our experiences of the life as a PhD student together.
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Alle andere collega’s op het IRAS wil ik natuurlijk ook graag bedanken voor alle 
interesse, hulp en de gezelligheid in en om het lab, tijdens feestjes en uitjes. 
Evelyn en Ingrid, dank voor jullie (administratieve) behulpzaamheid en dat jullie 
deur altijd open staat!

Mijn (nieuwe) collega’s bij de TAUU en honours community: door jullie werd me 
het nemen van de stap vanaf het onderzoek naar een andere richting binnen 
de Universiteit Utrecht een heel stuk makkelijker gemaakt. Dank voor jullie 
vertrouwen in mijn werk. Els, Christel, Jacco en Harold: heel erg bedankt dat jullie 
mij in jullie team op wilden nemen, ik werk er met groot plezier! Mirjam en Rob, 
dank voor de mogelijkheden die jullie me bieden om me op andere gebieden te 
ontwikkelen.

Ook buiten de werkplek zijn er een groot aantal mensen die ervoor gezorgd 
hebben dat er ruimte was om mijn promotieonderzoek uit te voeren:

Lieve vriendjes & vriendinnetjes uit Limburg, op afstand voel ik me met regelmaat 
enorm gesteund door jullie! Dank voor alle gezelligheid tijdens alle wederzijdse 
bezoekjes, wintersportvakanties, feestjes en andere gezamenlijke activiteiten. 
Dat er nog maar vele mogen volgen!

Lieve meiden van de middelbare school uit Venlo, ook al zien we elkaar niet vaak, 
het is altijd weer alsof we elkaar gisteren nog gesproken hebben als we weer eens 
samen zijn. Dank voor jullie onuitputtelijke interesse in (de voortgang van) mijn 
onderzoek. Marte, dank voor je steun op onverwachte momenten. Sjan! Dank 
voor jouw aanstekelijke optimisme en begrip. Het wordt straks nog gezelliger hier 
in Utrecht als je deze kant op komt J Lieve Lies, dank voor je luisterend oor, je 
inlevingsvermogen en prettige analyses.

Lieve vriendjes & vriendinnetjes van de uni uit Nijmegen, dank voor alle gezellige 
momenten die we samen hebben. De weekendjes weg, al is het nu the original 
of the extended, zijn altijd weer een feest. Ik hoop dat de Uil weer een mooi 
Varsseveld-weekendje voor ons in petto heeft dit jaar J Lieve Anniek, Kim, Marlijn 
en Sanne, dank voor alle ontspannende vrouwendagen en het lief & leed dat we 
met elkaar kunnen delen. Vijf vrouwen bij elkaar met een sterke mening, dat houdt 
ons lekker scherp ;-)
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Lieve Floor, dank voor de nodige goede gesprekken met verwarmende kopjes 
thee, jouw prettige, doorgrondende manier van luisteren en het bieden van een 
veilig toevluchtsoord wanneer nodig J

Familie Roelofs, alle ooms, tantes, neven, nichten etc., dank voor jullie uitgebreide 
interesse in mijn onderzoek, leuke familiedagen en gezellige momenten die we 
samen hebben! Lieve Loes, dank voor je opbeurende, handgeschreven kaartjes J

Lyzette & William, dank voor jullie interesse en nauwe betrokkenheid bij mijn 
wel en wee. Oma, dank voor je nieuwsgierigheid in mijn werk. Ik vind het heel 
bijzonder dat je er op 1 maart bij kan zijn als je kleindochter promoveert! Ik hoop 
dat ik net zo fit en scherp van geest oud mag worden als jij J

Lieve Harm, dank voor alle jaren dat je naast me hebt gestaan en me steunde bij 
het afronden van dit grote project. Jouw brede interesse, wijdverbreide kennis en 
ervaring, humor en rust hebben me er meermaals doorheen geholpen. Dank voor 
al je geduld met mij, het vaste vertrouwen dat je in mijn kunnen had en alles wat 
je me onderweg hebt laten leren. Lieve Gerrie en Jannes, dank voor al die jaren 
dat jullie zoveel interesse in mij en mijn werk hebben getoond en alle gezelligheid 
eromheen. En Gerrie, je hebt me overtuigd, ik weet het nu zeker: loslaten IS het 
nieuwe vasthouden!

Lieve Lisan (met een ongepaste bijnaam ;-), samen opgegroeid in het buitengebied 
van Wellerlooi, een mooie, beschermde omgeving in Noord-Limburg. Wat hebben 
we toch altijd veel lol zeg! Soms zo veel dat de rest van onze vrienden het niet 
meer kunnen volgen :P Het is niet altijd even handig als je beste vriendinnetje niet 
om de hoek woont, maar ik heb het geluk dat ik altijd op je kan bouwen. En dat 
ik natuurlijk altijd mag blijven logeren, omdat Tom zo lief is om steeds weer een 
bedje voor mij te spreiden J Wat fijn dat jij op 1 maart als paranimf bij me staat!

Chica! Lieve Hes, ik had nooit gedacht dat ik halverwege mijn AiO-tijd nog 
iemand tegen zou komen waar het zo goed mee klikt. Wat hebben wij veel lol 
gehad samen daar op het IRAS! En nog steeds overal waar we elkaar weten te 
vinden. Talloze wandelingetjes over de Uithof, Oreo’s, Gutenberg, UMCU-lunches, 
dillema’s op dinsdag, hakkuh-uit-je-dip-tips, onze eigen 3FM 15 minute request, 
cyanide & happiness comics, ontelbaar veel mails, en ga zo maar door. Dank voor 
je onaflaatbare steun en alle hulp die je me hebt verleend zonder er ooit iets voor 
terug te hoeven behalve onze vriendschap J Ik ben heel blij dat jij mijn paranimf 
wil zijn, een zelfbenoemde ‘best ever’ ;-)
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Lieve Janus & Billie (a.k.a. Janneke en Floor), mijn ‘kleine’ sissies. Jullie zijn natuurlijk 
allang niet meer die kleine zusjes van vroeger, maar inmiddels uitgegroeid tot 
twee volwassen jonge vrouwen. Beiden hard aan het studeren geslagen, waarmee 
ik niet meer de enige nerd van de family ben :P Ik ben heel trots op jullie en weet 
zeker dat jullie je weg wel gaan vinden! Dank dat jullie zo behulpzaam zijn en voor 
alle lol samen. Leun straks maar lekker achterover voor de verdediging en geniet 
van alle feestelijkheden die er op volgen! Floor, voor jou nog een extra bedankje 
voor het ontwerpen van de cover; heel mooi! J

Lieve pap & mam, ik realiseer me maar al te goed dat het voor ouders niet 
makkelijk kan zijn om hun kinderen los te laten en de ruimte te geven om hun 
eigen plan te trekken. Gelukkig ben ik eigenwijs genoeg om dit tóch te doen, maar 
dit was natuurlijk nooit gelukt als jullie me niet de ruimte hadden gegeven om mijn 
eigen weg te mogen volgen. De wetenschap dat (en gedurende het afgelopen 
jaar ook zeker de ervaring dat) ik altijd op jullie terug kan vallen, is de beste 
geruststelling die jullie me maar kunnen geven. Mam, dank voor je zorgzaamheid 
en de regelmaat die je van kleins af aan al in ons leven hebt gebracht. Precisie en 
een groot verantwoordelijkheidsgevoel heb ik aan jou te danken. Pap, dank voor 
het luisterend oor, je brede interesse en de emotionele, creatieve tik die ik van jou 
heb meegekregen. Dank jullie wel voor het vertrouwen dat jullie me geven om 
mijn eigen keuzes te maken, zonder jullie was dit boekje er nooit gekomen!

Maarke
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onderzoekscontract bij het IRAS eindigde, maakte zij de overstap naar de onderwijskant 
van de Universiteit Utrecht en werd zij aangesteld als redacteur bij de Teaching Academy 
Utrecht University (TAUU), het platform voor en door alle docenten van de Universiteit 
Utrecht. Daarnaast is ze momenteel werkzaam voor de honourscommunity van de 
Universiteit Utrecht, een netwerk van docenten, studenten en andere betrokkenen op 
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het gebied van onderwijs(innovatie), voert (web)redactietaken uit en biedt ondersteuning 
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honoursconferentie en verdere ondersteuning bieden aan de honours dean en vice-
rector onderwijs van de Universiteit Utrecht. In haar huidige werk komen haar interesses 
voor onderwijs, de maatschappij en de vertaalslag van wetenschappelijke kennis naar het 
grotere publiek goed tot uiting.



179

  Addendum

  7

List of publications

Roelofs MJ, van den Berg M, Bovee TF, Piersma AH, van Duursen MB. Structural 
bisphenol analogues differentially target steroidogenesis in murine MA-10 Leydig 
cells as well as the glucocorticoid receptor. Toxicology. 2015 Mar 2;329:10-20. doi: 
10.1016/j.tox.2015.01.003.

Roelofs MJ, Temming AR, Piersma AH, van den Berg M, van Duursen MB. 
Conazole fungicides inhibit Leydig cell testosterone secretion and androgen 
receptor activation in vitro. Toxicology Reports. 2014;1:271-83. doi:10.1016/j.
toxrep.2014.05.006.

Dankers AC, Roelofs MJ, Piersma AH, Sweep FC, Russel FG, van den Berg M, van 
Duursen MB, Masereeuw R. Endocrine Disruptors Differentially Target ATP-binding 
Cassette Transporters in the Blood-Testis Barrier and Affect Leydig Cell Testosterone 
Secretion in vitro. Toxicol Sci. 2013 Sep 6. doi: 10.1093/toxsci/kft198.

Chapin RE, Boekelheide K, Cortvrindt R, van Duursen MB, Gant T, Jegou B, Marczylo 
E, van Pelt AM, Post JN, Roelofs MJ, Schlatt S, Teerds KJ, Toppari J, Piersma AH. 
Assuring safety without animal testing: the case for the human testis in vitro. 
Reprod Toxicol. 2013 Aug;39:63-8. doi: 10.1016/j.reprotox.2013.04.004.

Piersma AH, Bosgra S, van Duursen MB, Hermsen SA, Jonker LR, Kroese ED, van 
der Linden SC, Man H, Roelofs MJ, Schulpen SH, Schwarz M, Uibel F, van Vugt-
Lussenburg BM, Westerhout J, Wolterbeek AP, van der Burg B. Evaluation of an 
alternative in vitro test battery for detecting reproductive toxicants. Reprod Toxicol. 
2013 Jul;38:53-64. doi: 10.1016/j.reprotox.2013.03.002.

Roelofs MJ, Piersma AH, van den Berg M, van Duursen MB. The relevance of chemical 
interactions with CYP17 enzyme activity: assessment using a novel in vitro assay. 
Toxicol Appl Pharmacol. 2013 May 1;268(3):309-17. doi: 10.1016/j.taap.2013.01.033.

Hesselson SE, Matsson P, Shima JE, Fukushima H, Yee SW, Kobayashi Y, Gow JM, Ha 
C, Ma B, Poon A, Johns SJ, Stryke D, Castro RA, Tahara H, Choi JH, Chen L, Picard 
N, Roelofs MJ, Ferrin TE, Myers R, Kroetz DL, Kwok PY, Giacomini KM. Genetic 
Variation in the Proximal Promoter of ABC and SLC Superfamilies: Liver and Kidney 
Specific Expression and Promoter Activity Predict Variation. PLoS One. 2009 Sep 
9;4(9):e6942. doi: 10.1371/journal.pone.0006942.



180

 



181

  Addendum

  7



182

 

Onderwaeg heb ik meej zelf verteld,

ut waas ni mier dán un blaad dát velt

Már un blaad det velt en un book giet dicht

már wat bleef dát was ow gezicht

November ~ Rowwen Hèze


