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1. Summary
Corticosteroids are steroid hormones synthesized by the adrenal gland and regulating a variety of
physiological processes to maintain whole-body homeostasis by acting through their corresponding
receptors. Although the adrenal gland is considered one of the most toxin-vulnerable organs and
steroid receptor regulation is recognized to have a considerable impact on tissue- and cell-specific
steroid signaling, only few studies are currently exploring and characterizing the effects of xenobiotics
on corticosteroid hormone action.
The first part of this thesis aimed to establish optimized steroid profile analysis in cell culture
supernatants and apply it in combination with further biological assessments and molecular modeling
for the identification and characterization of exogenous chemicals potentially disrupting corticosteroid
hormone production.
A widely used in vitro model for studying effects of chemicals on adrenal steroid hormone synthesis
constitutes the human H295R adrenocarcinoma cell line. Since the OECD test guideline No. 456 based
on H295R cells has several limitations, this thesis refined the H295R steroidogenesis assay by
simultaneously analyzing the most important adrenal steroid metabolites using a mass spectrometrybased method. A medium control at the beginning of the experiment as well as reference compounds
with known mechanisms were introduced and, additionally, gene expression analyses were
performed, in order to not only detect chemical-induced disturbances but also providing initial
mechanistic insights into the mode-of-action of a given chemical. The newly established improved
version of the H295R steroidogenesis assay was then further evolved by activating the cells either with
torcetrapib, a potent inducer of corticosteroid synthesis, or with forskolin, a general inducer of
steroidogenesis, allowing to assess the inhibitory potential of various test chemicals.
The modified torcetrapib-stimulated H295R assay was then used to evaluate three selected hits from
an in silico screening of environmental chemical databases using ligand-based pharmacophore models
of 11β-hydroxylase (CYP11B1) and aldosterone synthase (CYP11B2). This proof-of-concept for the
application of pharmacophore-based virtual screening followed by biological assessment has proven
suitable for assessing substances potentially interfering with corticosteroid synthesis.
In another study within this thesis, the adapted version of the H295R steroidogenesis assay using
forskolin-stimulated cells was applied to investigate the inhibitory effects of 19 anabolic androgenic
steroids (AAS) and 3 selective androgen receptor modulators (SARMs). This enabled to group the test
compounds according to their individual steroid patterns. Additionally, gene expression analysis, cellfree activity assays and molecular docking calculations contributed to providing initial mechanistic
information.
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Besides direct effects on adrenal steroidogenesis, xenobiotic-induced alterations in circulating steroid
hormone levels may arise due to altered feedback regulation or disturbed peripheral steroid
metabolism. Thus, in a further part of this thesis drug-induced changes in steroid hormone levels were
studied by measuring steroid profiles in human blood and urine samples.
In a clinical study, plasma levels of steroid hormones and adrenocorticotropic hormone (ACTH) were
analyzed in healthy volunteers administered a single dose of slow-release lisdexamfetamine (100 mg)
or immediate-release D-amphetamine (40.3 mg) at equimolar doses. Importantly, lisdexamfetamine
and D-amphetamine similarly enhanced the levels of glucocorticoids, androgen precursors and ACTH,
suggesting an acute stimulation of the hypothalamic-pituitary-adrenal (HPA) axis. Although
lisdexamfetamine showed a delayed time of increase and peak levels of plasma D-amphetamine
concentrations compared to the D-amphetamine treatment, drug exposure and drug effects seemed
to be comparable between the two formulations.
In a clinical case study, a comprehensive analysis of blood and urinary steroid profiles was conducted
in samples from two patients receiving posaconazole, an antifungal agent associated with
hypertension and hypokalemia due to mineralocorticoid excess. Steroid analyses indicated interindividual differences in the mechanism of mineralocorticoid-based hypertension with preferential
CYP11B inhibition in one patient and predominant inhibition of 11β-HSD2 in the second patient. These
results show that steroid profiling in plasma and urine samples can not only reveal disturbances of
steroid homeostasis but also provide initial mechanistic information.
Together, these findings emphasize that molecular modeling combined with biological evaluation
represents a valuable approach for the identification and characterization of chemicals potentially
interfering with corticosteroid production and to provide initial mechanistic insights. However, in vivo
investigations are unavoidable to study the impact of chemicals acting on the HPA axis.
Xenobiotics may not only affect steroid hormone production, feedback regulation or pre-receptor
control of corticosteroid metabolism, but may also interfere directly with the receptor and steroid
signal transduction. In order to understand potential disturbances of glucocorticoid action by
xenobiotics, it is important to further clarify the signaling pathways involved in glucocorticoid receptor
(GR) activation. Therefore, another part of this thesis focused on the impact of the serine/threoninespecific protein phosphatase PP1α on the activity of the GR. PP1α was found to increase GR activity,
and preliminary mechanistic investigations showed that levels of phosphorylated GR-Ser211 were
altered and glycogen synthase kinase 3 might be involved. Hence, PP1α appeared to modulate the
cellular response to glucocorticoids, implying that impairment of its activity could lead to aberrant
glucocorticoid hormone action.
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In conclusion, these studies identified a novel GR regulating protein that enhances cortisol stimulation
by controlling GR phosphorylation. A profound understanding of glucocorticoid signaling might provide
the basis for developing cell models and conditions for the detection of chemicals disturbing
glucocorticoid sensitivity and thereby contributing to diseases.
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2. Introduction
Synthetic chemicals play a pivotal role in the industrialized world. A large number of chemicals used to
increase agricultural yields, extend food shelf-life and as constituents of beauty and care products are
produced each year. However, only a small portion of them underwent adequate toxicological
evaluation, posing risks and hazards to humans, animals and the environment. The issue of exposure
to potentially toxic chemicals received increasing public and political attention and their identification
and characterization is of high priority for several regulatory authorities. The Registration, Evaluation,
Authorization and Restriction of Chemicals (REACH) regulation of the European Union (EU), the U.S.
Environmental Protection Agency’s (EPA’s) Endocrine Disruptor Screening Program (EDSP), Toxicology
in the 21st Century (Tox21) interagency collaboration program and the Toxicity Forecaster (ToxCast)
aim to better protect human health and the environment by assessing the potential toxicity of
chemicals [1-5]. Recently, the EU Commission adopted a communication on endocrine disrupting
chemicals (EDCs), addressing a new strategy for protecting the population and the environment from
overall exposure to hazardous chemicals [6]. However, the published strategic approach failed to
provide a concrete action plan, including specific measurements, targets to be tested, or a timeline
and a budget for the next steps towards the identification of possible EDCs.
The EU defines an endocrine disruptor 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" [7]. These EDCs have the ability to interfere with virtually every aspect
of hormone action, as for instance with the biosynthesis and metabolism of steroidal hormones by
modulating enzymes involved in steroidogenesis or hormonal signaling by affecting nuclear hormone
receptors. Since EDCs can disturb different tissues and organs, they may increase the risk of developing
numerous diseases, including infertility and development, obesity, diabetes, cardiovascular diseases,
allergies, neurobehavioral disorders and cancer [8, 9]. Currently, the focus of investigations into EDCs
lies on developmental and reproductive toxicity, and nuclear hormone receptors such as estrogen
receptors (ER) and androgen receptors (AR) are among the most extensively studied targets due to
disruption of sex hormone action. Interferences of xenobiotics with adrenocortical function and other
receptors including the glucocorticoid receptor (GR) and the mineralocorticoid receptor (MR) are
rather neglected [10, 11]. This is inconsistent with the important function of the adrenal gland in the
endocrine system and the essential role of GR and MR in the regulation of important physiological
processes. Disturbances of glucocorticoid action have been associated with pathophysiological
consequences including metabolic and cardiovascular diseases, osteoporosis, asthma and chronic
obstructive pulmonary disease (COPD), cataracts, immune diseases, mood and cognitive disorders and
cancer, while impaired mineralocorticoid action has been related to hypertension and cardiovascular
diseases [11, 12]. Thus, xenobiotics disrupting corticosteroid hormone action are likely to contribute
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to the increasing incidence of allergic diseases, metabolic disturbances and cancer in the industrialized
countries.
Glucocorticoids and mineralocorticoids are almost exclusively produced in the adrenal cortex [13] (see
Fig. 1 for a general overview of steroid hormone synthesis), and corticosteroid homeostasis is mainly
regulated by the hypothalamic-pituitary-adrenal (HPA) axis. Since the HPA axis plays a crucial role in
stress responses, the adrenal gland is the most severely affected toxicological target in the endocrine
system [14]. In toxicity studies, the administration of high doses of chemicals often leads to toxic
insults, resulting in stress and HPA axis activation to enhance adrenocorticotropic hormone (ACTH)
secretion [15]. Additional factors predisposing the adrenal cortex to toxicity include high vascularity
ensuring exposures to toxicants, lipophilicity due to a large amount of steroids and unsaturated fatty
acids in cell membranes, as well as the presence of cytochrome P450 (CYP) enzymes producing toxic
metabolites and free radicals [15, 16].
An important enzyme involved in adrenal steroidogenesis is 11β-hydroxylase (CYP11B1), which is
responsible for the conversion of 11-deoxycortisol to the potent glucocorticoid cortisol. Inhibition of
CYP11B1 leads to reduced cortisol synthesis and an accumulation of the mineralocorticoids 11deoxycortisol and 11-deoxycorticosterone (11-DOC) [17]. Reduced levels of cortisol in peripheral
tissues stimulate adrenal steroidogenesis by an elevation of ACTH, leading to further production of 11deoxycortisol and 11-DOC, thereby causing excessive MR activation, hypertension and hypokalemia
along with low renin and aldosterone levels. In addition, a diminished CYP11B1 activity results in
enhanced levels of adrenal androgens due to the ACTH-induced positive feedback, stimulating the
adrenal gland and ultimately leading to hyperplasia [17, 18]. Another essential enzyme is aldosterone
synthase (CYP11B2), which catalyzes the conversion of 11-DOC via corticosterone and 18hydroxycorticosterone to the potent mineralocorticoid aldosterone [19]. Deficiency of CYP11B2
abolishes aldosterone production and leads to hypotension and hyperkalemia [20].
Etomidate, an anesthetic induction drug, is a classic example of drugs inducing fatal adrenocortical
insufficiency. Due to potent CYP11B inhibition, etomidate markedly decreased cortisol and
aldosterone levels, leading to Addisonian crisis, cardiovascular collapse and death [21-23]. Another
fundamental example is torcetrapib, a promising drug candidate developed as lipid reducing agent to
treat hypercholesterolemia [24]. Its development was terminated when phase III clinical trials showed
increased morbidity and mortality in the treatment group. Torcetrapib induced the expression of
CYP11B1 and CYP11B2, resulting in enhanced aldosterone plasma levels and blood pressure elevation,
thus promoting cardiovascular events [25, 26]. In conclusion, this emphasizes the importance to
identify chemicals that potentially interfere with adrenocortical function and disrupt glucocorticoid
and mineralocorticoid action.
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The present thesis aimed to apply molecular modeling including pharmacophore-based virtual
screening and docking calculations in combination with biological assays for the identification and
initial characterization of adrenocortical endocrine disruptors. Moreover, this thesis intended to
further elucidate the post-translational modification of the GR and effects on signaling pathways in
order to better understand the mechanisms of impaired glucocorticoid action. This might provide a
possible basis for developing suitable cell-based models and optimizing existing readouts to screen for
chemicals potentially interfering with glucocorticoid responses. It is important to gain insights into the
effects of potential endocrine disruptors, which might not directly alter glucocorticoid production or
bind to GR but act via pathways that affect the phosphorylation status of the GR and thereby its
function. The evaluation of EDCs must go beyond the analysis of direct interaction of xenobiotics with
a given receptor and also consider mechanisms contributing to receptor function such as posttranslational modifications, transcriptional regulation, protein stability and protein-protein
interactions.
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Figure 1. Schematic representation of major human adrenal and peripheral steroidogenesis.
(Figure adapted from Patt M et al., manuscript submitted, 2019). Enzymes and steroids involved in
adrenocortical and peripheral steroidogenesis are presented. CYP = cytochrome P450; HSD =
hydroxysteroid dehydrogenase; SULT = sulfotransferase; StAR = steroidogenic acute regulatory
protein; ACTH = adrenocorticotropic hormone. The three small arrows below corticosterone indicate
the conversion of corticosterone via 18-hydroxycorticosterone to the potent mineralocorticoid
aldosterone. The dotted arrow represents low flux from 17α-hydroxyprogesterone to
androstenedione, since CYP17A1 catalyzes this reaction with only about 2% of its activity to convert
17α-hydroxypregnenolone to dehydroepiandrosterone (DHEA) [27]. Thus, human androgen
production proceeds mainly via DHEA but not via androstenedione. 3βHSD2 activity decreases in the
zona reticularis during adrenarche, resulting in increased production of the adrenal androgen
precursor DHEA, which is efficiently sulphated to dehydroepiandrosterone sulfate (DHEA-S), the most
abundant steroid in the human circulation [28, 29].

10

3. Disruption of adrenocortical steroid synthesis and corticosteroid
homeostasis by xenobiotics

3.1. In silico and in vitro approaches to identify endocrine disrupting chemicals
interfering with adrenal steroidogenesis
Although it is well recognized that disturbances of adrenal steroidogenesis might lead to
adrenocortical insufficiency and despite the evidence that steroidogenic enzymes can be affected by
EDCs, only limited information is available regarding the identity of such EDCs and how they affect
adrenal function. There is a need to develop novel strategies to identify EDCs interfering with adrenal
steroidogenesis.
In drug discovery, computational methods are already well established and pharmacophore models
are applied for filtering huge compound libraries in the search for novel drug candidates [30]. A
pharmacophore represents a three-dimensional arrangement of the main chemical functionalities
required for the interaction with a specific target molecule [31]. This pharmacophore-based virtual
screening is a powerful in silico tool able to exclude compounds that do not have the desired
properties, resulting in an enrichment of active compounds [32, 33]. Therefore, virtual screening has
been proven to be a suitable technique to narrow down the list of potential candidates and to set
priorities for in vitro studies, since biological testing is time- and cost-intensive.
Pharmacophore modeling and virtual screening have also been used successfully in toxicological
investigations for example to support and facilitate the identification of chemicals acting on enzymes
with essential functions in the endocrine system. Other in silico approaches such as molecular docking
can be used to predict the interaction of xenobiotics with macromolecules mediating potentially
hazardous effects [34-40].
Regarding the demand for extensive toxicological testing of chemicals that potentially act as EDCs,
there is a great interest in establishing reliable in silico approaches with high predictability [37].
Nevertheless, successful application of in silico methods and subsequent validation of the hits requires
appropriate bioassays. The regulatory need for in vitro assessment of the effects of EDCs on
steroidogenesis pathways was addressed with the H295R steroidogenesis assay guideline developed
by the Organisation for Economic Co-operation and Development (OECD) and the EPA [41, 42]. The
H295R cell line is currently the most widely used in vitro cell-based model for the evaluation of
biological pathways involved in adrenocortical function and mechanisms of toxicity [43, 44]. This cell
line was derived from a human adrenocortical carcinoma and expresses genes encoding for all key
steroidogenic enzymes (see Fig. 1 for an overview of steroid biosynthesis, chapter 2. Introduction). This
is a unique characteristic, since the expression of the steroidogenic genes in vivo is dependent on the
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adrenal zones (i.e. glomerulosa, fasciculata and reticularis) as well as the developmental stage [45, 46].
Thus, the H295R cell line can be applied to study steroidogenic pathways and provides a useful model
to assess the effects of adrenocortical endocrine disruptors [47]. The OECD test guideline No. 456
based on H295R cells is validated to identify chemicals potentially interfering with the production of
17β-estradiol and testosterone [41, 42]. However, this test exhibits several limitations affecting the
ability to confidently interpret the data obtained and leaving room for improvements. For example,
estradiol and testosterone are two hormones typically not produced by the adrenal cortex, the method
for quantification is not defined, and additional controls that would enhance the value of the data
obtained are not included in this OECD test guideline No. 456.
This thesis aimed to establish a refined H295R steroidogenesis assay by extending the readout to
mineralocorticoids, glucocorticoids and adrenal androgens, using a mass spectrometry-based method
and including gene expression analyses for a more comprehensive understanding of steroid
disturbances and to provide initial mechanistic information on the mode-of-action of potential EDCs.
Furthermore, in silico methods, including pharmacophore-based virtual screening and molecular
docking, combined with biological assessment were applied for the identification and characterization
of potential EDCs.
In the published article, ‘Steroid profiling in H295R cells to identify chemicals potentially disrupting the
production of adrenal steroids’ [48], described in detail in chapter 3.1.1, ultra-high performance liquid
chromatography tandem mass spectrometry (UHPLC-MS/MS) was applied to selectively and
simultaneously quantify a panel of steroid analytes. Additionally, reference compounds with known
mechanisms and a medium control at the beginning of the experiment were included for an improved
data interpretation. Gene expression analysis was performed to support the steroid profile changes
induced by a chemical of interest.
The refined H295R steroidogenesis assay was then further developed to biologically evaluate three
selected hits from an in silico screening of environmental chemical databases using ligand-based
pharmacophore models of CYP11B1 and CYP11B2 [49]. In addition to using H295R cells in their basal
state, cells activated by treatment with torcetrapib, a potent inducer of CYP11B1/2, were applied to
more easily assess inhibitory effects of the tested compounds on cortisol and aldosterone production.
This study is presented in more detail in the published article ‘Identification of the fungicide
epoxiconazole by virtual screening and biological assessment as inhibitor of human 11β-hydroxylase
and aldosterone synthase’ [49], in chapter 3.1.2.
In order to obtain a more general stimulation of adrenal steroidogenesis for studying the inhibitory
capacity of test compounds, forskolin-activated H295R cells were employed in the most recent study
‘Profiling of anabolic androgenic steroids and selective androgen receptor modulators for interference
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with adrenal steroidogenesis’ (see chapter 3.1.3). The improved protocol was used to examine the
effects of 19 anabolic androgenic steroids (AAS) and 3 selective androgen receptor modulators
(SARMs) on adrenal steroidogenesis, followed by gene expression analysis, cell-free activity assays and
molecular docking calculations for selected compounds (see Appendix Fig. A1 and A2 for 2D-structures
of AAS and SARMs, respectively).
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3.1.1

Published article:
Steroid profiling in H295R cells to identify chemicals potentially disrupting the
production of adrenal steroids

Petra Strajhara,c, David Tonolib,c, Fabienne Jeanneretb,c, Raphaella M. Imhofa, Vanessa Malagninoa,
Melanie Patta,c, Denise V. Kratschmara, Julien Boccardb, Serge Rudazb,c, Alex Odermatta,c, Toxicology.
2017 Apr 15;381:51-63.
a

Division of Molecular and Systems Toxicology, Department of Pharmaceutical Sciences, University of
Basel, Klingelbergstrasse 50, 4056 Basel, Switzerland
b

School of Pharmaceutical Sciences, University of Geneva and University of Lausanne, Pavillon des
Isotopes 20, Boulevard d’Yvoy, 1211 Geneva, Switzerland
c

Swiss Centre for Applied Human Toxicology (SCAHT), Universities of Basel and Geneva, Basel,
Switzerland

Contribution:
Performed gene expression analysis and analyzed data.
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Supplementary information

Steroid profiling in H295R cells to identify chemicals potentially
disrupting the production of corticosteroids and adrenal androgens
Petra Strajhar,a,c David Tonoli,b,c Fabienne Jeanneret,b,c Raphaella M. Imhof,a
Vanessa Malagnino,a Melanie Patt,a Denise V. Kratschmar,a Julien Boccard,b Serge
Rudaz,b,c Alex Odermatta,c,*

Table S1: Sequences of oligonucleotide primers used for qPCR
Gene
GAPDH
STAR
CYP11A1
HSD3B2
CYP17A1
CYP21A2
CYP11B1
CYP11B2
CYP19A1
AKR1C3
HSD17B1
HSD17B2
HSD17B3

Fig.

S1.

Sense primer (sequence 5'-3')
CAGCCTCAAGATCATCAGCA
GTCCCACCCTGCCTCTGAAG
GAGATGGCACGCAACCTGAAG
TGCCAGTCTTCATCTACACCAG
AGCCGCACACCAACTATCAG
CGTGGTGCTGACCCGACTG
GGTTTGCCAGGCTAAGC
TCCAGGTGTGTTCAGTAGTTCC
AGGTGCTATTGGTCATCTGCTC
GGATTTGGCACCTATGCACCTC
GAAGGCTTATGCGAGAGT
AAAGGGAGGCTGGTGAAT
TGCTTCCAAACCTTCTCCC

De

novo

hydroxyandrostenedione,

synthesis

of

Antisense primer (sequence 5'-3')
TTCTAGACGGCAGGTCAGGT
CATACTCTAAACACGAACCCCACC
CTTAGTGTCTCCTTGATGCTGGC
TTCCAGAGGCTCTTCTTCGTG
TCACCGATGCTGGAGTCAAC
GGCTGCATCTTGAGGATGACAC
CAAACTGCCCAGAGGACAG
GAAGCCATCTCTGAGGTCTGTG
TGGTGGAATCGGGTCTTTATGG
CTATATGGCGGAACCCAGCTTCTA
GAAGGTGTGGATGTCCGT
GCAACTTTAATTCCCCAC
AGACCTTTCTGCCTTGATTCC

16α-hydroxyandrostenedione,

16α-hydroxytestosterone

and

1916β-

hydroxytestosterone by H295R cells. Steroids were quantified in culture
supernatants of H295R cells incubated either in complete medium (A) or in Nu-serumfree medium (B) for 48 h with vehicle (0.1% DMSO solvent control), 10 µM (in A) or 5
µM (in B) forskolin, 1 µM prochloraz, 1 µM letrozole or 200 nM androstenedione.
Controls for complete medium and Nu-serum-free medium (t=0 h) were included for
comparison. Steroids (mean peak areas) were measured by LC-MS and represent
median with range from one (out of three) representative experiment, performed in
triplicate (n=3). Kruskal-Wallis test followed by Dunn’s test was used to analyze
significant difference (p < 0.05) of solvent control at t=0 to chemical treatment at t=48
h (*).
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3.1.2

Published article:
Identification of the fungicide epoxiconazole by virtual screening and biological
assessment as inhibitor of human 11β-hydroxylase and aldosterone synthase

Muhammad Akrama,b,1, Melanie Pattc,1, Teresa Kaserera, Veronika Temmla, Watcharee
Waratchareeyakuld, Denise V. Kratschmarc, Joerg Haupenthale, Rolf W. Hartmanne,f, Alex Odermattc,
Daniela Schustera,b, J Steroid Biochem Mol Biol. 2019 Sep;192:105358.
1

These authors contributed equally to the present study.

a

Institute of Pharmacy / Pharmaceutical Chemistry and Center for Molecular Biosciences Innsbruck,
University of Innsbruck, Innrain 80-82, 6020, Innsbruck, Austria
b

Department of Medicinal and Pharmaceutical Chemistry, Institute of Pharmacy, Paracelsus Medical
University, Strubergasse 22, 5020, Salzburg, Austria
c

Swiss Centre for Applied Human Toxicology and Division of Molecular and Systems Toxicology,
Department of Pharmaceutical Sciences, University of Basel, Klingelbergstrasse 50, 4056, Basel,
Switzerland
d

Department of Chemistry, Faculty of Science and Technology, Rambhai Barni Rajabhat University,
22000, Chanthaburi, Thailand
e

Department of Drug Design and Optimization, Helmholtz Institute for Pharmaceutical Research
Saarland (HIPS), Universitätscampus E8 1, 66123, Saarbrücken, Germany
f

Department of Pharmaceutical and Medicinal Chemistry, Saarland University, Campus C2.3, 66123,
Saarbrücken, Germany

Contribution:
Performed all experiments in H295R cells, analyzed data, wrote and revised the manuscript.
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Supplementary Material
Identification of the fungicide epoxiconazole by virtual screening and biological
-hydroxylase and aldosterone synthase
Muhammad Akrama,b,#, Melanie Pattc,#, Teresa Kaserera, Veronika Temmla, Watcharee
Waratchareeyakuld, Denise V. Kratschmarc, Joerg Haupenthale, Rolf W. Hartmanne,f, Alex
Odermattc,*, Daniela Schustera,b*
a

Institute of Pharmacy / Pharmaceutical Chemistry and Center for Molecular Biosciences Innsbruck, University
of Innsbruck, Innrain 80-82, 6020 Innsbruck Austria
b

Department of Medicinal and Pharmaceutical Chemistry, Institute of Pharmacy, Paracelsus Medical
University, Strubergasse 21, 5020 Salzburg Austria
c

Swiss Centre of Applied Human Toxicology and Division of Molecular and Systems Toxicology, Department
of Pharmaceutical Sciences, University of Basel, Klingelbergstrasse 50, 4056 Basel, Switzerland
d

Department of Chemistry, Faculty of Science and Technology, Rambhai Barni Rajabhat University,
Chanthaburi, Thailand
e

Department of Drug Design and Optimization, Helmholtz Institute for Pharmaceutical Research Saarland
(HIPS), Universitätscampus E8 1 66123 Saarbrücken Germany
f

Department of Pharmaceutical and Medicinal Chemistry, Saarland University, Campus C2.3, 66123
Saarbrücken, Germany

,#

These authors contributed equally to the present study.
* Correspondence to D.S. for molecular modeling and to A.O. for biology.

Generation of ligand-based pharmacophore models
Ligand-based pharmacophore models were created using the espresso function of LigandScout 3.12
[1]. This workflow first assigns pharmacophore features to all of the conformations of the training
compounds. Then, the features of the two most rigid training compounds are aligned to create
intermediate common feature pharmacophore models. These intermediate models are ranked
according to a selected scoring function.
The ligand-based, common feature pharmacophore model 1 was generated from two training
compounds (Figure S1-A) [2]. Pharmacophore-fit and atom overlap was used as scoring function.
Among the 10 reported pharmacophore queries, the model with the highest score (0.9084) and
highest pharmacophore-fit score of training compounds was selected for further refinement. This
1
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Supplementary Material
pharmacophore model was composed of two aromatic ring features (AR-1 and AR-2), three
hydrophobic contacts (H-1, H-2, and H-3), three hydrogen bond acceptors (HBA-1, HBA-2, and
HBA-3), and 47 XVOLs (Figures S1-B,C). HBA-1 represents the heterocyclic nitrogen of the
training compounds, which is hypothesized to form a complex with the heme of the CYP enzymes.
The remaining pharmacophore features represent various common features of the training
compounds. Model 1 was optimized by; (1) increasing the feature tolerance of AR-1, AR-2, and
HBA-3 from default 1 to 1.6, 1.3, and 1.75 Å, respectively, (2) and marking the H-1, H-2, H-3, and
HBA-2 features as optional [3].
Ligand-based pharmacophore model 2 was generated from two training compounds [4, 5] (Figure
S2-A) using the same settings as for model 1. The model which achieved the highest score (0.9174)
and highest pharmacophore-fit score for the training compounds was selected for further
optimization. It consisted of two AR features (AR-1, AR-2), two hydrophobic (H-1 and H-2)
contacts, one HBA (HBA-1), and 33 XVOLs (Figures S2-B,C). The shared HBA feature of both of
the training compounds was derived from the nitrogen of pyrimidine and imidazole rings. This model
was optimized by marking the hydrophobic feature H-1 as optional [3].

Figure S1. Ligand-based pharmacphore model 1. (A) 2D training compounds with their IC50
values are drawn. (B) Training compounds mapped into the model. (C) Final pharmacophore model 1
with color-coded features (yellow hydrophobic contacts, blue rings AR, red HBA, dotted
2
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style optional features). The model consisted of 3 hydrophobic contacts, 3 HBAs, 2 AR features,
and 47 XVOLs. This figure is taken from [3].

Figure S2. Ligand-based pharmacophore model 2. (A) Two training compounds with their IC50
values are drawn. (B) Mapping of training compounds with the model are shown. (C) The
pharmacophore model is shown. Pharmacophore features are marked by colors. Model 2 comprised
of 2 hydrophobic features, 2 AR features, 1 HBA feature, and 33 XVOLs. This figure is taken from
[3].
Modification of previously used pharmacophore models
Two previously reported pharmacophore models [3] served as a basis. These models consisted of
three-dimensional features defining interaction types such as HBD/HBA, H, AR, and XVOLs. A
qualitative refinement of pharmacophore models was performed based on their specificity and/or
sensitivity. In general, specificity was slightly improved by adding the spatial restrictions in the form
of XVOLs or shapes. The sensitivity was partly increased by making the models less restrictive,
deleting or adjusting the size of features, making some features optional, and/or removing the spatial
restrictions.
The modified pharmacophore model 1.1 had three H (H-1, H-2, and H-3), two AR interactions (AR-1
and AR-2), three HBA features (HBA-1, HBA-2, and HBA-3), and 47 XVOLs (Fig. 3A). The
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modified model 1.1 had H-2 as an optional feature. The modified model 2.1 had two H (H-1 and H2), two AR interactions (AR-1 and AR-2), one HBA-1 feature, and 33 XVOLs (Fig. 3B).
The theoretical dataset used for the training of the models 1 and 2 in our previous study was used as
reference dataset to compare the performance of validated (model 1 and 2) and modified models
(model 1.1 and 2.1). The modified models 1.1 and 2.1 were employed for the virtual screening of
reference dataset of active 442 compounds. The modified models 1.1 and 2.1 found 91 and 37 active
hits, respectively. Hence, the sensitivity for model 1.1 and 2.1 was 0.21 and 0.08, respectively (Table
S1). Our previously published models 1 and 2 found 92 and 40 active hits, respectively (Table S1).
Hence the sensitivity value for models 1 and 2 was 0.21 and 0.1, respectively [3]. The yield of active
of models 1, 1.1, 2, and 2.1 was 0.01031, 0.00872, 0.00305, and 0.00280, respectively (Table S1).
The accuracy of models 1, 1.1, 2, and 2.1 was 0.97394, 0.97540, 0.97485, and 0.97473, respectively
(Table S1).
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Table S1. Quality analysis of both previously published [3] and modified models.
Matrices
for Previously published models [3]
quality evaluation

Modified models

Model 1

Model 2

Model 1.1

Model 2.1

True positive [6]

92/442

40/442

91/442

37/442

True negative [6]

15869/15946

15936/15946

15894/15946

15937/15946

False negative [6]

350/442

402/442

351/442

405/442

False positive [6]

77/15946

10/15946

52/15946

9/15946

Yield of actives [6] 0.01031

0.00305

0.00872

0.00280

Sensitivity [6]

0.20814

0.09049

0.20588

0.08371

Specificity [6]

0.99517

0.99937

0.99673

0.99943

Accuracy [6]

0.97394

0.97485

0.97540

0.97473

True positive = found active, true negative = discarded inactive, false positive = found inactive, false
negative = discarded active
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Table S2. A review of percentage inhibition of human CYP11B1 and CYP11B2 by novel
environmental compound in relation to the positive control
CYP11B1

CYP11B2
Ancymidol

Concentration 0.05*
(µM)

4

2

1

0.05*

4

2

1

Inhibition
(%)

83

61

39

50

70

50

29

37

Flurprimidol
Concentration 0.05*
(µM)

2.5

1.25

0.625 0.05*

2.5

1.25

0.625

Inhibition
(%)

86

71

49

82

59

42

36

54

Epoxiconazole
Concentration 0.05*
(µM)

1.5

0.75

0.375 0.05*

0.2

0.1

0.05

Inhibition
(%)

68

51

34

54

61

42

26

36

1,1-thiocarbonyldiimidazole
Concentration 0.05*
(µM)

10

7

3.5

0.05*

20

15

10

Inhibition
(%)

63

51

34

48

58

49

33

-

0.05*

10

10

-

24

Ozagrel
Concentration 0.05*
(µM)

10

10

6

48

Inhibition
(%)

29

32

32

-

56

10

13

-

* Ketoconazole (50 nM) was used as a positive control.
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Figure S3. The tested hits, which were inactive against CYP11B1, CYP11B2, CYP17, and CYP19
enzymes.
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Figure S4. Effect of torcetrapib and etomidate on the H295R steroid profile. H295R cells were
treated for 48 h with 0.3 M torcetrapib (reference inducer) or 1 M etomidate (reference inhibitor)
or 0.1% DMSO (solvent control). Steroids were quantified by UHPLC-MS/MS. Data were obtained
from four independent experiments, each performed in duplicates, and normalized to the respective
steroid concentration in DMSO treated control cells. Fold change expressed as mean ± SD is
depicted. Values are shown in a color code: green represents >1.5-fold down regulation and red >1.5fold up regulation compared with DMSO control. RC: reference compound; SC: solvent control.
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Figure S5. Effect of flurprimidol on the torcetrapib-stimulated H295R steroid profile. H295R
cells were treated for 48 h with 0.3 M torcetrapib (reference stimulating compound) and either 0.1%
DMSO (solvent control) or flurprimidol at the concentrations indicated. Steroids were quantified by
UHPLC-MS/MS. Data were obtained from two independent experiments, each performed in
duplicates, and normalized to the respective steroid concentration in torcetrapib treated cells. Fold
change expressed as mean ± SD is depicted. Values are shown in a color code: green represents >1.5fold down regulation compared with torcetrapib control. RC: reference compound; TC: test
compound.
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Figure S6. Effect of ancymidol on the torcetrapib-stimulated H295R steroid profile. H295R
cells were treated for 48 h with 0.3 M torcetrapib (reference stimulating compound) and either 0.1%
DMSO (solvent control) or ancymidol at the concentrations indicated. Steroids were quantified by
UHPLC-MS/MS. Data were obtained from an experiments performed in duplicate, and normalized to
the respective steroid concentration in torcetrapib treated cells. Fold change expressed as mean ± SD
is depicted. Values are shown in a color code: green represents >1.5-fold down regulation compared
with torcetrapib control. RC: reference compound; TC: test compound.
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Abstract
Anabolic-androgenic steroids (AAS) are testosterone derivatives developed for steroidreplacement and treatment of debilitating conditions. They are widely used by athletes in elite
sports and bodybuilding due to their muscle building and performance enhancing properties.
Excessive AAS use is associated with cardiovascular diseases, mood changes and endocrine
and metabolic disorders; however, the underlying mechanisms remain incompletely
understood. Selective androgen receptor modulators (SARMs) aim to reduce adverse
androgenic AAS effects, while maximizing anabolic effects. This study assessed potential
steroidogenesis disturbances of 19 AAS and 3 SARMs in human adrenocortical carcinoma
H295R cells, comparing basal and forskolin-activated states by using mass spectrometry-based
quantification of nine major adrenal steroids. Mesterolone, mestanolone and methenolone
increased mineralocorticoid but decreased adrenal androgen production, indicating CYP17A1
dysfunction. Cell-free activity assays failed to detect direct CYP17A1 inhibition, supported by
molecular modeling, and CYP17A1 mRNA expression was unaffected, suggesting indirect
inhibition involving post-translational modification and/or impaired protein stability. Clostebol
and oxymetholone decreased corticosteroid but increased dehydroepiandrosterone synthesis in
H295R cells, indicating CYP21A2 inhibition, supported by molecular modeling. None of the
SARMs tested interfered with steroidogenesis. The chosen approach allowed to group AAS
according to their steroidogenesis-interfering effects and provided initial mechanistic
information. Mesterolone, mestanolone and methenolone potentially promote hypertension and
cardiovascular diseases via excessive mineralocorticoid synthesis. Clostebol and oxymetholone
might cause metabolic disturbances by suppressing corticosteroid production and result in
adrenal hyperplasia due to negative feedback induction of ACTH. The non-steroidal SARMs
exhibit an improved safety profile and represent a preferred therapeutic option.
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1. Introduction
Anabolic androgenic steroids (AAS) are synthetic derivatives of the male sex hormone
testosterone developed to increase bioavailability and reduce adverse androgenic properties,
while maximizing anabolic effects. Traditional indications for the use of AAS have been
advanced breast cancer, osteoporosis and anemia associated with leukemia and kidney failure.
Nowadays, AAS are clinically used in hormone replacement therapies, including
hypogonadism and aging, and to treat muscle wasting due to cancer, AIDS, severe burns,
chronic renal failure and pulmonary diseases [1-7]. Therapeutic doses of synthetic testosterone
aim to raise serum testosterone concentrations to the mid-normal range between 350 ng/dL (14
nmol/L) and 600 ng/dL (25 nmol/L) [8, 9], and treatment with testosterone analogues should
achieve equivalent activity corresponding to this range. Although improvements in the
chemical scaffold of testosterone were made, a clear dissociation of anabolic from androgenic
effects in the respective testosterone analogues has not yet been achieved [10]. The undesirable
androgenic properties of AAS including acne, hirsutism and alopecia are responsible for their
limited clinical use [8, 9].
The beneficial effects of AAS on muscle mass and bone mineral density have led to the
development of tissue-selective alternatives with reduced adverse effects. Selective androgen
receptor modulators (SARMs) are supposed to act as full agonists in anabolic tissues such as
muscle and bone with ideally no or minimal activation of the androgen receptor (AR) in
prostate, heart or liver [11, 12]. Most SARMs are non-steroidal compounds, expected to exhibit
fewer interactions with steroid metabolizing enzymes and possessing a better side effect profile.
Currently, SARMs are studied in phase I and II clinical trials to assess their efficacy in treatment
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of cachexia, benign prostatic hyperplasia, prostate cancer, breast cancer and stress urinary
incontinence in postmenopausal women [13].
Besides therapeutic applications, AAS are used as anabolic agents to enhance muscle mass and
burn fat by athletes to enhance performance and by the general population to improve body
shape. AAS are the most frequently detected doping agents with about 44% of adverse
analytical findings in WADA-accredited laboratories in 2017 [14]. Due to frequent doping tests,
AAS misuse cannot be considered a serious health risk among elite athletes; however, it has
become a public health concern [15]. The majority of AAS users are individuals striving for a
muscular body shape without competitive athletic ambitions. According to the latest
‘Monitoring the Future’ statistics (2017), an annual survey on drug abuse in adolescents across
the United States funded by the National Institute on Drug Abuse, the lifetime prevalence of
AAS use is 1.4% for young adults (ages 19-28) [16]. Nevertheless, these data do not accurately
reflect the population encountering serious adverse effects, since most of those arise during
long-term AAS use. Prolonged AAS use can be assumed to be more prevalent in fitness and
strength training environments. Higher estimates of AAS misuse have been documented among
gym-goers, bodybuilders and security personnel compared to the general population [15, 17,
18]. Whereas the medical use of AAS aims to achieve a physiologic replacement level on a
continuous basis, recreational users usually take supraphysiologic doses of AAS, reaching 10
to 100 times the physiological level. Furthermore, AAS are often applied in a sophisticated
multidrug regimen involving varying doses, time courses and simultaneously using oral and
intramuscular preparations [19-22]. High-dose AAS use is associated with a wide range of
adverse health effects including liver toxicity, kidney diseases, psychological disorders,
endocrine disturbances and dermatologic effects [23-25]. Additionally, AAS affect the
cardiovascular system. Several studies described cardiovascular consequences occurring after
abusive AAS use including hypertension, myocardial hypertrophy, cardiomyopathy,
myocardial infarction and sudden cardiac death [26, 27].
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Mechanisms involving steroidogenesis have been suggested to contribute to the hypertensive
effects of AAS. In bovine adrenal cells, testosterone hemisuccinate stimulated the membrane
binding of angiotensin as well as aldosterone synthesis [28]. Another mechanism leading to
hypertension includes the elevation of the mineralocorticoid 11-deoxycorticosterone (DOC),
which may be caused by a testosterone-dependent decrease in cytochrome P450 11B1
(CYP11B1, 11β-hydroxylase) mRNA levels [29, 30]. In addition, inhibition of cytochrome
P450 17A1 (CYP17A1, 17α-hydroxylase-17, 20-lyase) is accompanied with mineralocorticoid
excess, since the lack of CYP17A1 activity forces steroid substrates to pass through the
biosynthetic pathway of aldosterone via corticosterone and DOC [31-33]. The feedback
regulation via adrenocorticotropic hormone (ACTH) upon inhibition of cortisol synthesis
further stimulates adrenal steroidogenesis, thereby enhancing mineralocorticoid production. A
well-known example of the consequences of drug-induced CYP17A1 inhibition is the antiprostate cancer drug abiraterone, a synthetic androgen derivative (3β-acetoxy-17-(3pyridyl)androsta-5,16-diene). Patients are usually co-treated with glucocorticoids to prevent
feedback stimulation and avoid mineralocorticoid excess, and/or mineralocorticoid receptor
(MR) antagonists [34]. The mineralocorticoids regulate sodium reabsorption and potassium
excretion by acting through MR. An excess of mineralocorticoids is characterized by
hypokalemia, hypernatremia, fluid retention, edema, and hypertension. Although the adverse
cardiovascular effects of AAS misuse are well recognized, the underlying molecular
mechanisms are still not fully understood.
The current study examined the effects of 19 AAS and 3 SARMs on adrenal steroidogenesis,
aiming to identify compounds that increase the production of mineralocorticoids and potentially
contribute to the development of hypertension and cardiovascular diseases [35]. The use of a
modified protocol of the OECD test guideline 456, based on human H295R adrenocortical
carcinoma cells, and subsequent quantification of all major adrenal steroids ([36], see Fig. 1 for
an overview of steroid biosynthesis), provided initial insight into the mechanism of interference
5
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by different AAS. Finally, this study allowed a comparison of the potential steroidogenesisdisrupting effects of AAS and SARMs as a first insight of chemical grouping in the context of
system toxicology.

Fig. 1. Schematic representation of adrenal steroidogenesis. Major enzymes and steroids
involved in mineralo- and glucocorticoid as well as adrenal androgen biosynthesis are shown.
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2. Materials and methods
2.1.

Chemicals and reagents

Danazol (CAS 17230-88-5), fluoxymesterone (CAS 76-43-7), mestanolone (CAS 521-11-9),
methandienone (CAS 72-63-9), nandrolone (CAS 434-22-0), oxandrolone (CAS 53-39-4),
oxymesterone (CAS 145-12-0), oxymetholone (CAS 434-07-1), stanozolol (CAS 10418-03-8),
trenbolone (CAS 10161-33-8), and ostarin (CAS 841205-47-8) were obtained from Lipomed
(Arlesheim, Switzerland) at the highest purity available. Boldenone (CAS 846-48-0), clostebol
(CAS 1093-58-9), drostanolone (CAS 58-19-5), methasterone (CAS 3381-88-2), LDG-2226
(CAS

328947-93-9),

LDG-4033

(CAS

1165910-22-4),

hydroxymethylene-androstan-17β-ol-3-one

or

and

oxystanolone

(2-

4,5α-dihydro-2-

(hydroxymethylene)testosterone) were synthesized as described elsewhere (Methods-X,
submitted). Mesterolone (CAS 1424-00-6) and turinabol (clostebol acetate, CAS 855-19-6)
were kindly provided by Dr. Daniela Schuster (Paracelsus Medical University, Salzburg,
Austria). Methenolone (CAS 153-00-4) and norbolethone (CAS 1235-15-0) were purchased
from Cerilliant Corporation (Round Rock, TX, USA), and the reference compounds forskolin
(CAS 66575-29-9) and prochloraz (CAS 67747-09-5) from Sigma Aldrich (Buchs,
Switzerland) at the highest purity available. Stock solutions (10 mM or 5 mM) were prepared
in dimethyl sulfoxide (DMSO, AppliChem, Darmstadt, Germany). UPLC-grade purity
methanol, acetonitrile and formic acid were purchased from Biosolve (Dieuze, France).
Aldosterone, corticosterone, 11-deoxycorticosterone, androstenedione, testosterone and
[2,2,4,6,6,21,21-2H7]-aldosterone (98% isotopic purity) were obtained from Sigma-Aldrich. 11Dehydrocorticosterone, dehydroepiandrosterone, progesterone, 17α-hydroxyprogesterone, 11deoxycortisol, cortisol and cortisone were purchased from Steraloids (Newport, RI, USA). [1,22

H2]-Testosterone (98% isotopic purity), [2,2,4,6,6,16,16-2H7]-∆4-androstene-3,17-dione (98%

isotopic purity) and [2,2,4,6,6,17α,21,21-2H8]-corticosterone (98% isotopic purity) were
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purchased from C/D/N Isotopes Inc. (Pointe-Claire, Canada). Stock solutions (10 mM and/or 1
mg/mL) of above-mentioned steroids were prepared in methanol.

2.2.

Cell culture and H295R steroidogenesis assay

H295R human adrenocortical carcinoma cells were obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA) and cultured in Dulbecco’s modified Eagle’s medium
(DMEM)/Ham’s nutrient mixture F-12 (1:1, v/v) (Life Technologies, Zug, Switzerland),
supplemented with 1% (v/v) ITS + Premix (BD Bioscience, Bedford, MA, USA), 2.5% (v/v)
Nu-Serum (Lot: 2342913, BD Bioscience, Bedford, MA, USA), 15 mM HEPES buffer, pH 7.4,
and 1% (v/v) penicillin-streptomycin (Sigma-Aldrich). The H295R steroidogenesis assay was
performed following the OECD Test 456 guidelines [37], with some modifications [38].
Briefly, cells (at passages 5-10) were seeded in 24-well plates at a density of 200,000 cells/mL.
The medium was changed after 24 h to fresh medium containing reference or test compound (1
μM). DMSO (0.01% (v/v)) was used as vehicle control, forskolin (10 μM) as positive control
to stimulate and prochloraz (1 μM) as negative control to inhibit adrenal steroidogenesis,
respectively. In addition to using cells in their basal state, cells were activated by exposure to
10 μM forskolin in combination with the test compound (1 μM). Forskolin (10 μM) served as
a vehicle control for stimulated steroidogenesis. Supplemented medium prior to adding the cells
served as control at time zero. After 48 h of exposure, cell supernatants were collected and
stored at -20 °C until steroid hormone analysis was performed. Experiments were carried out
three times independently, each in duplicates.
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2.3.

Cell viability assay

Possible effects of tested compounds on cell viability were evaluated using 2,3-bis(2-methoxy4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) and phenazine methosulfate
(PMS) as an electron-coupling reagent. Briefly, H295R cells were seeded in 96-well plates at a
density of 30,000 cells/100 μL complete medium. After 24 h, the medium was replaced by fresh
phenol red-free medium containing test compound at a concentration of 0.1 μM, 1 μM or 10
μM with or without 10 μM forskolin. Digitoxin (10 μM) was used as a cytotoxicity control.
After 48 h of incubation, cells were subjected to microscopic inspection for morphological
changes, and 25 μL of XTT/PMS solution (1 mg/mL and 7.5 μg/mL) was added to each well,
followed by incubation for another 2 h. Absorbance was then recorded at 450 and 650 nm
(reference wavelength). Control wells containing phenol red-free medium were used as a value
for background absorbance. Experiments were performed three times independently with
technical triplicates.

2.4.

Targeted steroid quantification

The concentrations of nine steroid hormones in H295R culture supernatants were quantified
using ultra-high performance liquid chromatography tandem mass spectrometry (UHPLCMS/MS) as described previously with minor adaptations [36, 38]. Briefly, 1 mL of cell
supernatant

was

spiked

with

deuterium-labeled

aldosterone,

corticosterone

and

androstenedione as internal standards. The samples were then extracted using Oasis HLB 1 cc
SPE cartridges (30 mg, 30 μm particle size, Waters, Massachusetts, USA), preconditioned with
1 mL ethyl acetate and 1 mL Milli-Q water. After washing the columns three times with water
and a mixture of methanol/water (10/90, v/v), steroids were eluted twice with 0.5 mL of ethyl
acetate. The eluates were evaporated to dryness, and reconstituted with 50 μL of methanol.
Steroids were separated on a reverse-phase column (Waters Acquity UPLC BEH C18, 1.7 μm,
2.1 mm × 150 mm) using an Agilent 1290 UHPLC system. Mobile phases A and B consisted
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of water-acetonitrile-formic acid (95/5/0.1; v/v/v) and (5/95/0.1; v/v/v), respectively. Detection
was performed using an Agilent 6490 triple quadrupole mass spectrometer equipped with a jetstream electrospray ionization source. Mass Hunter software version B.07.01 (Agilent
Technologies) was used to analyze the acquired data.

2.5.

Gene expression analysis

Following the indicated treatment, RNA was isolated using the RNeasy Mini Kit (QIAGEN,
Hilden, Germany) on a QIAcube extraction robot (QIAGEN, Hilden, Germany) according to
the manufacturer. Complementary DNA (cDNA) was synthesized and quantitative polymerase
chain reaction (qPCR) was performed as described previously [36].

2.6.

Determination of CYP17A 17α-hydroxylase activity in cell lysates

Lysates of recombinant E. coli pJL17/OR co-expressing human CYP17A1 and rat NADPHP450-reductase were prepared as described earlier [39, 40]. The 17α-hydroxylase activity of
CYP17A1 was determined by measuring the conversion of progesterone to 17αhydroxyprogesterone and the byproduct 16α-hydroxyprogesterone by UV spectroscopy. Test
substance or vehicle control (DMSO at a final concentration of 2%) were included in the
incubation medium at the concentrations indicated.

2.7.

Molecular modeling

Based on the crystal structures of human CYP17A1 co-crystallized with abiraterone (PDB code
3RUK [41]) and human CYP21A2 in complex with 17α-hydroxyprogesterone (PDB code
5VBU [42]), docking calculations were performed using GOLD 5.2 (The Cambridge
Crystallographic Data Centre, Cambridge, UK, [43]). In a first step, the co-crystallized ligands
of each crystal structure were deleted and re-docked into the corresponding enzyme’s substrate
binding pocket in order to determine whether the original binding orientation could be restored
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and thus the adapted docking settings could be validated. The root mean square deviation
(RMSD) values obtained were 0.522 for CYP17A1 and 0.384 for CYP21A2 using the following
settings: the ligand binding pockets were defined as spheres with a 10 Å radius around the
coordinates X = 28.53, Y = -8.76, Z = 36.51 for CYP17A1 and X = -35.87, Y = -2.26, Z = 28.00
for CYP21A2. ChemPLP was used as scoring function for all docking calculations. The binding
poses predicted by GOLD were then further analyzed using LigandScout 4.1 (Inte:Ligand
GmbH, Vienna, Austria) [44].

2.8.

Statistics

Statistical evaluation was performed in GraphPad Prism version 7.04. Shapiro-Wilk normality
test was performed to verify the normality of data (N = k × n) obtained from three independent
steroid profiling experiments (k = 3) each performed in duplicate (n = 2). One-way analysis of
variance (ANOVA) and Dunnett’s multiple-comparison test were used to compare chemical
treatments to the solvent control, followed by a Bonferroni correction to adjust the false
discovery rate. Differences were considered significant at a p-value <0.05.
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3. Results
3.1.

Effects of AAS and SARMs on cell viability

Cell viability was assessed after 48 h of incubation with the respective compound using cells in
the basal state and upon forskolin stimulation by visual inspection under a microscope and by
performing an XTT assay. No alteration of the normal morphology nor any signs of cytotoxicity
were observed at the tested concentrations up to 10 μM (data not shown).

3.2.

Effects of AAS and SARMs on steroid profiles in H295R cells in the basal and stimulated
state

H295R cells were incubated with the respective compound in the basal state, allowing easy
detection of compounds inducing the production of steroids, and upon forskolin stimulation of
steroidogenesis, to facilitate identification of inhibitory effects. The amounts of nine adrenal
steroids were quantified by UHPLC-MS/MS to investigate effects of the compounds in cells at
the basal state (treated with vehicle: 0.01% DMSO, Table 1) and in stimulated cells (treated
with 10 µM forskolin, Table 2). Since the Nu-serum already contained a significant amount of
progesterone and cortisol, steroid measurements of the complete medium at the beginning of
the experiment (t = 0 h) were assessed in order to distinguish between steroids produced by the
cells and those contributed by the Nu-serum [36]. Following the OECD test guideline 456,
forskolin (10 µM) and prochloraz (1 µM) were included in non-stimulated cells as reference
compounds to verify responsiveness. As expected, forskolin, a known inducer of adenylyl
cyclase that increases cAMP levels [45], significantly increased the production of the progestin
17α-hydroxyprogesterone, the mineralocorticoids 11-deoxycorticosterone, corticosterone and
aldosterone as well as the glucocorticoids 11-deoxycortisol and cortisol and the adrenal
androgens dehydroepiandrosterone and androstenedione, in accordance with an overall
stimulation of adrenal steroidogenesis.
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Table 1. Effects of AAS and SARMs on steroid profile in H295R cells in the basal state.
H295R cells were incubated for 48 h with vehicle (solvent control (SC); 0.01% DMSO) or the
respective anabolic androgenic steroid (AAS) or selective androgen modulator (SARM) at a
final concentration of 1 μM. Forskolin (10 μM) and prochloraz (1 μM) served as reference
compound (RC). A complete medium control (MC; t = 0 h) taken at the start of the experiment
was included for comparison. Steroid hormone levels were quantified by UHPLC-MS/MS.
Data are expressed as fold changes relative to SC and are depicted as mean ± SD from three
independent experiments, each performed in duplicate. Steroids significantly downregulated
compared to SC are represented in green and those significantly upregulated in red. Differences
with p ˂ 0.05 were considered significant.
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Table 2. Effects of AAS and SARMs on steroid profiles in forskolin-stimulated H295R
cells.
H295R cells were incubated for 48 h with 10 μM forskolin (reference stimulating control, FC)
and the corresponding anabolic androgenic steroid (AAS) or selective androgen receptor
modulator (SARM) at a concentration of 1 μM. A complete medium control (MC; t = 0 h) was
taken at the start of the experiment. Quantitative analysis of steroid levels was performed by
UHPLC-MS/MS. Data obtained from three independent experiments, each performed in
duplicate, were normalized to the respective steroid concentration in forskolin treated cells.
Fold changes are shown as means ± SD and depicted in a color code: green represents
significant downregulation and red significant upregulation compared to FC. Differences with
p ˂ 0.05 were considered significant.
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Prochloraz, known to inhibit CYP17A1 and CYP21A2 [46], led to a pronounced accumulation
of the adrenal precursor steroid progesterone and a more moderate increase in the intermediates
17α-hydroxyprogesterone and 11-deoxycorticosterone, whilst the levels of the adrenal
androgens and mineralo- and glucocorticoids were significantly decreased.
Next, the effects of various AAS and SARMs were analyzed for their potential to interfere with
adrenal steroidogenesis. The three AAS mesterolone, mestanolone and methenolone
significantly enhanced the levels of mineralocorticoids but decreased adrenal androgens (Table
1 and 2). The steroid patterns obtained in unstimulated and forskolin-activated cells exhibited
an important overlap. Furthermore, the patterns resembled the steroid profile observed for
abiraterone [47], indicating decreased CYP17A1 activity as an underlying mechanism.
Whereas treatment with mesterolone led to high levels of progesterone and decreased 17αhydroxyprogesterone and 11-deoxycortisol, suggesting potent inhibition of CYP17A1 activity,
mestanolone resulted in high progesterone levels but had slightly weaker effects on the
production of 17α-hydroxyprogesterone and 11-deoxycortisol. Methenolone exhibited the
weakest CYP17A1 inhibition with only a trend to increase progesterone production and no
change in 17α-hydroxyprogesterone. The effect of mesterolone, mestanolone and methenolone
on 17α-hydroxylase enzymatic activity was estimated as the ratio of the product 17αhydroxyprogesterone and the substrate progesterone. Similarly, CYP17A1 17/20-lyase activity
and total activity were assessed as the ratio of androstenedione/17α-hydroxyprogesterone and
androstenedione/progesterone, respectively (Fig. 2). Total CYP17A1 activity was decreased by
a compound-dependent manner, with mesterolone showing the most potent inhibition and
methenolone the weakest. Interestingly, these three AAS lowered 17α-hydroxylase activity
more efficiently than 17/20-lyase activity.
A significantly increased synthesis of mineralocorticoids was similarly observed with
stanozolol and drostanolone both in unstimulated and stimulated cells (Table 1 and 2). In
addition, both AAS significantly enhanced the production of progestins. However, whereas
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stanozolol significantly decreased the levels of androstenedione, drostanolone did not affect
adrenal androgen synthesis. Stanozolol and drostanolone could be distinguished by the ratios
of 17α-hydroxyprogesterone to progesterone reflecting CYP17A1 17α-hydroxylase activity,
and androstenedione to 17α-hydroxyprogesterone denoting 17/20-lyase activity. The data
suggest that stanozolol lowers CYP17A1 activity mainly through inhibition of 17/20-lyase
activity, whereas drostanolone equally affected 17/20-lyase and 17α-hydroxylase activities
(Fig. 2).

Fig. 2. Inhibition of apparent CYP17A1 enzyme activity by selected AAS. H295R cells in
the basal (A) and forskolin-stimulated state (B) were incubated for 48 h with the indicated AAS
at a concentration of 1 μM. Steroid metabolites were quantified using UHPLC-MS/MS and
apparent CYP17A1 activities estimated from product to substrate ratios of secreted metabolites:
17α-hydroxyprogesterone/progesterone (17αOH-Prog/Prog, white bars) reflecting 17αhydroxylase activity; androstenedione/17α-hydroxyprogesterone (AD/17αOH-Prog, grey bars)
denoting CYP17,20-lyase activity; androstenedione/progesterone (AD/Prog, black bars)
reporting total CYP17A1 activity.
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A different steroid profile was observed upon treatment with clostebol, turinabol (clostebol
acetate) and oxymetholone (Table 1 and 2). In cells in the basal state, these AAS led to
significantly reduced levels of mineralocorticoids, enhanced dehydroepiandrosterone and a
trend increase in 17α-hydroxyprogesterone. The observed steroid profiles resembled those
obtained from cells in the forskolin-stimulated state, suggesting inhibition of CYP21A2 activity
as mode-of-action. Since cortisol levels decreased or tended to decrease, an inhibition of
CYP11B1/2 activity cannot be fully excluded.
All other AAS tested exerted very moderate effects (danazol, methandienone, boldenone,
methasterone, oxystanolone and fluoxymesterone) or did not affect the steroid profiles
(nandrolone, norbolethone, oxandrolone, oxymesterone and trenbolone) in unstimulated and
stimulated cells. In particular, none of the tested SARMs (LGD-2226, LGD-4033 and ostarin)
showed any effect on adrenal steroidogenesis.

3.3.

Evaluation of the effects of selected AAS on the mRNA expression of steroidogenic
enzymes

To test whether altered expression of steroidogenic enzymes contributed to the observed effects
on the steroid profiles by the identified AAS (mesterolone, mestanolone, methenolone,
clostebol, oxymetholone, stanozolol, and drostanolone), H295R cells were incubated with these
AAS for 48 h and mRNA levels of 3β-HSD2, CYP17A1, CYP21A2, CYP11B1 and CYP11B2
were determined by qPCR. At concentrations of 1 µM, none of the selected AAS affected the
mRNA expression levels of the five key steroidogenic genes as compared to the DMSO vehicle
control (data not shown).
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3.4.

Effects of selected AAS on CYP17A1 17α-hydroxylase activity

Next, the impact of mesterolone, mestanolone, methenolone, stanozolol and drostanolone on
the conversion of progesterone to 17α-hydroxyprogesterone and the byproduct 16αhydroxyprogesterone were tested in a cell-free CYP17A1 activity assay. Abiraterone served as
a reference compound exhibiting an IC50 value of 15.6 nM. At a high concentration of 5 µM,
the selected AAS showed very weak (mesterolone: less than 20% inhibition) or no inhibition
(mestanolone, methenolone, stanozolol and drostanolone) of CYP17A1 17α-hydroxylase
activity (data not shown).

3.5.

Predicted binding of the selected AAS to CYP17A1 and CYP21A2

The potent irreversible inhibition of CYP17A1 by abiraterone is characterized by two key
interactions: first, the heme iron forming a covalent coordinating bond with the nitrogen in the
heterocycle of abiraterone, and second, the hydrogen bond between the C3-hydroxyl of
abiraterone and the side chain of Asn202 in helix F, at a distance of 2.6 Å [41, 48] (Fig. 3).
Additionally, hydrophobic interactions of the heterocycle ring and the two methyl groups with
hydrophobic side chains of several residues on CYP17A1 contribute to the stabilization of
abiraterone binding (Fig. 3C). The docking calculations predicted a similar binding mode for
mesterolone and mestanolone but with an inverted orientation of the steroid backbone
compared to abiraterone where the C3-carbonyl forms an interaction with the heme iron (Fig.
3A, B, D, E). Additionally, some stabilizing hydrophobic interactions by the methyl groups
could be identified; however, the key stabilizing hydrogen bond interaction with Asn202 is
absent and no hydrogen bonds of the C17-hydroxyl with CYP17A1 residues at a distance closer
than 5 Å could be found. Methenolone showed even weaker effects on CYP17A1 activity in
the H295R assay and docking calculations also did not reveal any stabilizing interactions with
Asn202 (data not shown).
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Fig. 3. Docking of mesterolone, mestanolone and abiraterone into the binding site of
CYP17A1. The automatically generated pharmacophore maps the structural details of the
compound for binding (yellow spheres: hydrophobic interactions; blue cone: iron binding
location; green arrow: hydrogen bond donor). Binding mode of docked mesterolone (A) and
mestanolone (B) together with co-crystallized abiraterone in CYP17A1. (A) and (B) show the
iron binding interaction and hydrophobic features of the two AAS (not shown for abiraterone).
The hydrogen bond of abiraterone with Asn202 is indicated, while the two AAS do not form a
similar hydrogen bond. Two-dimensional representation of the binding interactions of
abiraterone (C), mesterolone (D) and mestanolone (E).
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17α-hydroxyprogesterone binding to CYP21A2 is characterized by a hydrogen bond (2.5 Å) of
the C3-carbonyl on the A-ring with the guanidinium group on the Arg234 side chain (Fig. 4).
The A-ring of 17α-hydroxyprogesterone is anchored by helix G such that the C21-methyl group
faces the heme iron [49], facilitating C21-hydroxylation. Clostebol and oxymetholone, in all
predictions, showed a 180° flipped orientation compared to 17α-hydroxyprogesterone with the
A-ring facing the heme. Clostebol and oxymetholone showed an interaction with the heme iron.
Furthermore, both steroids, like 17α-hydroxyprogesterone, are stabilized by the formation of a
hydrogen bond with Arg234 (distance to Arg234 for clostebol of 2.93 Å and for oxymetholone of
3.14 Å). Moreover, all three steroids formed similar hydrophobic stabilizing interactions.
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Fig. 4. Predicted binding of clostebol, oxymetholone and 17α-hydroxyprogesterone in
CYP21A2.
The pharmacophore maps the structural details of the compound for binding (yellow spheres:
hydrophobic interactions; blue cone: iron binding interaction; green arrow: hydrogen bond
donor; red arrow: hydrogen bond acceptor). Binding mode of docked clostebol (A) and
oxymetholone (B) together with co-crystallized 17α-hydroxyprogesterone (17αOH-Prog) in
CYP21A2. (A) and (B) show the iron binding interaction, hydrophobic features and hydrogen
bond of the two AAS (not shown for 17αOH-Prog). Two-dimensional representation of the
binding interactions of 17αOH-Prog (C), clostebol (D) and oxymetholone (E).
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4. Discussion
Evaluation of adverse cardiovascular effects associated with AAS use has mainly focused on
heart structure and function by performing echocardiographic examinations. Increases in blood
pressure are generally assumed to be due to enhanced cardiac output, arterial stiffness and
peripheral arterial resistance [50, 51]. Another mechanism by which AAS might contribute to
the development of hypertension and cardiovascular diseases includes the interference with
adrenal steroidogenesis [35], leading to enhanced mineralocorticoid synthesis. An excess of
mineralocorticoids is associated with an exaggerated activation of MR, which in turn contribute
to increased blood pressure and cardiovascular diseases [52, 53].
The androgen derivative abiraterone is a drug well known to interfere with steroidogenesis,
causing mineralocorticoid excess and resulting in hypertension and hypokalemia [33, 54].
Abiraterone is a drug designed to treat prostate cancer by suppressing testosterone synthesis
through inhibition of CYP17A1, thereby blocking gonadal and adrenal androgen production.
As a side effect of CYP17A1 inhibition, cortisol production is decreased. This results in an
excessive activation of the hypothalamic-pituitary-adrenal (HPA) axis and elevated ACTH
release in an attempt to correct for the lack of cortisol along with an excessive production of
the mineralocorticoid aldosterone. To avoid the mineralocorticoid excess-related side effects of
abiraterone, patients are co-administered prednisone to prevent the excessive HPA axis
activation and ACTH release [55]. While patients receiving AAS in a therapeutic situation can
be monitored for symptoms of mineralocorticoid excess (pseudo-hyperaldosteronism,
hypertension, hypokalemia), this is not the case for recreational users. Their uncontrolled use
of supraphysiologic AAS doses exposes them to serious health risks.
Despite the well-described adverse health events of AAS, very few of them have been assessed
for their impact on adrenal steroidogenesis and the mechanisms of action of such compounds
is poorly investigated. To our knowledge, this study is the first to compare numerous well-
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known and widely used AAS as well as three non-steroidal SARMs with respect to their
potential to interfere with adrenal steroid synthesis.
This analysis revealed three AAS (mesterolone, mestanolone and methenolone) exhibiting
effects on the steroid profile of H295R cells in the basal state and upon forskolin-stimulation
that resemble those of abiraterone [47], namely increased mineralocorticoids and decreased
androgens. The similar bioactivity of these three AAS may be explained by their related
chemical structures. They share C3-carbonyl and C17-hydroxyl groups. Mestanolone differs
from mesterolone only by the lack or presence of a methyl group in C5 and C17, respectively.
Moreover, methenolone has a double bond between C1 and C2 that is absent in mesterolone.
The observed steroid profiles indicated decreased CYP17A1 enzyme activity (Table 1 and 2),
mainly affecting 17α-hydroxylase activity, in the order mesterolone ˃ mestanolone ˃
methenolone (Fig. 2).
The mechanism by which these three AAS decrease CYP17A1 activity is distinct from that of
abiraterone. Whereas abiraterone was found to irreversibly inhibit CYP17A1 activity by direct
interaction with the substrate binding pocket due to its 16,17-double bond [56], mesterolone,
mestanolone and methenolone lacking this important structural feature were unable to inhibit
CYP17A1 17α-hydroxylase activity in a cell-free enzyme assay (not shown). Molecular
docking indicated the lack of a stabilizing hydrogen bond between the C17-hydroxyl of
mesterolone and mestanolone with residues on CYP17A1 such as Asn202 that forms a key
interaction with the C3-hydroxyl of abiraterone (Fig. 3). Thus, the predicted lack of important
stabilizing interactions is in line with the results of the activity assay that do not support a direct
inhibition of CYP17A1 by these AAS. Moreover, gene expression analysis did not reveal an
effect of mesterolone, mestanolone and methenolone on CYP17A1 mRNA levels, implying
post-translational effects. Thus, further research should focus on post-translational
modifications such as phosphorylation and glycosylation and on protein stability that have been
found earlier to be involved in the regulation of CYP17A1 activity [57-61].
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Increased mineralocorticoid but decreased androstenedione production was also observed for
stanozolol

(Table

1

and

2),

with

a

strongly

decreased

androstenedione/17α-

hydroxyprogesterone ratio, indicating inhibition of CYP17/20-lyase activity (Fig. 2).
Stanozolol did not inhibit CYP17A1 17α-hydroxylase activity in the cell-free assay; however,
since the 17/20-lyase reaction needs the allosteric action of cytochrome b5 to promote the
interaction of CYP17A1 with P450 oxidoreductase (POR) [62, 63], our cell-free CYP17A1
activity assay did not consider 17/20-lyase activity. Drostanolone, which enhanced
mineralocorticoid synthesis but showed little effect on androgen production, modestly
decreased CYP17A1 activity in the cell-free assay. Both stanozolol and drostanolone did not
alter the expression of steroidogenic genes. Thus, an enhanced mineralocorticoid production
due to increased CYP11B2 gene expression, such as observed in an earlier study for the UVfilter octylmethoxycinnamate [36], seems unlikely. A limitation of the gene expression analysis
includes the late time point, after 48 h of treatment, and it cannot be excluded that mRNA levels
were altered at an earlier time point and returned to normal after 48 h. Further research is needed
to uncover the mechanism of enhanced aldosterone production by stanozolol and drostanolone.
The results of the current study show a direct effect of particular AAS on adrenal
steroidogenesis to enhance aldosterone production. Aldosterone acts through mineralocorticoid
receptors and regulates salt and water homeostasis and redox processes [64]. The uncontrolled
and prolonged use of such AAS may cause excessive aldosterone secretion, increasing blood
volume and blood pressure, decreasing potassium levels and promoting oxidative stress,
thereby contributing to the development of cardiovascular diseases.
A different steroid pattern was observed for clostebol, turinabol and oxymetholone (Table 1
and 2). Considering that turinabol (clostebol acetate) is the non-active esterified pro-drug of
clostebol and that such esters are rapidly hydrolyzed to the free active form, explains the almost
identical steroid profiles obtained for these two compounds. Suppressed corticosteroid
production along with increased dehydroepiandrosterone levels indicate inhibition of
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CYP21A2 activity. Since there is no cell-free CYP21A2 activity assay available, molecular
docking calculations were performed. Strong stabilizing interactions were found for clostebol
and oxymetholone, supporting direct CYP21A2 inhibition (Fig. 4). Future work needs to
establish a cell-free CYP21A2 activity assay and address the issue of direct or indirect
inhibition.
In vivo, an inhibition of adrenal corticosteroid synthesis, as suggested for clostebol, turinabol
and oxymetholone, is expected to result in negative feedback-mediated HPA axis activation,
ultimately leading to adrenal hyperplasia. Consequently, the increased levels of steroid
precursors may be mainly converted to androgens, as it is the case in patients with 21hydroxylase deficiency suffering from congenital adrenal hyperplasia (CAH). A deficiency of
gluco- and mineralocorticoids causes severe metabolic disturbances, ultimately leading to lifethreatening adrenal crisis [65].
Not all of the tested AAS affected the adrenal steroid profile. While some of them exhibited
only minor effects, one third showed no significant changes on steroid levels. Since AAS have
been designed to act through the AR and only differ in their relative binding affinity, the
observed effects on the adrenal steroid pattern are most likely AR-independent. In line with
this, none of the SARMs tested interfered with adrenal steroidogenesis. Whereas the steroidal
scaffold of the AAS bears a higher risk for interference with other steroid hormone receptors
and steroid metabolizing enzymes, including steroidogenic CYPs, the non-steroidal SARMs
possess an improved risk profile and should be preferably considered in clinical applications.
The (adverse) effects of AAS depend on the concentrations reached in vivo at the site of a given
enzyme or receptor. To our knowledge, there are no data available on intra-adrenal
concentrations of AAS and exposure has to be estimated from plasma levels. For example,
plasma levels of testosterone undecanoate, the active ingredient of Andriol® Testocaps®, reach
about 10 to 35 nmol/L (300-1000 ng/dL) and are considered to be within accepted therapeutic
range [66, 67]. Bearing in mind that supraphysiologic AAS doses in non-therapeutic uses can
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reach up to 100 times physiologic levels, the concentration of the AAS used in the present study
may be achieved in AAS abusers. Although quantitative in vitro to in vivo extrapolation of
concentration-effect correlations can be problematic, the concentrations used herein, causing
significant effects on adrenal steroidogenesis, might be relevant in situations of AAS misuse.
An obvious limitation of the current study is the lack of negative feedback regulation by the
HPA axis in the adrenal cell model applied. Another limitation, regarding the analysis of the
underlying mechanisms, includes that only one time point (48 h) was considered, and followon work will need to address earlier time points; nevertheless, initial mechanistic information
could be gathered.
In conclusion, the use of H295R cells in their basal and forskolin-stimulated state together with
the simultaneous quantification of the most important adrenal steroids by UHPLC-MS/MS
allowed the detection of compound-specific interferences with adrenal steroidogenesis and
provided preliminary information on the mode-of-action. The comparison of a series of AAS
and SARMs in the same study allowed grouping compounds causing similar effects and
potentially sharing the same mechanism. Mesterolone, mestanolone and methenolone were
found to enhance mineralocorticoid and reduce adrenal androgen production by decreasing
CYP17A1 activity, whereas clostebol, turinabol and oxymetholone lowered corticosteroid and
enhanced dehydroepiandrosterone synthesis, likely via inhibition of CYP21A2. The nonsteroidal SARMs displayed a more favorable safety profile than most of the AAS and they
should be considered as preferred treatment option for various muscle wasting conditions.
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Supplementary Information
Anabolic androgenic steroids (AAS) are frequently used either clinically, by athletes, or for body shaping due to their
muscle building and performance enhancing properties. AAS misuse is associated with cardiovascular diseases, mood
changes and endocrine issues. Despite the recognition of the severe adverse effects of AAS misuse, the underlying
molecular mechanisms are insufficiently understood. Selective androgen receptor modulators (SARMs) are supposed to
diminish the adverse androgenic AAS effects while maximizing anabolic effects. In order to obtain androgen receptor
modulating compounds of high purity for mechanistic in vitro investigations, this study summarizes protocols of optimized
chemical synthesis for five AAS and two SARMs.
The procedures described exhibit the following advantages:
1. straightforward, easily reproducible synthesis method
2. high purity achieved
3. low cost chemical synthesis
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Subject Area

Chemistry

More specific subject area

Medicinal chemistry

Method name

Protective group synthesis of anabolic androgenic steroids and selective
androgen receptor modulators
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Formylation of A/B-cis 3-Ketosteroids.2 Preparation of 5β-Steroidal[3,2-c]pyrazoles, The Journal of Organic Chemistry
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*Method details

Synthesis of drostanolone:

STEP I: Androstan-17β-((tetrahydro-2H-pyran-2-yl)oxy)-3-one (1)
Facilitating higher yields, the application of the tetrahydropyranyl-(THP)-group in order to protect the 17βalcohol as a THP-ether was established:
3.53 g Dihydropyran was added dropwise to a solution of 10.2 g dihydrotestosterone in 200 ml
dichloromethane under argon at room temperature, followed by the addition of a solution of 0.100 g
pyridinium tosylate in 13 ml dichloromethane.
After 20 h stirring at room temperature, TLC showed 80% conversion. An additional amount of 0.420 g
dihydropyran and 0.010 g pyridinium tosylate were added to the solution and stirring continued for another
24 h. After this period, a total conversion of approx. 90% could be monitored by TLC.
The reaction mixture was diluted with 200 ml dichloromethane and then washed with water and saturated
sodium chloride solution. The combined organic extracts were dried over MgSO4 and evaporated to yield
16.50 g of colorless foam.
The crude product was chromatographed on silica gel by using hexane-ethyl acetate (1:1) as an eluent. The
isolated product was obtained as a colorless solid (13.10 g; ~ 99%).

MS (ESI+):
𝑚/𝑧 = 374.89 (calculated MW: 374.56 g/mol)
Rf: 0.7 hexane/ethyl acetate 1:1 visualized by Seebach derivatization reagent
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STEP II: 2-Hydroxymethylene-androstan-17β-((tetrahydro-2H-pyran-2-yl)oxy)-3-one (2)
13.00 g Intermediate (1) was completely dissolved in 200 ml dry tetrahydrofuran. 1.09 g Sodium hydride
was added in small portions before the reaction mixture was flushed with argon and stirred at room
temperature for 1 h. After this period, the dropwise addition of 7.77 g pure ethyl formate through the
septum was administered. The reaction mixture was stirred over night at ambient temperature [1, 2].
On the next day, the reaction mixture has become a cloudy-orange suspension, which was evaporated to
dryness. The remaining yellow solid was colloidally dissolved in water. By the addition of 1 M HCl, the pHvalue (beginning 9-10) could be changed to pH 4 and orange suspension becomes a milky white, before
some white solids start to precipitate. 14.80 g could be obtained as an amber solid. The crude product was
still wet. This material was purified by column chromatography on silica gel by using hexane-ethyl acetate
(8:2) as an eluent. 12.0 g light beige solid could be obtained as a purified product (85%).

MS (ESI+):
𝑚/𝑧 = 402.94 (calculated MW: 402.57 g/mol)
Rf: 0.6 hexane/ethyl acetate 7:3 UV active (254 nm) and visualized by Seebach derivatization reagent

STEP III: 2α-Methyl-androstan-17β-ol-3-one (3)
In this “one-pot-reaction”-step the conversion to the 1α-methyl-group is performed simultaneously with
the cleavage of the protective group at the 17β-alcohol:
10.60 g Hydroxymethylene-precusor 2 was nearly dissolved in 800 ml ethanol at 55°C. This solution was
hydrogenated in a pressure vessel (Parr reactor) with 6.00 g palladium on charcoal (5%) at 4 bar and room
temperature for 24 h. The mixture was filtered twice through paper and the corresponding ethanolic
solution was evaporated, to yield 9.50 g colorless oil, still contains traces of charcoal and ethanol. The crude
product was purified by column chromatography on silica gel by using hexane-ethyl acetate (8:2) as an
eluent, to afford 5.45 g purified material as a colorless solid (69%) [1, 2].
3
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MS (ESI+):
𝑚/𝑧 = 304.96 (calculated MW: 304.47 g/mol)
Rf: 0.35 hexane/ethyl acetate 7:3, visualized by Seebach derivatization reagent
1

H NMR(300 MHz, DMSO-d6) : δ 4.42 (d, 1 H, OH), 3.42 (m, 1H, HCHOH), 3.32 (s, 1H, CH), 2.37 (t, 1 H, CH), 1.99
(dd, 1 H, ), 1.84 (dd, 1H), 1.78 – 1.84 (m, 1H), 1.72 (m, 1H), 1.61 (m, 1H), 1.22-1.58 (m, 8H), 1.08 – 1.22 (m,
1H), 1.03 (s, 3H, CH3), 0.76-1.01 (m + d, 7H, 2α-CH3 +X), 0.65 – 0.72 (m, 1H), 0.64 (s, 3H, CH3).

Preparation of methasterone:

2α-17α-Dimethyl-androstan-17β-ol-3-one (4)
2.05 g Oxymetholone was dissolved in 160 ml ethanol at room temperature. This solution was
hydrogenated in a pressure vessel (Parr reactor) with 2.50 g palladium on charcoal (5%) at 3 bar and room
temperature for 36 h. The reaction seemed to be completed, since there is no starting material remaining.
The formation of two major byproducts can be observed via TLC (Seebach-staining). The mixture was
filtered through a short pad of silica and the corresponding ethanolic solution was evaporated to yield 1.90
g of a colorless solid [1, 2]. The crude product was purified by column chromatography on silica gel by using
hexane-ethyl acetate (1:1), to afford 1.35 g of 4 as a colorless solid (68%).

MS (ESI+):
𝑚/𝑧 = 319.17 (calculated MW: 318.49 g/mol)
Rf: 0.80 hexane/ethyl acetate 1:1 visualized by Seebach derivatization reagent
1

H NMR(300 MHz, CDCl3-d3 ) : δ 2.49 (sept, 1 H, CH), 2.34 (t, 1H, CH), 2.13 – 2.05 (m, 2H, CH2), 1.87 – 1.25
(m, 12 H), 1.23 (s, 3 H, CH3), 1.22 – 1.12 (m, 2H), 1.10 (s, 3 H, CH3), 1.02 (d, 3 H, CH3), 1.00 – 0.91 (m, 1 H),
0.89 (s, 3 H, CH3), 0.88 – 0.80 (m, 1H), 0.71 (td, 1H, CH).
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Preparation of 4,5α-dihydro-2-(hydroxymethylene)testosterone (oxystanolone):
OH
OH

O

2-Hydroxymethylene-androstan-17β-ol-3-one (5)
To a solution of 0.95 g intermediate (2) in 55 ml of the solvent mixture tetrahydrofuran/methanol/water
7:2:1 pyridinium tosylate (1.15 g dissolved in 20 ml tetrahydrofuran/methanol/water 7:2:1) was added at
room temperature. Subsequently, this was followed by 8 h stirring at 50°C. Monitoring via TLC still shows
remaining starting material [3].
After evaporation of all solvents, the crude product was chromatographed on silica gel by using hexaneethyl acetate (8:2). 0.385 g of 5 was obtained as a colorless solid (52%).

MS (ESI+):
𝑚/𝑧 = 318.95 (calculated MW: 318.45 g/mol)
Rf: 0.35 hexane/ethyl acetate 7:3 UV active (254 nm) and visualized by Seebach derivatization reagent

Preparation of clostebol:

STEP I: 4,5-Epoxy-androstan-17β-ol-3-one (6)
10.0 g Testosterone was dissolved in 200 ml methanol and cooled to 0°C on ice. After cooling down, a chilled
sodium hydroxide solution (1.40 g in 20 ml) was added dropwise, followed by the addition of 8 ml cold 30%
hydrogen peroxide solution. The reaction was then stirred for 12 h at 0°C.
The reaction solution was then diluted with 500 ml water, before the resulting suspension was extracted
several times with 200 ml dichloromethane. The combined organic phases were dried over Magnesium
sulfate and all solvents were removed under vacuum [4]. This resulted in 8.50 g of 6 as a colorless foam
(85%).
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For further conversion to Clostebol (7), this intermediate was taken without any additional purification.
Rf: 0.45 hexane/ethyl acetate 1:1 visualized by Seebach derivatization reagent

STEP II: 4-Chloro-androst-4-en-17β-ol-3-one (7)
8.50 g epoxide (6) was dissolved in 150 ml Acetone and treated with 14 ml of 25% hydrochloric acid. An
immediate color shift of the reaction mixture from light yellow to deep blue can be observed. After stirring
for 30 h at room temperature, a complete conversion of the epoxide (6) can be monitored by TLC. The
reaction mixture was diluted with 400 ml water, leading to the formation of a blue-black solid precipitating
from the solution.
After evaporation of acetone the remaining aqueous solution was extracted several times with 200 ml
dichloromethane. The combined organic extracts were washed with saturated sodium bicarbonate solution
and sodium chloride solution before drying over magnesium sulfate.
The crude product was chromatographed on silica gel by using hexane-ethyl acetat (1:1) and followed by a
recrystallization from acetone [4]. The isolated product 7 was obtained as yellowish crystals (4.50 g; 51%).

MS (ESI+):
𝑚/𝑧 = 322.83 + 324.80(37Cl) (calculated MW: 322.87 g/mol)
Rf: 0.45 hexane/ethyl acetate 4:6 UV active (254) and visualized by Seebach derivatization reagent
1

H NMR(300 MHz, DMSO-d6) : δ 4.48 (d, 1 H, OH), 3.44 (m, 1H, HCHOH), 3.05 (m, 1H, 2-CH2), 2.63 (m, 1H, 2CH2), 2.42 (m, 1H), 2.27 (m, 1H), 1.98 (m, 1H), 1.48 – 1.90 (m, 7H), 1.30 – 1.41 (m, 2H), 1.25 (m, 1H), 1.21
(s, 3H, CH3), 0.84 – 1.03 (m, 4H), 0.69 (s, 3H, CH3).
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Preparation of boldenone:

1,4-Androstdien-17β-ol-3-one (8)
29.0 g Testosterone was dissolved in 220 ml dioxan/THF 8:2 and cooled to 0°C on ice. After cooling down a
solution of tert-butyldimethylsilyl chloride (46.0 g in 100 ml dioxan/THF 8:2) was added dropwise and
stirred for 90 min at 0°C. Then a suspension of 32.0 g of DDQ in 200 ml dioxan/THF 8:2 was added in 4 equal
portions over a period of 4 h. The reaction mixture was stirred for additional 12 h within coming from 0°C
to room temperature.
The resulting suspension was then filtered over Celite and rinsed with 300 ml THF. The filtrate was
evaporated and brown oil was obtained. The oil was diluted in 1500 ml DCM and washed with 500 ml of 5%
aqueous sodium hydroxide. The yellow organic phase was washed with 400 ml water and 400 ml saturated
sodium chloride solution, before drying over magnesium sulfate.
After evaporation, the crude product was chromatographed on silica gel by using hexane-ethyl acetate
(3:7), followed by a recrystallization in ethyl acetate [5]. 16.50 g of 8 was obtained as an amber solid (58%).

MS (ESI+):
𝑚/𝑧 = 287.20 (calculated MW: 286.41 g/mol)
Rf: 0.30 hexane/ethyl acetate 3:7 UV active (254 nm) and visualized by Seebach derivatization reagent
1

H NMR(300 MHz, CDCl3) : δ 7.05 (d, 1 H, Holefin), 6.23 (d, 1 H, Holefin), 6.07 (s, 1 H, Holefin),
3.64 (t, 1H, HCHOH), 2.42 – 2.51 (m, 1H), 2.32 – 2.39 (m, 1H), 2.02 – 2.12 (m, 1H), 1.91-1.99 (m, 1H), 1.84 –
1.90 (m, 1H), 1.56 – 1.80 (m, 4H), 1.41 – 1.51 (m, 2H), 1.28 – 1.39 (m, 1H), 1.24 (s, 3H, CH3), 0.91 – 1.14 (m,
4H), 0.82 (s, 3H, CH3).
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Preparation of LGD-2226:

STEP I: 4-Trifluoromethylquinolin-2(1H)-one (9)
In a 1 L round flask fitted with a reflux condenser a mixture of 25.60 g aniline, 50.0 g ethyl-4,4,4trifluoroacetoacetate 300 ml toluene was heated to reflux in an oil bath at 130 °C. After 20 min 3 ml water
was added and the mixture was heated at reflux for another 24 h. the reaction mixture was cooled to room
temperature and concentrated under reduced pressure. A round flask with 200 mL H2SO4 was heated to
80°C and the crude oil from the step before was added in portions to the H2SO4 keeping the internal
temperature below 90°C, total addition time was approximately 40 min. After addition was complete, the
mixture was stirred at 80°C for 1 h, cooled and poured onto 400 g crushed ice. The resulting solids were
filtered, washed with water, and dried under vacuum at 40°C to give 33.0 g (50%) product (9) as a colorless
solid [6, 7].

MS (ESI+):
𝑚/𝑧 = 214.13 (calculated MW: 213.16 g/mol)
Rf: 0.10 hexane/ethyl acetate 7:3 UV active (254 nm)

STEP II: 6-Nitro-4-trifluoromethylquinolin-2(1H)-one (10)
A milky suspension of 33.0 g in 200 mL H2SO4 was cooled in an ice-salt bath to -5°C. 14.3 g 70% HNO3 was
added dropwise, keeping the internal temperature below 7°C. After addition was complete, the mixture
was stirred at 0-10°C for 1 h and then after removal of the ice bath the temperature raised to room
temperature within the next hours. The yellow solution was then poured onto 600 g crushed ice and kept
standing/stirring for the next 12 h. The resulting two phases were separated and the organic phase equals
a yellow slurry, which was filtered by suction. The resulting solid was washed with water and dried under
vacuum. After crystallization of 20 g crude product in 1 L ethanol a nearly colorless solid (10) (43%) was
obtained [6, 7].

MS (ESI-):
𝑚/𝑧 = 257.08 + 514.96 (2*M) (calculated MW: 258.15 g/mol)
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STEP III: 6-Amino-4-trifluoromethylquinolin-2(1H)-one (11)
A suspension of the 17.0 g Nitro-compound (10) in 400 ml ethanol in a 1 L round flask was flushed with
argon and 2.0 g 5% Pd/C was added. The mixture was stirred under a hydrogen atmosphere for 2 days.
Then filtered through silica and washed with 1500 mL ethanol. The filtrate was evaporated under vacuum
to yield 14.0 g of a bright yellow solid 11 (92%).
Since the resulting solid has been monitored by TLC to exhibit high purity, the product was used without
further purification for the next step.

MS (ESI+):
𝑚/𝑧 = 229.11 (calculated MW: 228.17 g/mol)

STEP IV: 6-N,N-Bis(2,2,2-trifluoroethyl)amino -4-trifluoromethylquinolin-2(1H)-one (12)
A 2 L round flask, under argon, was charged with a solution of the 14.00 g amine 11 in 350 ml trifluoroacetic
acid. 5.80 g NaBH4 was added within 1 h. The mixture was stirred at room temperature for 16 h. After that
4.50 g NaBH4 was added and then heated to 70°C for 5 h. The heating bath was removed and it was stirred
at room temperature over 2 d. In several portions water was carefully added. In total 1500 ml water was
slowly added. The yellow-greenish precipitate was filtered and rinsed with water.
After drying, the crude product was purified by column chromatography on silica gel by using hexane-ethyl
acetate (1:4), followed by a recrystallization in chloroform [6]. 18.1 g of 12 was obtained as a bright yellow
solid (76%).

MS (ESI+):
𝑚/𝑧 = 392.86 (calculated MW: 392.22 g/mol)
Rf: 0.35 hexane/ethyl acetate 1:4 UV active (254 nm)
1

H NMR(300 MHz, DMSO-d6) : δ 12.2 (bs, 1 H, NH), 7.57 (dd, 1H, Harom), 7.39 (d, 1H, Harom), 7.16 (s, 1 H,
Harom), 6.97 (s, 1 H, Holefin), 4.39 (q, 4H, CH2).
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Preparation of LGD-4033:

STEP I: 4-(2-(hydroxymethyl)-pyrrolidin-1-yl)-2-(trifluoromethyl)benzonitril (13)
10.0 g 4-Fluoro-2-(trifluoromethyl)benzonitril was dissolved in 200 ml tetrahydrofuran and 9.0 ml Hünig
base was added dropwise. While stirring at room temperature, 5.0 g D-prolinol diluted in 100 ml
tetrahydrofuran was added over a period of 15 min. The reaction mixture was stirred for 2 d at room
temperature.
After evaporation, the crude product appears as a yellow oil, which was chromatographed on silica gel by
using hexane-ethyl acetate (1:1) as a eluent to yield 11.40 g of 13 as a light yellow oil (88%) [8].

MS (ESI+):
𝑚/𝑧 = 270.89 (calculated MW: 270.25 g/mol)
Rf: 0.30 hexane/ethyl acetate 1:1 UV active (254 nm)

STEP II: 4-(2-(formylpyrrolidin-1-yl)-2-(trifluoromethyl)benzonitril (14)
6.99 g Oxalylchloride was diluted in 100 ml dichloromethane and cooled down to -78°C by dry ice/acetone
bath. 9.83 g dimethylsulfoxide diluted in 50 ml dichloromethane was added via syringe over a period of 30
min. After stirring 20 min at -78°C, 11.4 g intermediate-alcohol 13 diluted in 60 ml dichloromethane is added
dropwise over a period of 45 min. After stirring 45 min at -78°C, the addition of 29 ml triethylamine starts,
following by 30 min stirring at -78°C.
Then the ice bath was removed and the reaction mixture was stirred 12 h at room temperature. The
resulting yellow-milky suspension was stirred with 200 ml saturated sodium chloride solution. After the
separation of the organic phase, the aqueous phase was extracted two times with 100 ml dichloromethane.
The combined organic phases were dried over magnesium sulfate and evaporated. The resulting yellow
10
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solid was purified by column chromatography on silica gel by using hexane-ethyl acetate (1:1) as a eluent
[8]. 11.20 g of 14 was obtained as a yellow solid (99%).

MS (ESI+):
𝑚/𝑧 = 269.08 (calculated MW: 268.23 g/mol)
Rf: 0.40 hexane/ethyl acetate 1:1 UV active (254 nm)

STEP III: 4-(2-(1-Hydroxyl-2,2,2-trifluoroethyl)pyrrolidin-1-yl)-2-(trifluoromethyl)benzonitril (15)
11.20 g Aldehyde 14 was dissolved in 300 ml dry tetrahydrofuran and 8.36 g CsF was added directly as a
solid to the reaction mixture. It was cooled via ice bath to 0°C and stirred for 15 min. Then 25.00 g
trimethyl(trifluoromethyl)silane was added via syringe over a period of 40 min. The reaction is stirred for
15 h coming from 0°C to room temperature over this time interval. The reaction solution shifts color from
nearly colorless to dark brown.
For stopping the reaction, it was diluted with 100 ml saturated ammonium chloride solution and then
evaporated. The resulting emulsion was extracted several times with ethyl acetate and the combined
phases dried over magnesium sulfate. After evaporation of all volatiles, the intermediate silyl-ether can be
obtained as red-brown oil.
This intermediate was converted to the final product 15 without any further purification.
The intermediate was diluted with 400 ml tetrahydrofuran and cooled to 0°C. A cooled potassium hydroxide
solution (4.76 g in 400 ml water) was mixed with the diluted oil and stirred at 0°C for 2h. After quenching
with 300 ml water, the organic solvent was removed via evaporation from the mixture. The remaining
brown oil was extracted with dichloromethane and dried over magnesium sulfate, to yield a reddish-brown
oil.
This crude product was chromatographed on silica gel by using hexane-ethyl acetat (8:2) as an eluent.
During purification, different fractions with several product isomers can be collected [8].
The isolated products were obtained as 8.50 g yellowish oils (61%).
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MS (ESI+):
𝑚/𝑧 = 338.97 (calculated MW: 338.25 g/mol)
Rf: 0.65 + 0.50 (isomers) hexane/ethyl acetate 1:1 UV active (254 nm + 366 nm)
1

H NMR(300 MHz, DMSO-d6): δ 7.85 (d, 1H, Harom), 6.94 (d, 1H, Harom), 6.87 (dd, 1 H, Harom), 6.53 (bd, 1 H,
OH), 4.28 (m, 1H), 4.20 (m, 1H), 3.55 (m, 1H), 2.14 – 2.25 (m, 2H), 1.89 – 2.02 (m,2H).
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3.2. In vivo assessment of disturbances of corticosteroid homeostasis
Alterations in circulating steroid levels can be the result of direct effects on adrenal steroidogenesis,
impaired peripheral steroid metabolism or altered feedback mechanism. EDCs can interfere at all three
levels and this needs to be taken into consideration in safety assessments.
The HPA axis plays a fundamental role in maintaining steroid homeostasis by regulating glucocorticoid
hormone synthesis in the adrenal gland. Glucocorticoids are produced in the adrenal cortex in
response to ACTH secretion by the anterior pituitary gland, which in turn is stimulated by
corticotrophin-releasing hormone (CRH) and arginine vasopressin released from the hypothalamic
paraventricular nucleus in a circadian and pulsatile manner [50, 51]. Glucocorticoid hormone levels
themselves provide a negative feedback signal in order to control their own synthesis by inhibiting CRH
and ACTH secretion [50-53]. For example, elevated glucocorticoid levels cause a reduction in plasma
ACTH concentrations as a consequence of negative feedback regulation followed by a decrease in
adrenal glucocorticoid production. In case of reduced levels of active glucocorticoids, for instance
through inhibition of CYP11B1 or 11β-hydroxysteroid dehydrogenase type 1 (11β-HSD1), or in course
of GR resistance, i.e. in the presence of antagonists or desensitization by phosphorylation, ACTH levels
increase due to less negative feedback regulation at the pituitary and thus lead to an increase in the
production of adrenal glucocorticoids.
In peripheral tissues, local glucocorticoid hormone action is regulated by 11β-HSD1 and 11β-HSD2 [54,
55]. These enzymes catalyze the interconversion of biologically inactive cortisone and active cortisol
and determine the intracellular concentrations of active glucocorticoids. 11β-HSD1 mediates the
reactivation of inactive glucocorticoids, thereby allowing that intracellular concentrations of active
glucocorticoids not only depend on circulating active hormone levels but can utilize the freely
circulating pool of inactive 11-ketoglucocorticoids. This tissue-specific activation leads to pre-receptor
regulation of the GR [54, 56]. Inhibition of 11β-HSD1 is assumed to have beneficial effects in
glucocorticoid-excess-related diseases including type 2 diabetes mellitus, osteoporosis, glaucoma and
wound healing [57-63]. Whereas 11β-HSD1 is ubiquitously expressed, 11β-HSD2 inactivates
glucocorticoids mainly in the kidney, colon and placenta. In the placenta, 11β-HSD2 protects the fetus
from the approximately tenfold higher maternal cortisol levels and, consequently, impairment of its
function is related to a reduction in fetal growth and a predisposition to future cardio-metabolic
diseases [64-66]. In the kidney and colon, 11β-HSD2 renders specificity for aldosterone to the MR,
since aldosterone and cortisol exhibit similar binding affinities for this receptor and circulating cortisol
concentrations are about 100- to 1000-fold higher than those of aldosterone [67, 68]. Loss-of-function
mutations in the gene encoding 11β-HSD2 cause the syndrome of apparent mineralocorticoid excess
(AME) characterized by hypertension, hypokalemia, low plasma renin and aldosterone levels [64, 69].
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Disruption of both peripheral metabolism and feedback-mediated HPA axis regulation are associated
with metabolic and cardiovascular diseases, impaired immune system and depressive disorders [11,
51, 55]. The purpose of this part of the thesis was to assess xenobiotic-induced disturbances of
corticosteroid action resulting from dysregulated feedback of the HPA axis and altered peripheral
corticosteroid metabolism. Targeted analysis of corticosteroids and androgens in human serum and
urine samples was performed and steroid metabolite ratios were evaluated to gain initial mechanistic
information.
The published article ‘Effects of lisdexamfetamine on plasma steroid concentrations compared with Damphetamine in healthy subjects: A randomized, double-blind, placebo-controlled study’ [70] (see
chapter 3.2.1) describes the detection of changes in circulating steroids in plasma samples from
healthy

human

subjects

treated

with

placebo,

D-amphetamine

or

lisdexamfetamine.

Lisdexamfetamine is a slow release form of D-amphetamine covalently linked to the amino acid Llysine and is used for the treatment of attention deficit hyperactivity disorder (ADHD) in patients
(children older than six years and adults) not responding to methylphenidate (Ritalin®) [71-74].
Furthermore, plasma levels of ACTH as well as D-amphetamine concentrations were measured to
identify altered HPA axis regulation and compare pharmacokinetic profiles of D-amphetamine and
lisdexamfetamine, respectively.
Additionally, a comprehensive analysis of blood and urine steroid profiles was performed in samples
from two case studies in which patients received posaconazole, an azole antifungal drug to treat
systemic fungal infections [75]. Steroid metabolites and their ratios, which serve as indicators of
endocrine disruption, were assessed to provide initial insight into the mechanism of posaconazoleinduced hypertension and hypokalemia. The resulting data were published in the case report
‘Posaconazole-induced hypertension due to inhibition of 11β-hydroxylase and 11β-hydroxysteroid
dehydrogenase 2’ [75], see chapter 3.2.2.
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3.2.1

Published article:
Effects of lisdexamfetamine on plasma steroid concentrations compared
with D-amphetamine in healthy subjects: A randomized, double-blind,
placebo-controlled study

Petra Strajhara,1, Patrick Vizelib,1, Melanie Patta, Patrick C. Dolderb, Denise V. Kratschmara,
Matthias E. Liechtib, Alex Odermatta, J Steroid Biochem Mol Biol. 2019 Feb;186:212-225.
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Supplementary data
Acute effects of D-amphetamine and lisdexamfetamine on plasma steroid concentrations
in healthy subjects
Petra Strajhar, Patrick Vizeli, Melanie Patt, Patrick C. Dolder, Denise V. Kratschmar,
Matthias E. Liechti, and Alex Odermatt
1. Quantification of D-amphetamine in human plasma samples
1.1. Chemicals and reagents
HPLC-grade purity methanol and formic acid were purchased from Sigma-Aldrich (St. Louis,
MO) or Biosolve (Dieuze, France). Distilled water was deionized using a MilliQ water purification
system (Millipore, USA). Solutions of D-amphetamine hydrochloride and D-amphetamine-D3
sulfate >99.9% were obtained from Lipomed (Arlesheim, Switzerland). All other chemicals were
purchased from Sigma-Aldrich (St. Louis, MO), and of the highest grade available.
1.2. Instrumentation and analytical conditions
Analytical instruments: Ultra-High pressure liquid chromatography-tandem mass spectrometry
(UHPLC-MS/MS) using a Agilent 1290 UHPLC instrument equipped with a binary solvent
delivery system, an auto sampler (at 4°C), and a column oven, coupled to an Agilent 6490 triple
quadrupole mass spectrometer equipped with a jet stream electrospray ionization interface
(AJS-ESI) (Agilent Technologies, Basel, Switzerland) was used to determine D-amphetamine
and D-amphetamine-D3.
Liquid chromatography: The chromatographic separation was performed on a Waters Acquity
UPLC BEH C18, 1.7 µm, 2.1×150 mm, column (Waters, Wexford, Ireland) at column
temperature of 65ºC. The mobile phase was water-methanol-formic acid (41/59/0.1; v/v/v) and
the flow rate was set at 0.45 mL/min. The analysis time was 1.5 min. A methanol in water (75/25
v/v) mixture was used as needle and needle-seat flushing solvent for 10 s after sample
aspiration. Samples were stored until analysis in the auto sampler (maintained at 4°C). The
injection volume was 3 µL per sample. Under these conditions, D-amphetamine and Damphetamine-D3 showed a retention time of 0.8 min.
Mass spectrometry: Characteristic precursor ions and their corresponding product ions for
multiple reaction monitoring (MRM) were defined by using the compound optimizer software
module included within the Mass Hunter Workstation software (Agilent Technologies, California,
USA). D-amphetamine and D-amphetamine-D3 (internal standard) were quantified using the
m/z
corresponding mass transitions (D-amphetamine m/z
136.1 119 (12 V, Dwell 100 ms) and D-amphetamine-D3 m/z
The AJS-ESI source conditions were optimized using the integrated source optimizer tool and
set in the positive ion mode as following: Nitrogen gas temperature (290°C), gas flow (14 L/min),
nebulizer (20 psi), sheath gas temperature (300 °C), sheath gas flow (11 L/min), capillary
voltage (3000 V), and nozzle voltage (1500 V) (Agilent Technologies, California, USA,
B.08.00/Build 8.0.8023.0).
1
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Data analysis: The Mass Hunter Workstation Acquisition software Version B.08.00/Build
8.0.8023.0 and MassHunter Workstation Software Quantitative Analysis Version B.07.01 /Build
7.1.524.0, respectively (Agilent Technologies, California, USA) was used for data acquisition
and subsequent data analysis.
Standard solutions: D-amphetamine hydrochloride (1 mg free base /1 mL methanol) and Damphetamine-D3 sulfate (0.1 mg free base /1 mL methanol) solutions were bought as reference
standards. Stock solutions in methanol containing 10 µL/mL D-amphetamine or D-amphetamineD3 were prepared and stored at -20ºC.
Sample preparation: To 100
of sample, calibrator or quality control, 20
of a Dethyl acetate for liquid
amphetamine-D3 internal standard solution (0.25 µg/mL), and 500
liquid extraction was added. The samples were shortly vortexed, vigorously mixed on a rotating
mixer for 5 min, and centrifuged for 10 min at 16,000 x g at 4°C. The upper ethyl acetate layer
(350 µL) was transferred into fresh vials and evaporated to dryness under nitrogen. Afterwards
the samples were reconstituted in 50 µL methanol (10 min, 1300 rpm, 4°C, thermoshaker) and
transferred into new glass vials.
Chromatographic performance: Ten-point calibration curves over the range of 0.78 to 200 ng/mL
for D-amphetamine were generated by a zero sample and nine calibrators in human plasma. The
coefficient of determination (R2) was 0.99 and at least 75% of all calibrators have to be valid.
Specificity: Human plasma samples without the addition of D-amphetamine and D-amphetamineD3 were processed and injected into the UHPLC MS/MS within an analytical run. The peak
areas evaluated in the blank samples were not allowed to exceed 20% of the mean LLOQ peak
area.
Recovery: By comparing the mean peak areas of extracted with those of unextracted samples
(100% recovery) the absolute recovery was determined. The D-amphetamine recoveries were
101.7%, 102.2%, and 100.3% at concentrations of 1.66, 12.5, and 100 ng/mL.
Limit of detection (LLOD) and limit of quantification (LLOQ): Lower limit of detection (LLOD) and
lower limit of quantification (LLOQ) were assessed by analyzing decreasing amounts of Damphetamine in human plasma and were calculated as the concentration giving peaks with a
signal-to-noise ratio of
5 and
10, respectively. The LLOQ was decided as the lowest
concentration on the calibration curve which fulfilled the criteria of imprecision below 20%, and
inaccuracy within ±20%. The method had a LLOD of 0.26 ng/mL, respectively a LLOQ of 0.78
ng/mL for D-amphetamine.
Reproducibility: Five replicates of quality controls (QCs) at the concentration of 1.66, 12.5, and
100 ng/mL were processed and injected into the UHPLC MS/MS. To ensure the reproducibility,
these sets of QCs were tested within validation runs. In each run, intra-run imprecision (%
coefficient of variation; CV%) of each QC series had to be below 15% (20% at the LLOQ) and
intra-run inaccuracy (% relative error of measurement; RE%) had to be within ±15% of the
nominal values (±20% at the LLOQ). The intra-day precision was less than 8.8% and the
9% throughout all QC concentrations.
Stability: The stability of D-amphetamine in human plasma was assessed using QC at the
concentrations of 1.66, 12.5, and 100 ng/ml. The samples were reanalyzed after kept at different
2
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storage conditions. The determined auto sampler stability (QC stored at 4°C for 24 h), as well as
the short20°C for 1-week) were within ±15% of the
nominal values.

S1 Fig. Plasma concentrations of progesterone. Data in men represent mean and SEM in 12
subjects, whereas data in women represent mean and SEM in 11, 12, and 11 subjects following
administration of D-amphetamine, lisdexamfetamine, and placebo, respectively.
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S2

Fig.

D-amphetamine

and

lisdexamfetamine

result

in

comparable

acute

pharmacological tolerance to the endocrine response of amphetamine. Drug-induced
changes in plasma concentrations of cortisol (A) and corticosterone (B) are plotted against Damphetamine

concentrations

over

time

(hysteresis

curves)

after

administration

of

lisdexamfetamine and D-amphetamine in 24 and 23 subjects, respectively. The endocrine
response represents the difference from placebo calculated for each time point to account for
circadian changes in hormone levels. Lisdexamfetamine and D-amphetamine were administered
at t = 0. The time of sampling is noted next to each point. The clockwise hysteresis indicates
acute pharmacological tolerance to the endocrine response of amphetamine which was
comparable after administration of the two formulations. Data are mean ± SEM.
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Glucocorticoids

Subjective effects

Amphetamine

Cortisone

Cortisol

Stimulated

Drug high

Good drug effect

Drug liking

4.39 ± 0.3
80.6 ± 4.2
707 ± 35.2

AUC12

4116 ± 286

AUC12
Tmax

534 ± 28.9

Cmax

2.72 ± 0.29

Tmax

178±30

AUC12

Cmax

2.3±0.2
43.8±5.7

Tmax
Emax

739 ± 35.5

82.8 ± 4.3

4.67 ± 0.3

4207 ± 287

519 ± 24.9

3.17 ± 0.41

152±35

38.0±6.8

4.4±1.0

125±33
1.8±0.3

134±30

29.3±6.2

1.0±0.1

AUC12
Tonset

2.4±0.2
35.5±5.6

Tmax
Emax

3.6±0.4

236±51
1.9±0.3

1.0±0.1

226±42

Tonset

AUC12

41.8±6.5

4.4±0.5

2.8±0.3
48.5±5.6

Tmax
Emax

1.5±0.1

260 ± 52

0.9±0.1

251 ± 43

Tonset

AUC12

48.0 ± 6.9

4.5 ± 0.5

2.7 ± 0.4
51.2 ± 5.8

Tmax

1.6 ± 0.2

0.9 ± 0.1

Emax

Tonset

128 ± 5
983 ± 42

134 ± 7
1014 ± 47

Cmax
AUC12

1.4 ± 0.1
4.4 ± 0.2

0.8 ± 0.1
3.2 ± 0.2

Tmax

5

Lisdexamfetamine

Tonset

D-Amphetamine

503 ± 26.4

58.0 ± 3.0

2.80 ± 0.5

2621 ± 252

417 ± 35.2

1.20 ± 0.41

1.7±1.1

2.4±1.7

2.5±1.9

3.3±2.6

5.4±4.4

4.0±2.5

5.2 ± 4.3

3.7 ± 2.6

Placebo

0.86

0.81

3.85

1.82

1.03

1.88

0.69

1.55

0.07

0.01

1.05

1.99

0.41

0.01

1.07

1.32

0.04

5.28

1.05

1.36

3.58

3.16

0.21

0.12

1.47

0.06

Interaction effect of drug
treatment order(a,b,cF10,32)

NS

NS

0.0017

0.097

NS

0.085

NS

NS

NS

NS

NS

0.065

NS

NS

NS

NS

NS

0.033

NS

NS

0.074

0.092

NS

NS

NS

NS

p
value

2.82

3.56

0.67

0.33

1.65

0.74

1.25

0.41

0.91

1.21

1.43

1.61

0.48

2.32

0.29

0.49

0.39

0.57

0.48

0.85

0.36

0.89

0.23

0.24

2.37

0.72

Interaction effect of drug
sex(c,dF2,40)

0.072

0.038

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

p
value

S1 Table. Interaction analysis of plasma steroids and subjective effects after D-amphetamine, lisdexamfetamine, or placebo with sex and treatment order.
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Androgens

Mineralocorticoids

3.50 ± 0.53
80.9 ± 7.0

Tmax
Cmax

5.84 ± 0.88

DHEA

0.53 ± 0.08

Cmax
AUC12

corticosterone

3.06 ± 0.2

AUC12
3.43 ± 0.44

0.31 ± 0.03

Tmax

4.11 ± 0.84

Tmax

17.7 ± 1.08

AUC12

Cmax

2.70 ± 0.17

11-Deoxy-

Aldosterone

3.02 ± 0.29

18.7 ± 1.1

3.01 ± 0.24

Tmax

dehydrocorticosterone

2.59 ± 0.44

136 ± 9.5

31.2 ± 3.3

2.59 ± 0.47

Cmax

Cmax
AUC12

corticosterone/11-

11-Deoxycortisol

Tmax

AUC12

corticosterone

ratio

Tmax
Cmax

11-dehydro-

72.3 ± 5.1

AUC12

Corticosterone +

9.42 ± 0.57

cortisol/cortisone

1.83 ± 0.44

Tmax
Cmax

Ratio

601 ± 31
4824 ± 299

Cmax
AUC12

cortisone

51.4 ± 4.0
2.93 ± 0.3

Tmax

AUC12

Cortisol +

8.93 ± 0.86

2.96 ± 0.48

Tmax
Cmax

85.1 ± 6.2

corticosterone

20.1 ± 2.0

22.6 ± 2.6

Cmax
AUC12

78.5 ± 6.0

4.88 ± 0.53

6.10 ± 0.87

0.57 ± 0.07

3.85 ± 0.48

3.19 ± 0.21

0.34 ± 0.03

3.88 ± 0.73

18.1 ± 1.2

2.68 ± 0.17

3.83 ± 0.32

17.3 ± 0.93

2.73 ± 0.14

2.98 ± 0.43

137.0 ± 8.6

28.5 ± 2.6

3.0 ± 0.36

69.8 ± 4.0

9.25 ± 0.49

3.10 ± 0.61

4945 ± 307

583 ± 26.5

3.65 ± 0.38

53.7 ± 3.2

8.82 ± 0.64

2.88 ± 0.38

83.1 ± 6.0

3.0 ± 0.38

2.59 ± 0.47

Tmax

11-Dehydro-

Corticosterone

6

57.1 ± 5.3

3.76 ± 0.7

5.45 ± 0.86

0.49 ± 0.07

2.98 ± 0.65

3.12 ± 0.24

0.31 ± 0.03

3.43 ± 0.67

11.0 ± 1.2

1.60 ± 0.14

4.22 ± 0.67

13.9 ± 1.03

2.24 ± 0.14

2.39 ± 0.56

65.3 ± 5.0

16.9 ± 1.9

2.37 ± 0.54

61.5 ± 5.2

8.81 ± 0.72

2.02 ± 0.63

3124 ± 266

469 ± 36

1.20 ± 0.41

28.8 ± 2.2

5.43 ± 0.53

2.46 ± 0.55

36.6 ± 3.2

11.6 ± 1.4

2.24 ± 0.5

1.88

0.61

0.91

0.73

0.55

1.14

0.77

1.05

1.24

0.65

1.02

0.84

1.48

0.79

0.82

0.37

0.32

0.53

0.86

0.76

1.91

1.14

1.86

0.77

0.4

1

0.84

0.48

0.3

0.086

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

0.081

NS

0.089

NS

NS

NS

NS

NS

NS

0.47

1.52

1

0.52

0.49

1.29

0.56

0.58

0.72

1.24

2.13

0.25

1.65

0.48

0.1

1.42

5

4.22

7.48

0.76

0.47

1.13

0.72

0.23

0.14

3.54

0.15

1.93

4.91

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

0.012

0.022

0.0017

NS

NS

NS

NS

NS

NS

0.038

NS

NS

0.012
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Progestins

Tmax
Cmax

in men

0.52 ± 0.06

3.25 ± 0.40

31.8 ± 24.4

AUC12

Progesterone

3.38 ± 2.4

5.73 ± 1.3

Tmax
Cmax

84.4 ± 4.7

Progesterone

AUC12

in men

8.50 ± 0.48

4.38 ± 0.96

40.8 ± 3.5

4.45 ± 0.39

in women

Tmax
Cmax

androstenedione

in women

Testosterone +

Cmax
AUC12

androstenedione

3.41 ± 0.52

62.0 ± 4.3

Tmax

AUC12

Testosterone +

4.21 ± 1.0
6.23 ± 0.40

Tmax
Cmax

in men

9.25 ± 1.1

Testosterone

0.88 ± 0.1

Cmax
AUC12

in women

22.3 ± 1.2
3.32 ± 0.96

Tmax

AUC12

Testosterone

2.68 ± 0.18

Cmax

in men

31.5 ± 3.4
3.46 ± 0.57

Tmax

AUC12

Androstenedione

3.63 ± 0.40

3.36 ± 0.52

Tmax
Cmax

46.6 ± 3.6

in women

6.25 ± 0.46

6.93 ± 0.44

Cmax
AUC12

0.50 ± 0.06

3.42 ± 0.6

41.6 ± 26.7

4.95 ± 3.2

6.54 ± 0.98

85.0 ± 4.7

8.54 ± 0.48

4.13 ± 0.62

40.8 ± 2.2

4.30 ± 0.22

5.13 ± 0.58

62.0 ± 3.8

6.17 ± 0.4

4.75 ± 0.66

9.59 ± 1.2

0.88 ± 0.1

6.25 ± 0.83

23.0 ± 1.6

2.52 ± 0.18

3.96 ± 0.51

31.2 ± 2.1

3.46 ± 0.23

5.13 ± 0.58

44.1 ± 3.5

5.08 ± 0.79

7

136822 ± 12643

14452 ± 1307

5.80 ± 0.58

608 ± 43.0

4.93 ± 0.89

129057 ± 15047

AUC12
Tmax

5.40 ± 0.68
13764 ± 1397

Tmax
Cmax

609 ± 41.1

Androstenedione

Androsterone

DHEAS

AUC12

0.39 ± 0.06

4.75 ± 0.94

17.4 ± 11.7

1.94 ± 1.1

4.73 ± 1.4

75.7 ± 4.7

7.62 ± 0.51

3.04 ± 0.69

31.7 ± 2.4

3.40 ± 0.28

2.50 ± 0.78

57.0 ± 3.6

5.69 ± 0.37

3.50 ± 0.79

8.14 ± 0.98

0.87 ± 0.14

3.64 ± 1.05

18.7 ± 1.8

2.14 ± 0.19

2.83 ± 0.82

23.6 ± 2.1

2.59 ± 0.24

2.23 ± 0.81

43.3 ± 4.5

6.42 ± 0.58

4.74 ± 0.76

113005 ± 13334

11896 ± 1280

4.50 ± 0.64

455 ± 36.9

0.82

0.44

0.82

0.71

1.69

0.43

0.51

0.68

0.26

0.31

1.28

0.49

0.7

0.73

0.48

0.77

0.7

0.49

0.88

0.74

0.27

0.17

1.56

0.59

0.97

1.82

1.38

1.58

1.46

0.94

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

0.098

NS

NS

NS

NS

1.82

1.26

0.29

1.4

0.49

2.7

1.86

NS

NS

NS

NS

NS

0.079

NS

125

31.2 ± 3.8

AUC12

30.8 ± 4.0

3.72 ± 0.46

4.27 ± 0.35

4.47 ± 0.64

24.5 ± 5.0

2.91 ± 0.58

4.24 ± 0.79

3.84 ± 0.68

0.95

0.92

2.08

0.6

NS

NS

0.057

NS

0.3

0.17

0.71

amphetamine and lisdexamfetamine.

8

Tonset/max: F1,19, Emax and AUC12: F2,44. There were no significant differences in the steroid plasma concentrations between D-

effects Tonset/max: F1,19, Emax and AUC12: F10,36; bonly women F10,8 or only men F10,12; cfor amphetamine F1,21; dfor subjective effects:

amphetamine and steroids, respectively); DHEA, dehydroepiandrosterone; DHEAS, dehydroepiandrosterone sulfate; afor subjective

significant; Tmax, time to reach Cmax (h); AUC12, area under the concentration time curve to 12 h (ng×h/mL and nM×h and for

reach 10% of Cmax (h); Cmax, peak plasma concentration (nM); Emax, maximal effect on the Visual Analog Scale (%max); NS, not

D-amphetamine, lisdexamfetamine and placebo. Values for the subjective effects are from 24 subjects (mean ± SEM). Tonset, time to

with sex and treatment order. Values for amphetamine and steroids are mean ± SEM in 23, 24 and 23 subjects after administration of

S1 Table. Interaction analysis of plasma steroids and subjective effects after D-amphetamine, lisdexamfetamine, or placebo

4.01 ± 0.47

4.20 ± 0.58

Tmax
Cmax

-Hydroxy-

4.34 ± 0.64

progesterone

AUC12

NS

NS

NS
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3.3. Discussion
There is an increasing interest worldwide in the identification and characterization of potential EDCs
[76]. Regarding the large number of chemicals required to be thoroughly tested, new discovery and
assessment strategies including improved in silico and in vitro assays are needed to facilitate the
prioritization of chemicals for further toxicological investigations. To address this issue, the present
thesis represents a proof-of-concept for the application of pharmacophore-based virtual screening and
molecular modeling combined with biological evaluation in H295R cells to characterize potential EDCs
interfering with corticosteroid synthesis.
Pharmacophore models can be generated based on chemical properties of active compounds and are
extremely useful in filtering promising compounds out of large databases in the course of virtual
screening in order to prioritize chemicals for biological evaluation [37]. Additionally, molecular docking
calculations can be applied to predict possible binding modes of a specific molecule to the target. The
predictive power of a virtual screen highly relies on the quality of the data underlying the model. Thus,
it is essential to continuously refine an existing molecular model with new biological data, as it was
done in the present thesis (described in the published article ‘Identification of the fungicide
epoxiconazole by virtual screening and biological assessment as inhibitor of human 11β-hydroxylase
and aldosterone synthase’ [49], in chapter 3.1.2). In toxicological applications, pharmacophore models
are often less restrictive in order to identify all possible hazardous chemicals, although this has the
disadvantage of receiving more false positive virtual hits. Another limitation of the virtual screening
assessment is that chemical databases are not fully representative and only few databases containing
environmental chemicals, food additives or cosmetics are available [37]. In this regard, extending
existing databases with newly identified metabolites would be highly useful for future screening
approaches. In addition, individual virtual hits can be obtained by applying different computational
programs, even if the same protein structure and chemical library are employed. This emphasizes to
use multiple computational programs and validated models in parallel and merge their hit lists [77].
Nevertheless, pharmacophore-based virtual screening is a useful tool to identify potential EDCs,
provided that it is used in combination with biological testing rather than as an isolated technique [37].
Importantly, the results obtained from computational approaches need to be accurately validated by
suitable in vitro assays. In cell-free systems including purified protein or cell lysates expressing the
protein of interest at a low background environment, the test compound has direct access to its target,
which is crucial to verify virtual hits. Intact cell systems are not suited to exclude inactive compounds
or classify active hits according to their activity, since the availability of a compound at the target site
depends on the expression of transport proteins, intracellular binding proteins and metabolizing
enzymes in intact cells [37, 78, 79].
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However, valuable information on potential disturbances at the cellular level, including alterations in
hormone production and conversion, as well as on the regulation of downstream signaling, can be
gained from cell-based steroidogenesis assays, assuming that the test compound reaches the cellular
target. Moreover, cell-based models not only allow the identification of potential EDCs, but can also
provide first mechanistic information about their mode-of-action. The results obtained from cell-based
in vitro assays can indicate a potential toxicological concern, implying that further investigations
including in vivo studies may be necessary. Furthermore, in vitro testing systems have become
increasingly important, since the principles of 3Rs (Replacement, Reduction and Refinement) have
been developed and embedded in the legislation of many countries as well as the animal testing ban
on cosmetics has been implemented in the EU [80-82]. However, limitations of each testing system
need to be considered during data interpretation in order to correctly interpret the results obtained
and to draw correct conclusions.
This thesis focused on the improvement of the H295R steroidogenesis assay, OECD test guideline No.
456, in order to assess interferences of potential EDCs with adrenal steroidogenesis and concluded
that it is a valuable in vitro tool for an initial search for substances causing adrenocortical toxicity. The
H295R steroidogenesis assay is an appropriate model to identify chemicals potentially disrupting the
production of adrenal steroids and is designed to use the H295R cell line in its basal state [41, 83]. In
their basal state, adrenal H295R cells synthesize rather moderate levels of corticosteroids and adrenal
androgens, thus facilitating the detection of chemicals inducing steroid hormone production (as
demonstrated in the published article ‘Steroid profiling in H295R cells to identify chemicals potentially
disrupting the production of adrenal steroids’ [48], see chapter 3.1.1). The present thesis suggests to
use H295R cells not only in their basal state but also under stimulated conditions. Although the time
point of adding a steroidogenic inducer might be of debate, the application of activated cells (by preincubation or simultaneous addition of a stimulus) is more favorable to detect inhibitory effects of test
compounds at different steps of steroidogenic pathways.
Torcetrapib is a cholesteryl ester transfer protein (CETP) inhibitor markedly increasing aldosterone and
cortisol production by inducing the expression of CYP11B1 and CYP11B2. The mechanism leading to
increased steroidogenesis and aldosterone production is still not fully understood but assumed to
involve an activation of voltage-gated L-type Ca2+ channels [25, 26]. The subsequently increased
intracellular calcium concentrations result in an activation of the calcium-binding protein calmodulin
(CaM) and its protein kinase (CaMK), leading to an induction of the transcription of CYP11B [84, 85].
Thus, torcetrapib was used as an appropriate stimulus for CYP11B upregulation and secretion of
corticosteroids in H295R cells in order to study the effects of potential CYP11B inhibitors. This
facilitates the further characterization of selected virtual hits predicted to inhibit CYP11B, as it was
demonstrated in the present thesis for epoxiconazole (more details are presented in the published
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article ‘Identification of the fungicide epoxiconazole by virtual screening and biological assessment as
inhibitor of human 11β-hydroxylase and aldosterone synthase’ [49], in chapter 3.1.2). Torcetrapibstimulation of H295R cells was associated with higher hormone production, most obvious for
aldosterone, for which an approximately 14-fold increase was observed compared to cells under basal
conditions ([49], Supplementary Fig. S4, herein under chapter 3.1.2).
Moreover, instead of stimulating only corticosteroid production, forskolin can be used to additionally
increase adrenal androgen synthesis ensuring a more general stimulation of adrenal steroidogenesis
and allowing testing for inhibitory effects of compounds without previous knowledge of a potential
mode-of-action. Forskolin is a diterpenoid mimicking the effects of ACTH by the activation of adenylyl
cyclase [86]. This leads to enhanced cAMP levels in adrenal cells and thus stimulates steroidogenic
enzymes and increases steroid production. Therefore, forskolin was used as a suitable inducer of
steroidogenesis in H295R cells (the results are described in the submitted manuscript ‘Profiling of
anabolic androgenic steroids and selective androgen receptor modulators for interference with
adrenal steroidogenesis’, see chapter 3.1.3), which are insensitive to ACTH due to low expression levels
of ACTH receptors [87]. Under forskolin-stimulated conditions, expression levels of steroidogenic
enzymes differ from those under basal conditions, with specific enzymes being upregulated when cells
are activated (presented in more detail in the published article ‘Steroid profiling in H295R cells to
identify chemicals potentially disrupting the production of adrenal steroids’ [48], in chapter 3.1.1).
Changes in enzyme expression levels can result in altered steroid metabolite concentrations and thus
in a shift of steroid flux, which should be considered when comparing inhibitory effects of test
compounds. Furthermore, the steroidogenic transcript profile in forskolin-induced H295R cells
resembles more closely the gene expression pattern in the adult adrenal gland [88]. For this purpose,
forskolin-stimulated H295R cells constitute a useful tool for studying inhibitory effects on adrenal
steroidogenesis.
Besides ACTH, angiotensin II and potassium are further primary regulators of adrenal steroid hormone
synthesis. H295R cells respond to angiotensin II and potassium by increased expression of CYP11B2
and aldosterone production [89-91]. Alternative systems for studies directed toward ACTH action
might include transgenic technologies overexpressing ACTH receptors in the H295R cell line and
primary cultures of adrenocortical cells or mouse adrenal cell lines such as Y-1, ATC1 and ATC7, which
are responsive to ACTH [92-94]. However, the most prominent issues of primary adrenal cells as in
vitro models are their short lifespan and potential contaminations with non-steroidogenic cells.
Additionally, while cells of rodent origin do not produce cortisol and adrenal androgens resulting from
a lack of 17α-hydroxylase (CYP17A1) expression, cells from different human donors exhibit
considerable variability [43]. Thus, established cell lines from adrenocortical carcinomas have several
benefits for testing chemically-induced disturbances of adrenal steroidogenesis.
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The exposure of H295R cells to steroidogenic inducers or inhibitors appears to selectively influence the
production of certain steroid hormone groups and thereby mimic zone-specific steroid expression
profiles [43]. Chemicals with known mode-of-action that stimulate or inhibit a specific steroidogenic
enzyme can be used to obtain zone-specific cell models. For instance, treatment of H295R cells with
angiotensin II or potassium in combination with abiraterone, a CYP17A1 inhibitor, would enhance
aldosterone production and block the synthesis of glucocorticoids and adrenal androgens, resembling
the steroid pattern of the zona glomerulosa [48, 95]. In the study ‘Profiling of anabolic androgenic
steroids and selective androgen receptor modulators for interference with adrenal steroidogenesis’
(manuscript submitted, see chapter 3.1.3), clostebol was found to decrease mineralocorticoid and
cortisol levels but to increase adrenal androgens, suggesting CYP21A2 dysfunction and thus reflecting
the phenotype of zona reticularis.
Another important improvement in the usage of the H295R cell system was the inclusion of a medium
control sample at the beginning of the experiment, since batch-to-batch variability in the amount of
steroids contributed by the Nu-serum might lead to misinterpretation of changes in hormone levels
(described in more detail in the published article ‘Steroid profiling in H295R cells to identify chemicals
potentially disrupting the production of adrenal steroids’ [48], see chapter 3.1.1).
Furthermore, to include reference compounds with a known mode-of-action not only allows the
detection of alterations in the testing system but contributes to initially classify the effects of test
compounds [48]. For instance, etomidate, an imidazole derivative and potent CYP11B inhibitor, could
be used as a suitable reference control for inhibited corticosteroid production. At a high concentration
of 1 µM, etomidate completely blocked steroidogenesis indicating the inhibition of the upstream sidechain cleavage enzyme (CYP11A1), as described in the published article ‘Identification of the fungicide
epoxiconazole by virtual screening and biological assessment as inhibitor of human 11β-hydroxylase
and aldosterone synthase’ [49] - chapter 3.1.2, while at lower concentrations etomidate was found to
predominantly inhibit CYP11B1 [96].
Equally important is to apply an appropriate analytical method, i.e. liquid or gas chromatographytandem mass spectrometry measurements (LC-MS/MS; GC-MS/MS) instead of antibody-based
approaches, to ensure a specific quantification of individual steroids (details are listed in the published
article ‘Steroid profiling in H295R cells to identify chemicals potentially disrupting the production of
adrenal steroids’ [48], see chapter 3.1.1).
In addition, as exemplified with epoxiconazole (‘Identification of the fungicide epoxiconazole by virtual
screening and biological assessment as inhibitor of human 11β-hydroxylase and aldosterone synthase’
[49], see chapter 3.1.2), the simultaneous quantification of major adrenal steroids provided
preliminary information about the concentration-dependent mechanistic details of compound136

mediated disruption of steroidogenesis. Moreover, the quantification of a panel of adrenal steroids
allowed to group compounds according to their steroid-interfering effects (as presented in more detail
in the submitted manuscript ‘Profiling of anabolic androgenic steroids and selective androgen receptor
modulators for interference with adrenal steroidogenesis’, see chapter 3.1.3). To gain even further
mechanistic information, the analytical method applied herein should be extended by additional
analytes such as 11β-hydroxylase-dependent adrenal androgen and progestin metabolites (11βhydroxytestosterone, 11β-hydroxyandrostenedione, 11β-hydroxyprogesterone), reflecting CYP11B
activity [97-99].
Furthermore, the H295R steroidogenesis assay should be combined with gene and protein expression
analysis, enzyme activity analysis as well as investigations of signaling pathways. Several studies have
shown that different signaling pathways including PKB/Akt, MEK/MAPK/ERK, Wnt/beta-catenin and
JNK signal transduction pathways are present in the H295R cell line and can be studied to explain
possible effects on steroidogenesis [100-104]. Interestingly, the impact of glucocorticoid-, androgenand estrogen receptor-mediated effects on the regulation of steroid hormone synthesis have been
examined using H295R cells, demonstrating its ability to serve as a useful model to study receptormediated mechanisms [105-107]. Additionally, also the MR is assumed to be effectively expressed in
the H295R cell line [108]. Whether the activation of these steroid receptors in the adrenocortical cells
represents a feedback mechanism for the control of steroid output remains an interesting issue to be
addressed. Regarding the analysis of underlying mechanisms, time course investigations considering
more than one time point (48 h) are needed to elaborate chemically-induced time-dependent
variations in gene and protein expression during steroid synthesis.
Nevertheless, the refined H295R steroidogenesis assay described in this thesis constitutes a unique
bioassay system, allowing the identification and characterization of chemicals potentially disrupting
corticosteroid action and providing a first mechanistic insight into the mode-of-action. Furthermore,
cortisol and aldosterone secretion as endpoints are currently lacking in any regulatory endocrine
disruption strategy and the extension of glucocorticoid and mineralocorticoid endpoints into validation
programs would lead to the recognition of the adrenal gland as a particularly vulnerable target for
endocrine disruption [15].
The endocrine disruptive effects of certain chemicals on adrenal function depend on the
concentrations reached in vivo at the target site. In functional assays, chemicals are often tested at
high but sub-cytotoxic concentrations that might not be of toxicological relevance. For example, at
high concentrations, compounds may affect enzymes and receptors with low affinities and thereby
causing functional effects that are not toxicological relevant in real exposure scenarios. Currently,
there are no comprehensive data available defining the relevant concentrations of epoxiconazole
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found in humans upon occupational or environmental exposures. Thus, the toxicological relevance of
the in vitro results needs to be further investigated and might be especially relevant in occupational
exposure situations [109-111]. However, clinically used antifungal drugs of the same class such as
itraconazole (Sporanox®) and posaconazole (Noxafil®), two triazole agents widely prescribed to treat
certain fungal infections, need to be considered for CYP11B inhibition. Clinical evidence for inhibition
of CYP11B by posaconazole was found in our recent case report describing two cases of apparent
mineralocorticoid excess (AME) secondary to posaconazole treatment (more details are presented in
the published case article ‘Posaconazole-induced hypertension due to inhibition of 11β-hydroxylase
and 11β-hydroxysteroid dehydrogenase 2’ [75], chapter 3.2.2). Further in vitro screening for inhibition
of individual CYPs including CYP11B1, CYP11B2 and CYP17A1 by these and other frequently used
antifungals such as fluconazole, voriconazole and isavuconazole (used orally), miconazole and
econazole (used topically), as well as tebuconazole and propiconazole (used agriculturally) would be
of great value to assess their endocrine disruptive potential. For epoxiconazole, only direct effects on
CYP11B inhibition were investigated, but the azole fungicides should also be tested for their capacity
to interfere with mRNA and protein expression levels of the individual CYPs.
Although it is doubtful whether concentrations of epoxiconazole can be reached to inhibit CYP11B
enzymes in vivo, the endocrine disrupting potential of epoxiconazole as a part of environmental
mixtures should be carefully taken into account when estimating human exposures of EDCs.
Moreover, further studies addressing the combined effects of exposure to mixtures would
complement our risk assessment of anabolic androgenic steroids (AAS) (described in the submitted
manuscript ‘Profiling of anabolic androgenic steroids and selective androgen receptor modulators for
interference with adrenal steroidogenesis’, in chapter 3.1.3). AAS abusers are known to consume
several AAS simultaneously and combine other drugs in an attempt to counterbalance the side effects
and thereby possibly potentiate other risk factors. Analgesics, antidepressants, diuretics (to lose
weight and mask the presence of other substances) and anti-estrogens such as tamoxifen (to prevent
gynecomastia) represent only a few examples [112-114].
Chemicals are usually tested for their endocrine disrupting potential as individual substances and the
ability of several chemicals in combination to cause a cocktail effect constitutes a neglected topic of
investigation. Nowadays, an individual is surrounded by a large number of chemicals and their
combined exposure might lead to additive or synergistic effects, even if individual substances in the
mixture are below their respective safety levels. For example, mixtures of equimolar concentrations of
different azole fungicides could be investigated for their additive endocrine disrupting effects on
CYP11B. Assuming additivity, the effects of the pesticides in combination would already occur at lower
concentrations than those of the individual compounds. Another interesting question would be
whether a mixture of different pesticides might lower cortisol levels not only by inhibiting CYP11B1

138

but also by suppressing GR sensitivity through a synergistic mechanism. Combination effects and
synergistic interactions of chemicals in mixtures are becoming increasingly important and there are a
few studies evaluating the cocktail effects of EDCs predominantly on the production of sex steroid
hormones [115, 116].
The lifelong environmental exposures, including lifestyle factors, are defined as exposome and should
be considered in the comprehensive EDC safety assessment [117]. Although sophisticated ‘omics’
technologies are currently being developed [118, 119], studying the entire exposome might be
challenging, since an individual’s exposome is highly variable and also dynamic throughout life. A key
challenge will be to distinguish between individual and temporal variances and changes that lead to
health impairments.
An important limitation of the H295R steroidogenesis assay is that it does not allow to study the effects
of chemicals acting at the level of HPA axis regulation. The HPA axis is a highly complex system involving
positive and negative feedback influences between the hypothalamus, pituitary and adrenal gland,
providing several potential targets for endocrine disruptors. Interestingly, only a limited number of
assays, allowing to evaluate chemicals potentially interfering with the HPA axis, are currently
established and there are no assays specific to the HPA axis that have been approved by the regulators
[120-122]. Concerning complex steroidogenic responses, co-culture models have been developed to
study the impact of potentially hazardous chemicals on steroidogenesis. Thus, the co-culture of H295R
and BeWo cells was applied to investigate the effects of EDCs on steroidogenic interactions between
placenta and fetus during pregnancy [123-126], while the H295R/MCF-7 co-culture was used to test
herbal menopausal supplements on ER-dependent breast cancer cell proliferation [127]. In order to
evaluate the feedback effects of EDCs on ACTH secretion, an interesting option would be to design a
co-culture model of mouse adrenal ATC7 cells responding to ACTH [94] in combination with mouse
pituitary corticotropic AtT-20 cells able to secrete ACTH [128]. Alternatively, it could be advantageous
to create an HPA-axis-on-a-chip. Organs-on-chips are microfluidic networks with 3D tissue engineered
models that represent a specific human organ, including lung, liver, kidney, gut, uterus, brain, bloodbrain-barrier, heart, pancreas, primarily used for drug discovery but also for toxicological studies [129135]. These devices can also be combined to build a “body-on-a-chip” or “human-on-a-chip” in order
to simulate interactions between multiple organs [129, 131]. Unfortunately, to date no adrenal-on-achip is available.
In this regard, in vivo studies are still unavoidable. Analysis of blood and urine samples of humans
treated with pharmaceuticals interfering with corticosteroid action as well as the assessment of ratios
of suitable metabolites were addressed in the corresponding part of this thesis (described in more
detail in the two published articles in chapter 3.2.1 ‘Effects of lisdexamfetamine on plasma steroid
concentrations compared with D-amphetamine in healthy subjects: A randomized, double-blind,
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placebo-controlled study’ [70] and chapter 3.2.2 ‘Posaconazole-induced hypertension due to inhibition
of 11β-hydroxylase and 11β-hydroxysteroid dehydrogenase 2’ [75], respectively).
After administration of lisdexamfetamine or D-amphetamine, plasma levels of ACTH, glucocorticoids
and the adrenal androgens DHEA and androstenedione were markedly elevated, suggesting a
stimulation of the HPA axis, possibly mediated by adrenergic receptors rather than dopaminergic or
serotonergic receptors (discussed in more detail in the published article ‘Effects of lisdexamfetamine
on plasma steroid concentrations compared with D-amphetamine in healthy subjects: A randomized,
double-blind, placebo-controlled study’ [70], in chapter 3.2.1). However, lisdexamfetamine- or Damphetamine-induced HPA axis stimulation was observed after a single supra-therapeutic dose in
healthy subjects. Since ADHD treatment regimens consider chronic daily administration of
lisdexamfetamine, it is unclear what impact this would actually have on the HPA axis function and its
recovery after drug cessation [73, 74]. In rats, the repeated amphetamine administration led to
reduced corticosterone and ACTH levels, indicating a desensitization and adaption of the HPA axis over
time [136], and withdrawal from amphetamine has been linked to elevated states of anxiety and
depression [137]. Moreover, analysis of glucocorticoid metabolites in 24-hour urine collections would
support the lisdexamfetamine- or D-amphetamine-induced increase in plasma glucocorticoid levels by
providing integrated measures of steroid production and avoiding the precise timing of blood samples
in relation to the circadian rhythm of adrenal activity. In addition, spot urine samples might be
sufficient to determine hormonal imbalances regarding subjects with highly deranged steroid hormone
production.
A thorough analysis of blood and urine steroid profiles, as performed in the published case study
‘Posaconazole-induced hypertension due to inhibition of 11β-hydroxylase and 11β-hydroxysteroid
dehydrogenase 2’ [75] - chapter 3.2.2, allows to define suitable metabolites, and ratios thereof can
serve as markers for disturbances, potentially providing initial diagnostic information. For example,
inhibition of 11β-HSD2, the enzyme responsible for cortisol inactivation, does not result in increased
plasma cortisol levels but elevated ratios of 11β-hydroxyglucocorticoids (cortisol, corticosterone) to
11-ketoglucocorticoids (cortisone, 11-dehydrocorticosterone) and their tetrahydro metabolites [75,
138]. Furthermore, CYP11B1 inhibition might lead to enhanced levels of mineralocorticoids and
adrenal androgens rather than altered plasma cortisol concentrations, potentially contributing to
mineralocorticoid-dependent hypertension (further details can be found in the published case article
‘Posaconazole-induced hypertension due to inhibition of 11β-hydroxylase and 11β-hydroxysteroid
dehydrogenase 2’ [75], in chapter 3.2.2). Recently, two cases of posaconazole-induced hypertension
and hypokalemia with 10-20-fold increased 11-DOC and 11-deoxycortisol levels compared to the upper
limit of the normal range have been described, indicating a prominent inhibition of CYP11B1 by
posaconazole
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[139,
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Also,

serum

concentrations

of

androstenedione

and

17α-

hydroxyprogesterone were elevated in these two cases, assuming normal CYP17A1 function. Increased
levels of 11-deoxycortisol and an elevated cortisol/cortisone ratio were found for another patient
treated with posaconazole, supporting inhibition of CYP11B1/2 [141]. A fourth case study reported
moderately increased 11-deoxycortisol and 17α-hydroxyprogesterone levels, along with a markedly
elevated cortisol/cortisone ratio, but normal 11-DOC and androgen levels, providing evidence for
inhibition of 11β-HSD2 and, in addition, at least partial CYP11B1 inhibition [142]. Since these studies
only partially analyzed the steroid profiles in serum and/or urine samples of patients treated with this
azole, insufficient information was obtained to completely unravel the underlying mechanism of
posaconazole-induced pseudohyperaldosteronism. After their synthesis, steroid hormones are
subjected to peripheral metabolism including inactivation and hepatic conjugation with sulfate or
glucuronic acid to facilitate their excretion in the urine. Thus, detection of disturbances of steroid
hormone levels in blood samples might be challenging and extended steroid metabolite analysis of
blood and urinary profiles, as it was done in the present study for posaconazole, are often essential to
gain a thorough and accurate understanding of the mechanism underlying the disturbances. Two cases
of mineralocorticoid-dependent hypertension and hypokalemia caused by posaconazole have been
reported, presenting predominant CYP11B1 and CYP11B2 inhibition in one patient and predominant
inhibition of 11β-HSD2 in the other, demonstrating the inter-individual differences in the mechanism
underlying posaconazole-induced hypertension and hypokalemia (results are presented in the
published case report ‘Posaconazole-induced hypertension due to inhibition of 11β-hydroxylase and
11β-hydroxysteroid dehydrogenase 2’ [75], see chapter 3.2.2). Interestingly, there are two case studies
describing hypertension, hypokalemia, lowered renin and aldosterone levels following treatment with
itraconazole, another widely used triazole antifungal drug assumed to preferably inhibit 11β-HSD2
[143, 144]. Although it is difficult to determine which enzyme is involved, itraconazole is supposed to
preferably inhibit 11β-HSD2, resulting in cortisol-dependent activation of the MR, whereas
posaconazole might exhibit a dual inhibition mechanism but preferably affects CYP11B1, indicating 11DOC-mediated MR activation. In all case studies, plasma drug concentrations reached higher levels
than the therapeutic concentration range and reducing the drug dose as well as substituting with
fluconazole and voriconazole resolved the mineralocorticoid symptoms [145], thus emphasizing
therapeutic options.
In conclusion, computational tools including pharmacophore-based virtual screening and molecular
modeling in combination with biological tests such as the refined H295R steroidogenesis assay
described in this thesis, constitute a useful approach for the evaluation of potential endocrine
disruptors interfering with adrenal steroidogenesis and provide initial mechanistic information.
Further detailed characterization of potential EDCs requires additional in vitro experimentation and
finally in vivo studies to achieve a more comprehensive risk assessment.
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4. Glucocorticoid Receptor Modulation
Corticosteroids play a vital role in the regulation of essential physiological processes including energy
metabolism, cell growth and differentiation, immune and inflammatory responses, brain function, as
well as electrolyte and fluid balance. Impairment of corticosteroid homeostasis has been associated
with many pathological conditions such as metabolic and cardiovascular diseases, immune disorders,
osteoporosis, cancer and depressive disorders [146-149]. Despite their important function and the fact
that their impaired action can have various health consequences, only limited information is available
on the potential disruption of corticosteroid hormone action by xenobiotics.
Glucocorticoids and mineralocorticoids exert their effects predominantly through binding to their
respective receptors. The GR is an intracellular receptor protein belonging to the nuclear receptor
superfamily and is ubiquitously expressed in almost all human tissues and organs [150, 151]. This
receptor undergoes alternative splicing in exon 9, generating two highly homologous protein isoforms,
GRα and GRβ. GRα mediates diverse actions of glucocorticoids by functioning as a ligand-dependent
transcription factor, while GRβ does not bind glucocorticoids and diminishes the transcriptional activity
of GRα [152-154]. Further splice variants of yet unknown physiological functions have been identified
as isoforms GRγ, GR-A and GR-P [155, 156]. Additional GR isoforms can be generated by starting
translation from an alternative initiation site located further downstream of the classical ATG start
codon in the mRNA, a process known as alternative translation initiation. At least eight translational
isoforms are formed from mRNA transcripts of GRα and GRβ, respectively. They exhibit cell typespecific expression patterns and regulate specificity and sensitivity to glucocorticoids in various tissues
[157, 158].
This thesis focused on GRα, which will be referred to as GR. Upon binding to cortisol, GR shuttles
between the cytoplasm and the nucleus and modulates directly or indirectly (through protein-protein
interactions) the transcription of glucocorticoid-responsive genes in either a positive or negative
manner [149, 159]. The cellular response to glucocorticoids is highly dynamic and depends on GR
binding capacity and sensitivity to glucocorticoids, intracellular GR location, receptor degradation and
recycling, and interaction with other proteins. The GR is associated with multiple proteins and factors
including other transcription factors and chromatin modifiers that affect binding to the promoter
region and alter the nucleosomal structure of DNA. This creates a complex gene regulatory network
that controls gene expression [160-162]. The active GR complex modulates the transcriptional
regulation of GR target genes contributing to the cell-type- and tissue-specific action of glucocorticoids.
Finally, post-translational modifications including phosphorylation, acetylation, methylation,
SUMOylation and ubiquitination of these proteins further increase GR diversity [162-165]. Thus,
glucocorticoid hormone action involves several levels and xenobiotic-induced disturbances might
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occur through different mechanisms at various stages of hormone action [12] (see Fig. 2 for an
overview of the important steps involved in glucocorticoid homeostasis).
Xenobiotics might interfere with glucocorticoid responses not only by acting via direct binding to the
ligand binding pocket of the GR, but also by binding to allosteric sites, disrupting protein-protein
interactions or altering post-translational modifications and thus, may contribute to immune
disorders, cancer and metabolic disturbances [12, 166, 167]. Further elucidation of the signaling
pathways involved in GR function and the underlying mechanisms is of fundamental importance to
understand potential interferences of xenobiotics with glucocorticoid action. Identifying new factors
that regulate the GR and investigating how they modulate the cellular response to glucocorticoids, as
well as improving the knowledge of the functions of GR associated proteins, could support the
development of novel strategies for detecting chemicals disrupting glucocorticoid action.
The present thesis assessed the impact of the protein phosphatase PP1α on GR function by applying
HEK-293 cells expressing recombinant human GR and PP1α as well as A549 human lung
adenocarcinoma cells expressing these proteins endogenously. PP1α is a serine/threonine-specific
phosphatase and among others regulates the expression and the activity of other steroid receptors
[168-170]. Furthermore, first insights into the mechanism underlying the PP1α-dependent effect on
GR stimulation were provided, revealing altered levels of phosphorylated GR at Ser211 and suggesting
the involvement of glycogen synthase kinase 3 (GSK-3). Further details are reported in the manuscript
‘Protein phosphatase 1 alpha enhances glucocorticoid receptor activity by a mechanism involving
phosphorylation of serine-211’ – chapter 4.1.
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Figure 2. Schematic illustration of the important steps involved in glucocorticoid homeostasis.
Xenobiotics might interfere at different steps in the cascade with glucocorticoid hormone action,
potentially leading to altered glucocorticoid responses and contributing to various diseases. Possible
targets are the HPA-axis, adrenal steroidogenesis, binding capacity of serum proteins, cellular uptake,
intracellular metabolism by 11β-HSD, activation of GR, function of GR-associated proteins, GR complex
nuclear translocation, binding to GR-responsive elements in the promoter region of target genes,
receptor degradation as well as degradation and excretion of glucocorticoid hormones.
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4.2. Discussion
GR and MR are steroid receptors essential for maintaining body homeostasis and their function may
be disrupted by exposure to xenobiotics. Indeed, there is a growing literature on chemicals potentially
interfering with GR and MR action [12, 166, 167]. In addition to disturbing receptor activity, previous
reports focused on EDCs potentially influencing the physiological effects of glucocorticoids and
mineralocorticoids by affecting enzymes involved in the biosynthesis and pre-receptor regulation, but
rarely investigated impacts on altered receptor function due to post-translational modifications.
The great majority of studies applied molecular modeling and/or biological evaluation to identify EDCs
directly binding to corticosteroid receptors [12]. Ligand-receptor binding is mainly assessed by
computational docking analysis and in vitro competitive binding assays using radio-isotope labeled
ligands. Moreover, reporter gene transactivation assays have been developed as a high-throughput
method for the analysis of receptor activities. In contrast to binding assays, transactivation assays can
distinguish between agonistic and antagonistic effects of chemicals, which is required to assess the
potential toxicity of a given compound. The evaluation of receptor activities is often performed with
partial constructs containing only the ligand binding domain rather than using a full-length steroid
receptor reporter system, potentially leading to biased results. Another possible readout for
determining receptor activity is by analyzing changes in the expression level of hormone responsive
genes.
Although the use of these in silico and in vitro techniques has led to the identification of a variety of
chemicals that directly interfere with steroid receptors [12], EDCs affecting post-translational
modifications and thereby altering receptor function might be missed.
For instance, withanolide A (WitA), a steroidal constituent of the Ashwagandha root, was proposed to
act on GR, but molecular docking and GR binding assays could not detect any direct interference of
WitA nor were there any effects observed on GR transactivation in HEK-293 cells [171]. However, WitA
has been shown to induce neurite outgrowth in human neuroblastoma SH-SY5Y cells, similar to the GR
antagonist mifepristone [171, 172]. Since a direct effect on the GR binding pocket is unlikely, WitAdependent stimulation of neurite outgrowth might be mediated through inhibition of GR activity by
phosphorylation of GR-Ser134 by PI3K/Akt or GR-Ser226 by ERK1/2, respectively, as it is the case upon
blocking GR with mifepristone [173]. In fact, there is evidence that WitA induces the activation of
PI3K/Akt and inhibition of JNK, ERK1/2 and p38 [174]. Withaferin A, another bioactive component of
the Ashwagandha root, has also been shown to activate Akt and ERK [175]. Therefore, further research
should investigate post-translational modifications of GR as potential targets for the WitA-dependent
induction of neurite outgrowth.
The flame retardant tetrabromobisphenol A (TBBPA) represents another compound assumed to act
on GR and for which no direct effects on GR function have been observed in GR transactivation and
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binding assays as well as in molecular docking predictions [40]. Several studies reported that TBBPA
may increase phosphorylation of Akt, ERK1/2, p38 and JNK [176-178], which might suppress GR
function and thus may explain for the proposed inhibitory effects of TBBPA on GR activity, requiring
further investigation.
The organotin dibutyltin (DBT), used as a stabilizer in the production of polyvinyl chloride plastic
materials and constituting the main metabolite of the antifouling dye tributyltin (TBT), is reported to
inhibit ligand binding to GR, its transcriptional activity and glucocorticoid-induced expression of
phosphoenolpyruvate carboxykinase (PEPCK) [179]. Docking analysis revealed that DBT suppresses GR
activation most likely by binding to an allosteric site. Besides allosteric inhibition, signaling pathways
involved in receptor activation should be considered, since an alternative explanation might include
post-translational modification of GR by PI3K/Akt, JNK or MAPK kinase pathways. Studies examining
the ability of DBT to stimulate different kinases showed that PI3K/Akt, ERK1/2, p38 and JNK were
activated upon exposure to DBT [180, 181]. This in turn might cause an inhibitory effect on GR activity,
which warrants further investigation.
Phosphorylation plays an important role in enhancing or decreasing GR function, and receptor hypoor hyperfunction may contribute to differential individual sensitivity towards the exposure to potential
EDCs. Thus, protein kinases and phosphatases are key enzymes controlling GR activity and impairment
of their function might support GR-associated diseases such as asthma, COPD, osteoporosis and
metabolic disorders [182]. For example, increased activity of protein phosphatase 5 (PP5) resulted in
dephosphorylation of GR-Ser211 that correlates with decreased transcriptional activity of the receptor
and thus might promote corticosteroid insensitivity in patients with severe asthma [183, 184]. PP5 was
identified as a major component of the GR-HSP-90-chaperone complex, which maintains the
unliganded receptor in a transcriptionally inactive state [185, 186]. Besides, protein phosphatase 2A
(PP2A) is supposed to increase GR nuclear translocation and corticosteroid sensitivity by
dephosphorylation of GR-Ser226, mediated via dephosphorylation and inactivation of upstream JNK
[187]. In peripheral blood mononuclear cells from severe asthma patients, PP2A expression and
activity were significantly reduced compared with those in healthy subjects, while phosphorylation of
GR-Ser226 and JNK were increased [188]. This is further evidence that protein phosphatases have an
essential role in GR regulation and maintenance of glucocorticoid sensitivity.
Interestingly, a few studies attempted to restore glucocorticoid sensitivity by inhibiting p38 MAPK
activity, particularly in inflammatory diseases. In corticosteroid-resistant asthma, elevated levels of
inflammatory cytokines including IL-2 and IL-4 led to enhanced activation of the p38 MAPK pathway
and reduced GR function [189]. Co-treatment with p38 inhibitors reversed glucocorticoid resistance
and re-established the beneficial effects of glucocorticoids in asthma and COPD patients [189-191].
Microbial superantigens induced glucocorticoid resistance in T cells through activation of ERK1/2
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pathways, resulting in increased GR phosphorylation and decreased nuclear translocation. This
suppressed response to glucocorticoids could be restored by treatment with inhibitors of MEK and ERK
[192]. In clones from the CEM line of childhood acute lymphoblastic leukemia (ALL) cells refractory to
apoptosis upon glucocorticoid treatment, inhibition of JNK and ERK activity, stimulation of the
cAMP/PKA pathway with forskolin as well as inhibition of mTOR with rapamycin reversed resistant cells
to corticoid sensitivity by increasing phosphorylation of GR-Ser211 [193]. In another glucocorticoidresistant clone of human CEM cells, co-treatment with anisomycin, a known agonist of p38-MAPK and
JNK, led to an increase in apoptosis due to a remarkable activation of GR, p38 MAPK and JNK. All this
could be prevented by the GR inhibitor mifepristone, indicating that GR might be an upstream activator
of the p38-MAPK/JNK signaling pathway [194]. However, the interplay of GR and various kinases and
phosphatases is complex and varies depending on cell type, the presence of interacting factors and the
activity of other signaling pathways. Hence, the impact of phosphorylation of GR on diverse aspects of
GR function and signaling is not yet fully understood.
In order to identify chemicals altering post-translational modifications of GR, it is crucial to further
elucidate the signaling pathways upstream of GR and determine the corresponding membrane
receptors and associated regulatory proteins. This might help to better understand the mechanisms of
impaired glucocorticoid action. Thus, in this regard, the purpose of the present thesis was to study the
influence of PP1α on GR function. Knockdown of PP1α was found to reduce GR activity by decreasing
GR-Ser211 phosphorylation, probably by involvement of GSK-3 (further details are described in the
manuscript ‘Protein phosphatase 1 alpha enhances glucocorticoid receptor activity by a mechanism
involving phosphorylation of serine-211’, chapter 4.1). Considering the supposed stimulatory effect of
PP1α on GR activity, it is likely that xenobiotic-induced impairment of PP1α function might lead to an
aberrant glucocorticoid response and contribute to diseases involving the GR.
Several naturally occurring and life-threatening toxins are known to potently inhibit PP1 by blocking
its function via binding to the catalytic subunit [195, 196]. These include tautomycin and calyculin A
synthesized by soil bacteria and dinoflagellates, respectively [197-199], okadaic acid, a fatty acid
polyether produced by marine dinoflagellates and being responsible for diarrheic shellfish poisoning
in humans [200, 201], and microcystin, a cyclic heptapeptide secreted from cyanobacteria commonly
found in fresh water blue-green algae [202, 203], which led to a WHO-recommended drinking water
guidance value of 1 µg toxins/L [204]. Although tautomycin and okadaic acid differ structurally from
microcystin and calyculin A, they are reported to bind to a common site of PP1, occlude the PP1 active
site and extend into the PP1 hydrophobic groove [195]. Due to the ability of these toxins to potently
inhibit both PP1 and PP2A, they have proven valuable in studying the functions of these protein
phosphatases [196, 205].
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PP1 is ubiquitously expressed and regulates an enormous variety of cellular processes by
dephosphorylation of serine/threonine-phosphorylated protein substrates, including cell cycle
progression, protein synthesis, transcription, splicing, calcium signaling, carbohydrate metabolism and
muscle contraction [206, 207]. Despite its diverse functions, no studies have been conducted so far to
identify xenobiotics potentially disrupting PP1 function. It is highly challenging to study PP1, since it
acts pleiotropically as a holoenzyme consisting of one constant catalytic subunit (PP1c; existing in four
isoforms PP1α, PP1β, PP1γ1 and PP1γ2) associated with variable regulatory subunits [206]. PP1c is
specifically and tightly regulated by its interaction with more than 200 proteins that function as
substrate-targeting subunits, location-targeting subunits or inhibitors, thereby determining substrate
specificity, subcellular localization and catalytic activity of the holoenzyme. These regulatory subunits
generate an astonishing diversity of holoenzymes by binding to PP1c through a specific motif including
RVxF, SILK or MyPhoNE [207-209]. Inhibitors targeting PP1c such as the highly toxic natural compounds
tautomycin, calyculin A, okadaic acid or microcystin cannot distinguish between different PP1
holoenzymes and, depending on the concentration, unselectively inhibit the activity of related protein
phosphatases such as PP2A.
An attractive alternative approach for the development of PP1-selective modulators is targeting
protein-protein interactions within the holoenzyme, either on PP1c or the regulatory subunit. For
instance, targeting the RVxF-binding site on PP1 might inhibit PP1 by blocking the active site or activate
PP1 by releasing the free PP1c [210]. In the search for new treatment strategies against HIV, a small
molecule compound targeting the RVXF-binding cavity of PP1 was discovered by virtual screening using
a structure-based pharmacophore model. This compound disrupted the interaction between the
protein of interest and PP1, but did not affect the binding of PP1 to other regulatory subunits [211]. In
analogy to the drug discovery process, this computational tool might be employed in toxicological
studies to screen environmental databases for the identification of potential chemicals interfering with
PP1. Recently, a molecular docking study has reported that several phytochemicals including apigenin
and daidzein can bind to the PP1 hydrophobic groove, explaining their inhibitory effect on PP1c [212].
Therefore, it would be interesting to investigate the potential of these herbal compounds to interfere
with the PP1α-dependent GR activity by using the lung A549 cell model (the established conditions are
described in the manuscript ‘Protein phosphatase 1 alpha enhances glucocorticoid receptor activity by
a mechanism involving phosphorylation of serine-211’, see chapter 4.1).
Furthermore, environmental factors assumed to contribute to glucocorticoid insensitivity such as
cigarette smoke extract and diesel exhaust particles might be assessed for their ability to impair PP1αmediated GR stimulation as a possible cause contributing to glucocorticoid resistance. Interestingly,
cigarette smoke extract was found to significantly inhibit GSK-3β by increasing levels of inhibitory GSK3β-Ser9 phosphorylation [213]. In addition, elevated levels of phosphorylated GSK-3β-Ser9 were
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observed in alveolar macrophages, monocytes and bronchial epithelial cells of COPD patients and
control smokers compared with non-smokers, implying a possible involvement of GSK-3β in
glucocorticoid unresponsiveness in COPD [214]. Smoking also appeared to be the most important
contributor to glucocorticoid resistance in patients suffering from glucocorticoid-resistant asthma
[215]. Additionally, corticosteroid-refractory asthma has been associated with exposure to diesel
exhaust particles (DEP) [216], although extracts of DEP have not altered GR transcriptional activity as
evaluated by a GRE reporter gene assay [217]. This suggests that post-translational modifications of
the GR may be involved in DEP-induced steroid insensitivity. Thus, the question arises whether smoking
and/or DEP promote glucocorticoid insensitivity by potentially impairing PP1α function, which in turn
might contribute to the inactivation of GSK-3 and GR. Further research is needed to address this issue,
for example by using the established A549 cell model.
Also, it might be of interest to investigate the function of PP1α in a cell line that is resistant to
glucocorticoids. Would it be possible to restore the glucocorticoid sensitivity of a resistant cell such as
the aforementioned CEM cell line by overexpressing the recombinant PP1α? Instead of
overexpression, treating the cells with a PP1-disrupting peptide would be a possibility to stimulate
endogenous PP1 activity. It has been demonstrated that the proteolytically stable and cell-permeable
peptide PDP-Nal specifically disrupts the interaction between PP1c and its endogenous inhibitor-2,
which leads to the release of PP1c from the holoenzyme and thus to the activation of PP1 [218, 219].
If the responsible interactors and signaling pathways are present and glucocorticoid resistance is partly
due to inactivation of PP1, the peptide-mediated activation of PP1 might lead to stimulation of GR and
the reversal of glucocorticoid resistance in this cell line.
In contrast to xenobiotics directly interfering with the GR, little is known about chemically-induced
disruption of signaling pathways upstream of GR. Importantly, GR signaling is not only based on ligand
binding, and signaling pathways are highly complex and interconnected. Given the numerous proteins
involved in signal transduction, unravelling cellular signaling networks remains a major challenge.
Although considerable insight has been gained into the sophisticated regulation of GR function, it is of
great importance to improve and extend the knowledge about existing and alternative signaling
pathways that control GR activity. Understanding how these pathways intercommunicate and in which
situations they can be considered as biologically relevant might not only permit to resolve the
molecular mechanisms of glucocorticoid resistance, but also support the establishment of suitable in
silico and in vitro approaches for the identification and characterization of xenobiotics potentially
disturbing post-translational modifications of GR. There is increasing evidence for the occurrence of
xenobiotics affecting GR and MR function, and potential disruption of corticosteroid hormone action
should be considered for safety assessment of these chemicals [12, 166]. In contrast to the extensive
information on xenobiotics interfering with androgen and estrogen responses, the identification of
186

corticosteroid disruptors is an emerging field of research. While phenotypic alterations caused by
impaired AR and ER function are easier to recognize, changes in corticosteroid responses are more
subtle in their expression and can contribute to diseases in the longer term, making them more
challenging to detect and their cause more difficult to identify, but not less important.
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5. Appendix

Figure A1. 2D-structures of anabolic androgenic steroids (AAS).
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Figure A2. 2D-structures of selective androgen receptor modulators (SARMs).
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