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Abbreviations 

11-DOC 11-deoxycorticosterone

11β-HSD1 11β-hydroxysteroid dehydrogenase type 1

11β-HSD2 11β-hydroxysteroid dehydrogenase type 2
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AO Adverse outcome

AOP Adverse outcome pathway

AR Androgen receptor

CT Cholestane-3β,5α,6β-triol

EBI2 Epstein-Barr virus-induced gene 2

EDC Endocrine disrupting chemical

ER Estrogen receptor

GA Glycyrrhetinic acid

GR Glucocorticoid receptor

H6PDH Hexose-6-phosphate dehydrogenase

HPA Hypothalamic-pituitary-adrenal

HSDs Hydroxysteroid dehydrogenases

IL Interleukin

KE Key events

MIE Molecular initiating event
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OCDO 6-oxo-cholestane-3β,5α-diol

RAAS Renin-angiotensin-aldosterone system

RORγ(t) Retinoic acid-related orphan receptor gamma (t) /

Retinoid-related orphan receptor gamma (t)

RXRα Retinoid X receptor alpha

SDR Short-chain dehydrogenase/reductase

TBT Tributyltin

Th17 T helper 17

TPT Triphenyltin

Treg Regulatory T cells
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1. Summary

Steroid hormones are regulators of a wide variety of biochemical mechanisms, mainly initiated 

by the activation of nuclear receptors that regulate the transcription of various target genes. 

The activation of steroid hormone receptors can be controlled via enzymes serving as pre-

receptor control mechanisms. 11β-hydroxysteroid dehydrogenase type 1 and 2 (11β-HSD1/2) 

represent such enzymes that interconvert the well-investigated glucocorticoid substrates 

cortisol and cortisone, thereby controlling nuclear receptor activity. Additional 11β-HSD-

substrates from the oxysterol family were described, and recent research revealed oxysterols 

as bioactive ligands at nuclear receptors, including the retinoic acid-related orphan receptor 

gamma (RORγ) and its isoform RORγt that are involved in multiple (patho-)physiological 

situations. 

This thesis aimed to elucidate the effect of xenobiotics on 11β-HSD2 expression, investigated 

species-specific susceptibility to xenobiotic-dependent 11β-HSD2 inhibition, and studied 

interference of xenobiotics with RORγ(t) activity. Furthermore, the goal was to explore the 

role of 11β-HSDs in pre-receptor control of oxysterol-mediated RORγ(t) activation. 

The first project of this thesis included the investigation of the effect of the environmental 

chemicals tributyltin (TBT) and triphenyltin (TPT) on the regulation of 11β-HSD2 expression. 

11β-HSD2 has an essential role in the placenta by inactivating cortisol, thereby controlling 

access of maternal glucocorticoids reaching the fetus. We revealed that nanomolar 

concentrations of TBT and TPT increase 11β-HSD2 expression in a placental cell line and 

confirmed the effect in primary human trophoblast cells. Inhibition or knockdown of the 

retinoid X receptor alpha (RXRα) significantly diminished this effect, indicating the 

involvement of this nuclear receptor in the mechanism. After RNA and protein synthesis 

inhibition, the influence of TBT and TPT on 11β-HSD2 expression was revealed as a direct 

effect initiated by enhanced gene transcription. Increased 11β-HSD2 expression by TBT, TPT, 

and further RXRα agonists may disturb glucocorticoid balance at the placental barrier, 

resulting in reduced exposure of the fetus to active glucocorticoids, which are essential for 

fetal development.  

Clinical case studies described patients suffering from pseudohyperaldosteronism during 

treatment with the azole antifungal drugs itraconazole and posaconazole. This adverse drug 

effect is partially caused by 11β-HSD2 inhibition and disturbed pre-receptor control of the 

mineralocorticoid receptor and has been missed during preclinical investigations. In the 

second project, we revealed significant species-specific differences in the inhibition of human, 

mouse, rat, and zebrafish 11β-HSD2 by these azole fungicides. While the tested compounds 

potently inhibited the human enzyme, the rat enzyme was moderately inhibited, and the 

moue and the zebrafish 11β-HSD2 were very weakly inhibited. Investigation of chimeric 11β-

HSD2 proteins and novel homology models of the human and mouse enzyme increased the 

structural understanding of the species-specific variability in inhibition. Residues at position 

170/172 and the C-terminus were revealed as essential structural elements, mediating potent 

inhibition of human 11β-HSD2 by the assessed azole antifungals. This structure-activity 
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relationship information will be helpful in future investigations of 11β-HSD2 inhibitors and will 

aid in selecting suitable animal models for drug safety and efficacy studies.  

In the third project, the focus was a toxicological assessment of RORγ and RORγt. RORγt 

controls the expression of pro-inflammatory cytokines, such as interleukin-17 in T helper 17 

(Th17) cells that are linked to inflammation in autoimmune skin diseases, such as psoriasis. 

We tested parabens and UV filters that are frequently used compounds in cosmetics with 

attributed endocrine disrupting properties for their potential to interfere with RORγ(t) 

activity. Hexylparaben, benzylparaben, and benzophenone-10 were the most potent agonists 

of RORγ(t) with EC50 values of 144 ± 97 nM, 3.39 ± 1.74 µM, and 1.67 ± 1.04 µM, respectively. 

These substances enhanced pro-inflammatory cytokine expression in EL4 mouse T lymphocyte 

cells, a cell model for human Th17 cells. By virtual screening of a cosmetics database for 

structurally similar chemicals, benzylbenzoate, benzylsalicylate, and 4-methylphenylbenzoate 

were identified as additional substances that can activate these receptors. Dermal application 

of RORγ(t) agonists may cause adverse outcomes in sensitive human populations with 

autoimmune skin diseases or interfere with other situations of the skin where Th17 cells are 

of importance, such as acne.  

The fourth project aimed to further explore the role of the steroid metabolizing enzymes 11β-

HSD1 and 2 in oxysterol metabolism. We identified 7-keto,27-hydroxycholesterol and 7β,27-

dihydroxycholesterol as substrates of 11β-HSD1 and 2, respectively. The detected apparent 

enzyme affinities were equal or higher than those reported for glucocorticoids. Potent 

inhibition of 11β-HSD-mediated glucocorticoid metabolism by the investigated oxysterols 

supported this finding. Additionally, molecular docking calculations were applied to explain 

the stereospecificity of the enzymes. Importantly, we described a 11β-HSD-dependent pre-

receptor control mechanism of RORγ(t), which may have a function in inflammatory bowel 

disease.  

In conclusion, this thesis presents new insight into the transcriptional regulation of 11β-

HSD2 and novel structural comprehension of azole fungicide-mediated 11β-HSD2 inhibition. 

Furthermore, cosmetic additives with the potential to interfere with RORγ(t) were identified. 

Additionally, this work presents further understanding of oxysterol metabolism by 11β-HSDs 

and suggests their function in pre-receptor regulation of RORγ(t) activity. Overall, these 

findings expand the knowledge about the effects of xenobiotics and oxysterols on 11β-HSDs 

and RORγ(t), as well as their interplay.  
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2. Introduction

2.1. Steroid hormones 

Steroid hormones mediate a variety of essential developmental and physiological functions. 

This includes the involvement in the control of metabolism, inflammation, immune functions, 

stress response, salt and water balance. Furthermore, steroid hormones have functions during 

the development and determination of the embryonic reproductive system; they control 

reproduction and the development of secondary sexual characteristics (Evans, 1988; Funder, 

2005; Ramamoorthy and Cidlowski, 2016). In general, steroids are grouped into 

glucocorticoids, mineralocorticoids, estrogens, progestogens, and androgens (Evans, 1988). 

Conventionally, steroids mediate their action via steroid hormone receptors, which are mainly 

located in the cytosol. Upon binding of steroids, they undergo conformational changes, build 

complexes and translocate into the nucleus. At this site, these complexes act as transcription 

factors and bind to specific response elements on DNA, either initiating or repressing gene 

transcription (Beato et al., 1996). In addition to this classical steroid signaling pathway, rapid 

signaling pathways for steroid hormones mediated by membrane receptors have been 

described (Schwartz et al., 2016).  

2.1.1. Human steroidogenesis, glucocorticoids, and mineralocorticoids 

Steroidogenesis describes the formation of steroid hormones. The primary organs involved in 

steroid hormone production are the adrenal glands and the gonads (ovaries in females and 

testes in males). Steroids are produced from their precursor cholesterol that is originating 

from cellular production derived from acetyl coenzyme A or taken up by the diet (reviewed in 

(Miller and Auchus, 2011)). The first step of steroidogenesis takes place in mitochondria. It is 

facilitated by the cytochrome P450 side chain cleavage enzyme (P450scc, CYP11A1) and its 

electron transfer protein (adrenodoxin reductase), which converts cholesterol to 

pregnenolone (Figure 1) (reviewed in (Miller, 1988)). In further steps, tissue- and cell-type-

specific enzymes are responsible for producing glucocorticoids, mineralocorticoids, estrogens, 

and androgens from the parent compound pregnenolone. The cortex of the adult human 

adrenals is separated into three different zones: the zona glomerulosa producing 

mineralocorticoids, the zona fasciculata manufacturing glucocorticoids, and the zona 

reticularis generating the precursors of active androgens.  
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Figure 1 describes the adrenal steroidogenesis in the zonae fasciculata and glomerulosa of the 

adrenals. The first step in the glucocorticoid synthesis that is taking place in the zona 

fasciculata is the conversion of pregnenolone to 17α-hydroxypregnenolone by CYP17A1. Next, 

pregnenolone and 17α-hydroxypregnenolone are converted by 3β-hydroxysteroid 

dehydrogenase type 2 (3β-HSD2) to progesterone and 17α-hydroxyprogesterone, 

respectively. Most of the formed progesterone is 17α-hydroxylated as well by CYP17A1. 11-

deoxycortisol and lower amounts of 11-deoxycorticosterone (11-DOC) are derived from 

further metabolism by CYP21A2 and are finally converted to cortisol and corticosterone, 

respectively, by CYP11B1 and CYP11B2 (reviewed in (Miller and Auchus, 2011)). 

Glucocorticoids have a role in different processes, including stress response, energy 

metabolism, and immune response (Ramamoorthy and Cidlowski, 2016). They are synthesized 

and released by the adrenal glands in a circadian manner controlled by the hypothalamic-

pituitary-adrenal (HPA) axis. The hypothalamus releases corticotropin-releasing hormone 

(CRH) that initiates the release of adrenocorticotropin hormone (ACTH) from the anterior 

pituitary gland into the peripheral circulation and stimulates the synthesis and release of 

cortisol in the zona fasciculata of the adrenal glands (Ruggiero and Lalli, 2016). Glucocorticoids 

mediate their function via the glucocorticoid receptor (GR) that is expressed throughout the 

body. Subsequently, ligand-activated GR binds to glucocorticoid response elements in 

promoter regions, physically associates with other transcription factors, or both, and 

subsequently induces or represses the transcription of thousands of genes (Ramamoorthy and 

Cidlowski, 2016). Synthetic glucocorticoids are frequently used in pharmacotherapy of many 

chronic inflammatory and immune diseases, as, for example, anti-inflammatory drugs in 

asthmatic patients (Barnes, 2017).  

In contrast to the zona fasciculata, the zona glomerulosa does not express CYP17A1. 

Therefore, pregnenolone is metabolized to progesterone by 3β-HSD2, next to 11-DOC by 

CYP21A2, further to corticosterone, and finally to aldosterone by CYP11B1 and CYP11B2 

(Miller and Auchus, 2011). Specific for the zona glomerulosa is its expression of angiotensin II 

receptors (AT1R), which allow the control of aldosterone synthesis by the renin-angiotensin-

aldosterone system (RAAS) (Ruggiero and Lalli, 2016). This RAAS tightly controls our blood 

volume and is essential to regulate blood pressure (Nehme et al., 2019). The mineralocorticoid 

aldosterone exerts its function by binding to the mineralocorticoid receptor (MR) and is the 

primary hormone responsible for maintaining salt and water balance in vertebrates. 
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Additionally, the MR is suggested to be involved in inflammation, fibrosis, heart disease as 

well as modulation of neuronal cell viability and brain function (reviewed in (Garty and Palmer, 

1997) and (Odermatt and Kratschmar, 2012)). 

Figure 1. Schematic overview of adrenal steroidogenesis in zonae fasciculata and glomerulosa. 

Major steroids and pathways are indicated in bold and black arrows, respectively, while grey 

arrows indicate minor metabolic pathways and receptor activations. Dashed lines indicate 

feedback loops. StAR: steroidogenic acute regulatory protein, AT1R: angiotensin II type 1 

receptor.     

2.1.2. Hydroxysteroid dehydrogenases 

Most of the enzymes involved in steroidogenesis are P450s (CYPs) or hydroxysteroid 

dehydrogenases (HSDs). HSDs play an essential role in the biosynthesis and inactivation of 

steroid hormones. In peripheral tissues, they convert active steroid hormones into their 

inactive metabolites, thus regulate levels of steroid hormones that activate nuclear receptors 

and control gene expression. In the steroidogenic tissues, they are involved in the final step of 

androgen, estrogen, and progesterone biosynthesis.  
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HSDs are grouped into two different families: the short-chain dehydrogenase/reductase (SDR) 

family and the aldo-keto reductase (AKR) family (Penning, 1997). Enzymes of the SDR family 

typically consist of β-strands forming the so-called “Rossman fold,” which is surrounding a Gly-

rich motive involved in cofactor binding (Buehner et al., 1973; Kavanagh et al., 2008). The 

HSDs require nicotinamide adenine dinucleotide (phosphates) (NADH/NAD+ or 

NADPH/NADP+) as cofactors for their reducing or oxidizing reactions. Both SDRs and AKRs have 

a characteristic active site consisting of a tyrosine (Y) and lysine (K) residue that are 

responsible for proton transfer from or to the steroid alcohol during conversion (Agarwal and 

Auchus, 2005). The SDR family includes 11β-HSDs that are involved in the peripheral control 

of nuclear receptor activation. There exist two isoforms of 11β-HSDs: the liver type (11β-

HSD1) and the kidney type (11β-HSD2). While 11β-HSD2 unidirectionally oxidizes cortisol to 

cortisone using NAD+ as cofactor, 11β-HSD1 catalyzes the reverse reduction from cortisone to 

cortisol utilizing NADPH as cofactor that is generated by hexose-6-phosphate dehydrogenase 

(H6PDH) (Figure 2). H6PDH is often co-expressed with 11β-HSD1 supplying NADPH and 

thereby determining its predominant activity as an oxoreductase in vivo (Lavery et al., 2006; 

Atanasov et al., 2008). Increased 11β-HSD1 activity is associated with metabolic diseases such 

as insulin-resistant diabetes, hyperlipidemia, hypertension, and visceral obesity (Masuzaki et 

al., 2001; Masuzaki et al., 2003). For this reason, several studies investigated the inhibition of 

11β-HSD1 activity as a therapeutic principle for the treatment of such diseases (Scott and 

Chooramun, 2012).  

Figure 2. Metabolism of glucocorticoids by 11β-HSD isoenzymes. Cortisone is reduced by 11β-

HSD1 in an NADPH-dependent reaction, whereas cortisol is oxidized NAD+-dependent by 11β-

HSD2 to cortisone.  
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2.1.3. 11β-Hydroxysteroid dehydrogenase type 2 

11β-HSD2 is N-terminally anchored in the membrane of the endoplasmic reticulum and its 

active site is facing the cytosol (Náray-Fejes-Tóth and Fejes-Tóth, 1996; Odermatt et al., 1999). 

Contrary to many other SDR enzymes, 11β-HSD2 is suggested to be active as a monomer and 

inactive after dimerization (Gomez-Sanchez et al., 2001). Patients carrying mutations that 

enhance 11β-HSD2 dimer formation show reduced enzyme activity (Yau et al., 2017). 

11β-HSD2 is highly expressed in aldosterone (mineralocorticoid) target tissues, including 

kidney, colon, and salivary glands (Odermatt and Kratschmar, 2012; Chapman et al., 2013). 

Acting via the MR, aldosterone controls salt transport in epithelial tissues resulting in 

transepithelial Na+ and water reabsorption and K+ excretion. Aldosterone release is tightly 

regulated by the RAAS to adjust blood volume and, thus, blood pressure (Arriza et al., 1987) 

(Porter et al., 1964) (Figure 1). Notably, the MR has similar high binding affinities for the 

glucocorticoids cortisol and corticosterone (the main glucocorticoid in rodents), and the 

mineralocorticoids aldosterone and 11-DOC, while the 11-keto analogs of the glucocorticoids 

(cortisone and 11-dehydrocorticosterone) do not bind to the MR (Krozowski and Funder, 

1983; Arriza et al., 1987). 11β-HSD2 catalyzes the oxidation of active 11β-glucocorticoids to 

the inactive 11-keto forms. Therefore, co-expression of 11β-HSD2 and MR is essential to 

prevent MR from undesired activation by the active glucocorticoids (Figure 1), especially since 

glucocorticoids exceed the concentration of aldosterone in the circulation by up to 1000-fold 

(Edwards et al., 1988; Funder et al., 1988). For this reason, 11β-HSD2 expression is crucial in 

mineralocorticoid target tissues to ensure binding of aldosterone to the MR (Odermatt and 

Kratschmar, 2012; Chapman et al., 2013).  

2.1.4. Apparent mineralocorticoid excess syndrome 

There are several mutations known that result in reduced stability or functionality of 11β-

HSD2, leading to the apparent mineralocorticoid excess syndrome (AME) (reviewed in (Yau et 

al., 2017)). This syndrome originates from excessive cortisol-dependent activation of the MR 

in the kidney and colon of these patients (Mune et al., 1995; Wilson et al., 1995; White et al., 

1997). AME is characterized by hypokalemia, hypernatremia, water retention, hypertension, 

low renin and aldosterone levels, and increased plasma and urinary cortisol to cortisone ratios 

(Funder, 2017).  
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11β-HSD2 deficiency can further derive from inhibition of the enzyme by potent inhibitors, 

such as glycyrrhetinic acid (GA), which is the active ingredient in licorice (Stewart et al., 1987). 

Consumption of excessive amounts of licorice was associated with an acquired form of AME 

(Ferrari, 2010). Interestingly, a few clinical case studies describe patients suffering from 

pseudohyperaldosteronism, with symptoms like hypertension, hypokalemia, and 

hypernatremia during posaconazole and itraconazole treatment (Thompson et al., 2017; 

Barton et al., 2018; Boughton et al., 2018; Hoffmann et al., 2018; Wassermann et al., 2018; 

Thompson et al., 2019; Agarwal et al., 2020). Different mechanisms can cause 

pseudohyperaldosteronism: direct activation of the MR or inhibition of the peripheral cortisol 

oxidizing enzyme 11β-HSD2 and, therefore, uncontrolled cortisol-dependent activation of the 

MR. Also, by inhibition of the adrenal steroidogenic enzymes CYP17A1 and CYP11B1, leading 

to high concentrations of 11-DOC and 11-deoxycortisol that also bind to the MR (Krozowski 

and Funder, 1983), can cause uncontrolled activation of this receptor (Figure 1). For this 

reason, drugs leading to the described symptoms are not necessarily inhibitors of 11β-HSD2 

but could also mediate their effect via one of the other described mechanisms. A recent study 

investigated the potential of itraconazole and posaconazole to interfere with these enzymes 

or the MR and suggests that the effect of itraconazole is mainly mediated via 11β-HSD2 

inhibition. In contrast, posaconazole exerts its adverse reaction primarily by inhibition of 

CYP11B1 and accumulation of 11-DOC and 11-deoxycortisol due to HPA axis feedback 

activation (Beck et al., 2020). 

2.1.5. Placental barrier 

Besides the mineralocorticoid target tissues, 11β-HSD2 is widely expressed in the syncytial 

trophoblast cells of the placenta (Stewart et al., 1995b). 11β-HSD2 builds a placental barrier 

that controls the access of the 5-10 times higher maternal glucocorticoid concentrations to 

the developing fetus (Albiston et al., 1994; Stewart et al., 1995a). Thereby it prevents the 

premature maturation of fetal tissues and is regulating fetal programming (Stewart et al., 

1995a). Nevertheless, glucocorticoids have an essential role in fetal growth, organ maturation 

and development, as in the stimulation of surfactant production in the lung. However, fetal 

exposure to high concentrations of glucocorticoids during pregnancy may lead to intrauterine 

growth restriction (Stewart et al., 1995a; Seckl et al., 2000). Inhibition of placental 11β-HSD2 

during pregnancy is associated with a higher risk for the offspring to suffer from 
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cardiometabolic diseases in later life (Edwards et al., 1993; Lindsay et al., 1996; Odermatt, 

2004). According to an observational study of Finnish women, consumption of large amounts 

of licorice (containing the potent 11β-HSD2 inhibitor GA) during pregnancy resulted in shorter 

gestation times; additionally, children were born with reduced weight, increased HPA axis 

activity and behavioral disturbances (Strandberg et al., 2002; Räikkönen et al., 2009; 

Räikkönen et al., 2010). Preeclampsia, a major cause of maternal and fetal mortality, is also 

associated with decreased 11β-HSD2 activity and reduced ability to abolish maternal cortisol 

(Schoof et al., 2001; Aufdenblatten et al., 2009).  

2.2. Oxysterols 

Oxysterols are oxidized forms of cholesterol (or its precursors) that were considered to be 

unimportant intermediates of bile acid and steroid hormone biosynthesis. However, recent 

research has shown their relevance in multiple physiological situations such as cholesterol, 

carbohydrate, and lipid homeostasis. Furthermore, they are also implicated in various 

diseases, including cancer, multiple sclerosis, Alzheimer’s disease, and atherosclerosis 

(reviewed in (Zarrouk et al., 2014; Guillemot-Legris et al., 2016; Kloudova et al., 2017)).  

Oxidation of cholesterol mainly takes place at the carbons 7, 24, 25, and 26 (Figure 3). 

In literature, the carbon 26 is more frequently referred as 27; therefore, this nomenclature 

was also applied in the present thesis. In general, oxysterols are classified into side-chain 

oxidized (e.g., C24, C25, C27), ring-modified (e.g., C7), or secondary oxysterols that carry 

more than one modification (Brown et al., 2020). The oxygen-containing functional 

groups of oxysterols include hydroxyl, keto (oxo), hydroperoxyl, and epoxide groups 

and may derive from autoxidation or enzymatic reactions (Brown et al., 2020).  

Some of the enzymes that generate oxysterols are also pivotal in bile acid synthesis, such as 

cholesterol 7α-hydroxylase (CYP7A1), sterol 7α-hydroxylase (CYP7B1), and cholesterol 27-

hydroxylase (CYP27A1) (reviewed in (Griffiths and Wang, 2020)). Further enzymes that are 

able to modify oxysterols are HSDs. In addition to glucocorticoid metabolism, 11β-HSDs are 

involved in the metabolism of other 11- and 7-oxygenated steroids and cholesterol derivates, 

such as 7-oxygenated oxysterols (Odermatt and Nashev, 2010). Rotational symmetry between 

the 11 and the 7 positions of the steroid scaffold explains why 11β-HSDs also accept 7-

modified equivalents (Lathe, 2002). The oxysterol 7-ketocholesterol (7kC) is one of these 7-
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modified substrates; 11β-HSD1 was described to convert 7kC to 7β-hydroxycholesterol 

(7βOHC) and the oxidation of 7βOHC to 7kC is suggested to be facilitated by 11β-HSD2 (Figure 

3) (Hult et al., 2004; Schweizer et al., 2004; Arampatzis et al., 2005; Raleigh et al., 2018). 11β-

HSDs have further functions in oxysterol metabolism: Voisin et al. (2017) reported the 

conversion of cholestane-3β,5α,6β-triol (CT) to 6-oxo-cholestane-3β,5α-diol (OCDO) by 11β-

HSD2 and the reverse reaction by 11β-HSD1. The oncometabolite OCDO promotes breast 

cancer cell growth (Voisin et al., 2017).  

Chapter 5: “Oxysterols as substrates of 11β-HSDs” will further exemplify the role of 11β-HSDs 

in oxysterol metabolism.   

Figure 3. Metabolic conversion of 7-ketocholesterol to 7β-hydroxycholesterol by 11β-HSD1 

and suggested reverse oxidation by 11β-HSD2. Red numbers indicate positions 7 and 11 of the 

cholesterol scaffolds, black numbers indicate positions 24, 25 and 26/27. 

Initially, research mainly focused on mono-hydroxylated oxysterols, but recently secondary 

oxysterols, so-called dihydroxylated oxysterols gained increasing attention. The cholesterol 

metabolites 7α,25-dihydroxycholesterol (7α25OHC), and to a lesser extent the corresponding 

β-isomer, 7β,25-dihydroxycholesterol (7β25OHC), were shown to be ligands at the G protein-

coupled receptor (GPCR) 183, also called Epstein-Barr virus-induced gene 2 (EBI2) 

(Hannedouche et al., 2011; Liu et al., 2011). These oxysterols mediate immune attraction and 

cell migration of immune cells expressing EBI2 receptors. Furthermore, 7-keto,27-

hydroxycholesterol (7k27OHC) and its reduced form 7β,27-dihydroxycholesterol (7β27OHC) 

are ligands to the Smoothened (SMO), which is an important protein in the Hedgehog 

pathway, regulating proper cell differentiation in fetal tissues. SMO deregulation is involved 

in basal cell carcinoma in adults (Raleigh et al., 2018). Moreover, 7β27OHC is a ligand of the 
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retinoic acid-related orphan receptor gamma t (RORγt) and has been shown to drive T helper 

17 (Th17) cell differentiation (Soroosh et al., 2014).  

2.3. Retinoic acid-related orphan receptor gamma 

Retinoic acid-related orphan receptor gamma (RORγ) is a transcription factor that belongs to 

the retinoid-related orphan receptor (ROR) family, also including RORα and RORβ (Jetten, 

2009). The ROR receptors all share the same structure of four functional domains: an N-

terminal domain, a conserved DNA binding domain (DBD), a hinge domain, and a C-terminal 

ligand binding domain (LBD) (Jetten, 2009). The DBD allows the interaction of RORs with ROR 

response elements (ROREs) in the promoter sequence of target genes (Medvedev et al., 1996). 

Binding to ROREs as monomers and recruitment of co-activators and co-repressors allows the 

RORs to regulate gene transcription (Giguère et al., 1995).  

Two isoforms are transcribed from the RORC gene: RORγ and RORγt (the shorter variant that 

derives from alternative splicing at the N-terminal domain). RORγ and RORγt share the same 

LBD (He et al., 1998; Villey et al., 1999). RORγ expression has been shown in many peripheral 

tissues including liver, adipose tissue, skeletal muscle, and kidney, and it is, together with 

RORα, involved in the control of the circadian rhythm, glucose and lipid metabolism (Hirose et 

al., 1994; Medvedev et al., 1996; Jetten et al., 2013). RORγt is expressed exclusively in a variety 

of immune cells, including Th17 cells, γδ T cells, type 3 innate lymphoid (ILC3) cells, and 

lymphoid tissue inducer (LTi) cells (Eberl et al., 2004; Ivanov et al., 2006; Montaldo et al., 2015; 

Venken et al., 2019). The most intensively studied immune cells under the control of RORγt 

are Th17 cells that protect the host against infections by extracellular bacteria and fungi (Peck 

and Mellins, 2010). RORγt is the key transcription factor to initiate the differentiation of CD4+ 

cells into interleukin (IL) 17 producing Th17 cells. This receptor further acts as a transcriptional 

regulator of pro-inflammatory cytokines, such as IL-17A, IL-17F, IL-23R, and IL-22 (reviewed in 

(Jetten and Cook, 2020)). RORγt knockout mice demonstrated impaired Th17 cell 

differentiation and IL-17 expression and showed reduced susceptibility for the development 

of Th17 cell-dependent inflammation in autoimmune disease models (Ivanov et al., 2006; Yang 

et al., 2008). Therefore, inhibition of RORγt activity evolved as a potential therapeutic strategy 

to treat autoimmune diseases (such as psoriasis, multiple sclerosis, inflammatory bowel 

disease, and rheumatoid arthritis) (Figure 4). Several small-weight molecules were identified 
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acting as inverse agonists on RORγ(t), with the potential for treatment in autoimmune 

diseases, and have been published in scientific and patent literature (reviewed in (Fauber and 

Magnuson, 2014; Sun et al., 2019)). Additionally, recent research describes the role of RORγ 

in cancer and the receptor is considered as a therapeutic target for the treatment of prostate 

and breast cancer (Oh et al., 2016; Wang et al., 2016b; Fan et al., 2018; Cai et al., 2019).  

Oxysterols were recently described as endogenous ligands for RORγ(t) (Wang et al., 2010b; 

Wang et al., 2010c; Soroosh et al., 2014). Besides the reported endogenous agonists and 

antagonists, RORγ(t) may also be a target for environmental chemicals possibly affecting 

pathologies where RORs are implicated, such as metabolic syndrome, inflammation, 

autoimmune diseases, and cancer.   

Figure 4. In Th17 cells, the nuclear receptor RORγt controls the expression of pro-

inflammatory cytokines, including IL-17A. By inhibition of RORγt with so-called inverse 

agonists, the recruitment of co-activators is inhibited, and the association of co-repressors is 

enhanced. This effect causes reduced Th17 cell differentiation and pro-inflammatory cytokine 

production, which delays the onset and reduces the severity of autoimmune diseases.  Figure 

adapted from (Jetten, 2011). 

2.4. Xenobiotics 

Daily, we are exposed to a large number of synthetic chemicals. While some of them are 

harmless for us and the environment, others can interfere with physiological pathways or 

cause endocrine disruption and consequently contribute to the development and/or 

progression of diseases. Xenobiotics is the term to describe chemicals that are detected but 

not produced in organisms or the environment and includes drugs, food additives, pesticides, 
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environmental pollutants, cosmetics, and fragrances (Soucek, 2011). Xenobiotics, which can 

interfere with any aspect of hormone action, are defined as endocrine disrupting chemicals 

(EDCs) (Zoeller et al., 2012). The European Union goes even further: “An EDC is an exogenous 

substance that alters function(s) of the endocrine system and consequently causes adverse 

health effects in an intact organism, or its progeny, or (sub)populations” (European Union, 

2019). 

Approximately 1000 new synthetic chemicals from different sectors, such as chemicals used 

in industrial production, agriculture, consumer products, pharmaceuticals, and food 

constituents, are released per year. Safety assessment of such novel chemicals is often 

insufficient, and testing is focused on the main sex steroid hormone receptors, estrogen 

receptors α and β (ERα and ERβ), and androgen receptor (AR). However, as introduced in the 

chapter before, the human endocrine system is a complex interplay of diverse tissues, cells, 

steroid hormone receptors, and steroid metabolizing enzymes. Furthermore, it needs to be 

considered that xenobiotics may also interfere with other pathways and receptors, for 

example RORs.  

Besides the azole fungicides itraconazole and posaconazole, which were already described in 

chapter 2.1.4., additional xenobiotic-actions were investigated in this thesis; the substance 

classes are briefly introduced in the next three sections.  

 

2.4.1. Organotins 

Organotins, such as tributyltin (TBT) and triphenyltin (TPT), are used as biocides in different 

industrial areas and contaminate the marine ecosystem. They were associated with an 

increased incidence of imposex in female snails (Smith, 1981) and, consequently, the usage of 

organotin containing antifouling paint was prohibited in 2008. Nevertheless, organotins are 

still detected in the marine environment (Artifon et al., 2016; Batista-Andrade et al., 2018; 

Gao et al., 2019). This represents a potential risk not only for the marine ecosystem, but also 

for human health, as these substances are reported to accumulate in the food chain, and 

exposure of human was described (Kannan et al., 1999; Strand and Jacobsen, 2005). Besides 

interference with sexual development, organotins induce differentiation of adipocytes in vitro 

and increase adipose mass in vivo. Therefore, developmental and/or chronic exposure to 
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organotins was proposed to promote adipogenesis, and these compounds were discussed as 

environmental obesogens (Grün et al., 2006; Li et al., 2011). 

 

2.4.2. Parabens 

Cosmetic products are a source of exposure to xenobiotics, including parabens, which are 

preservatives to prevent the growth of yeast, mold, and bacteria in such products. Due to their 

convenient properties, including high chemical stability, colorlessness, odorlessness, and good 

tolerability, they are frequently utilized as additives in cosmetics (Matwiejczuk et al., 2020). 

Nevertheless, studies suggest that frequent use of paraben-containing cosmetics may lead to 

the development of unfavorable health outcomes. The majority of these studies refer to the 

estrogenic effect described for parabens that were associated with breast cancer (reviewed 

in (Darbre and Harvey, 2014)). Furthermore, their anti-androgenic properties were reported 

and suspected to affect the reproductive potential (Chen et al., 2007; Ding et al., 2017; Smarr 

et al., 2018).  

 

2.4.3. UV filters 

UV filters are components applied in sunscreen that protect the skin from UV radiation and 

linked skin damage. Furthermore, they are included in other cosmetics to increase the stability 

and durability of these products (Liao and Kannan, 2014). Organic UV filters include various 

substances such as benzophenones, camphor-, and cinnamate derivates (Wang et al., 2016a). 

Due to their lipophilic properties, these substances accumulate in the food chain (Balmer et 

al., 2005). Consequently, human exposure not only derives from dermal uptake after topical 

application of UV filter-containing cosmetics but may also originate from the intake of 

contaminated food (Sarveiya et al., 2004). This exposure is of toxicological concern, as 

endocrine disrupting properties (mainly estrogenic and androgenic disruption) are described 

for some UV filters and/or their metabolites (reviewed in (Wang et al., 2016a)).    
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3. Aim of the thesis 

Given the important physiological functions of 11β-HSD2 as a gatekeeper of active 

glucocorticoids reaching the fetus, and in pre-receptor control of the MR, crucial for salt and 

water homeostasis, it is essential to investigate the effect of xenobiotics on the regulation of 

11β-HSD2 expression and potential inhibition of enzyme activity. For this reason, we 

investigated the impact of the organotins TBT and TPT on transcriptional regulation of 11β-

HSD2 expression and elucidated the underlying pathway. Additionally, species variability 

needs to be addressed when safety and efficacy testing is performed in animals, including 

rodents and zebrafish. We examined species-specific differences in the inhibition of 11β-HSD2 

activity by the azole fungicides itraconazole and posaconazole between human, mouse, rat, 

and zebrafish. In addition, we aimed to extend structure-activity relationship information 

underlying the species-specific variability in 11β-HSD2 inhibition that may assist in future 

investigations of xenobiotics inhibiting this enzyme.  

Furthermore, the orphan nuclear receptor RORγ and its isoform RORγt that are involved in 

multiple (patho-)physiological situations are so far insufficiently investigated as potential 

targets of EDCs and xenobiotics. Therefore, we examined whether parabens or UV filters have 

the potential to interfere with RORγ(t) receptor activity and applied in silico approaches to 

identify other potential RORγ(t)-modulating substances from cosmetic products. Disturbances 

of RORγ(t) activity may aggravate Th17 cell-dependent autoimmune diseases.   

Finally, oxysterols were recently discussed as important drivers of various diseases. To further 

understand their function in disease and physiology, it is essential to reveal their metabolic 

pathways. We investigated 11β-HSD-dependent metabolism of C27-hydroxylated oxysterols 

and their role in the pre-receptor control of RORγ(t). Such glucocorticoid-independent control 

mechanisms may be of importance in RORγt-related autoimmune diseases, such as 

inflammatory bowel disease, and might constitute a target for therapeutic intervention.  
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4. Xenobiotics 

4.1. Interference of xenobiotics with glucocorticoid metabolism 

4.1.1. Published article:  

Tributyltin and triphenyltin induce 11β-hydroxysteroid dehydrogenase 2 

expression and activity through activation of retinoid X receptor α 

 

Silvia G. Inderbinena, Roger T. Engelia, Simona R. Rohrera, Erminio Di Renzob, Leonie 

Aengenheisterb, Tina Buerki-Thurnherrb, Alex Odermatta, Toxicol Lett. 2020 Apr 1;322:39-49. 

 

a 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.  

b Particles-Biology Interactions, EMPA, Swiss Federal Laboratories for Materials Science and 

Technology, Lerchenfeldstrasse 5, 9014 St. Gallen, Switzerland. 
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 Prepared the figures 

 Drafted the paper manuscript 

 Supported in the revision process 
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A B S T R A C T

Exposure to the environmental pollutants organotins is of toxicological concern for the marine ecosystem and
sensitive human populations, including pregnant women and their unborn children. Using a placenta cell model,
we investigated whether organotins at nanomolar concentrations affect the expression and activity of 11β-hy-
droxysteroid dehydrogenase type 2 (11β-HSD2). 11β-HSD2 represents a placental barrier controlling access of
maternal glucocorticoids to the fetus. The organotins tributyltin (TBT) and triphenyltin (TPT) induced 11β-HSD2
expression and activity in JEG-3 placenta cells, an effect confirmed at the mRNA level in primary human tro-
phoblast cells. Inhibition/knock-down of retinoid X receptor alpha (RXRα) in JEG-3 cells reduced the effect of
organotins on 11β-HSD2 activity, mRNA and protein levels, revealing involvement of RXRα. Experiments using
RNA and protein synthesis inhibitors indicated that the effect of organotins on 11β-HSD2 expression was direct
and caused by increased transcription. Induction of placental 11β-HSD2 activity by TBT, TPT and other endo-
crine disrupting chemicals acting as RXRα agonists may affect placental barrier function by altering the ex-
pression of glucocorticoid-dependent genes and resulting in decreased availability of active glucocorticoids for
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the fetus, disturbing development and increasing the risk for metabolic and cardiovascular complications in later
life.

1. Introduction

Organotins, including tributyltin (TBT) and triphenyltin (TPT), are
metalorganic chemicals widely used in industry as disinfectants for
water, preservative of paper and textiles, in the production of agri-
cultural pesticides, as well as in antifouling paint and as stabilizers in
plastic production (Antizar-Ladislao, 2008; Boyer, 1989; Fent, 1996).
These substances contaminate the marine and freshwater ecosystem
and raised toxicological concerns. Despite the ban of organotin-based
antifouling paint in marine industry in 2008 in many countries, orga-
notins are still detected in harbors and at coasts of several places
(Artifon et al., 2016; Batista-Andrade et al., 2018; Gao et al., 2019;
Laranjeiro et al., 2018; Paz-Villarraga et al., 2015; van Gessellen et al.,
2018). Additionally, organotins were also detected in soil and dust
samples (Kannan et al., 2010). This is caused on one hand by the high
environmental persistence of organotins due to their hydrophobic
properties, half-life (6 weeks - 5 months in fresh water) and tendency to
accumulate in sediments, and on the other hand by new contaminations
from countries where organotin-based antifouling paint is still allowed
or illegally used (Antizar-Ladislao, 2008; Laranjeiro et al., 2018). A
representative Danish study detected organotins in samples of biolo-
gical tissue from invertebrates, fishes, birds and mammals, indicating
biomagnification and accumulation in the food chain (Strand and
Jacobsen, 2005). Moreover, recently organotin-contaminated oysters
were detected in China (Chen et al., 2019). Importantly, TBT was de-
tected in humans in placenta (Rantakokko et al., 2014) and blood, with
mean circulating levels of 4.6 ng/mL and up to 85 ng/mL (Kannan
et al., 1999), emphasizing exposure to organotins.

Organotins were found to increase the incidence of imposex in fe-
male snails, shell deformities in oysters and impaired reproduction in
both species (Alzieu, 1991; Fent, 1996; Smith, 1981). Several in vitro
and in vivo studies proposed that acute exposure to organotins can cause
neural (Jenkins et al., 2004), hepatic (Wiebkin et al., 1982), renal
(Coutinho et al., 2016), immune (Boyer, 1989; Whalen et al., 1999) and
developmental toxicity (Adeeko et al., 2003) in higher vertebrates.
Previous studies indicated that exposure to TBT and DBT can result in
enhanced inflammation with increased release of the pro-inflammatory
marker tumor necrosis factor-α (TNF-α) and induction of the NF-κB
pathway (Chantong et al., 2014; Hurt et al., 2013; Marinovich et al.,
1996). Importantly, increased TNF-α levels and NF-κB activation were
shown to diminish the expression and activity of 11β-hydroxysteroid
dehydrogenase type 2 (11β-HSD2) (Heiniger et al., 2001; Kostadinova
et al., 2005). This enzyme is tissue-specifically expressed and converts
potent 11β-hydroxyglucocorticoids (cortisol in human, corticosterone
in rodents) to inactive 11-ketoglucocorticoids (cortisone in human, 11-
dehydrocorticosterone in rodents) (Odermatt and Kratschmar, 2012). In
the kidney, it essentially protects the mineralocorticoid receptor (MR)
from undesired activation by cortisol, allowing the less abundant mi-
neralocorticoid aldosterone to activate this receptor (Edwards et al.,
1988; Funder et al., 1988; Odermatt and Kratschmar, 2012). By re-
stricting the cortisol-mediated activation of MR, and in some cell types
of glucocorticoid receptors (GR), 11β-HSD2 has an important role in the
regulation of electrolyte homeostasis, angiogenesis and vascular func-
tion (Hadoke et al., 2001; Molnar et al., 2008; Rae et al., 2009). Loss-of-
function mutations in the gene encoding 11β-HSD2 (Mune et al., 1995;
White et al., 1997; Wilson et al., 1995) or its inhibition by the liquorice
constituent glycyrrhetinic acid (GA) (Ferrari, 2010) can cause apparent
mineralocorticoid excess with elevated blood pressure and low blood
potassium levels by undesired cortisol-dependent MR activation.

11β-HSD2 is also highly expressed during pregnancy in trophoblast
cells of the placenta (Albiston et al., 1994; Stewart et al., 1995),

forming a barrier to protect the fetus from the high maternal cortisol
levels. Impaired 11β-HSD2 activity, due to genetic defects or inhibition
during pregnancy results in an increased exposure of the fetus to glu-
cocorticoids and is associated with intrauterine growth restriction and
metabolic complications in later life of the offspring (Edwards et al.,
1993; Lindsay et al., 1996; Odermatt, 2004; Seckl et al., 2000).
Nevertheless, in late gestation 11β-HSD2 enzyme levels drop and
therefore higher levels of maternal glucocorticoids reach the fetus
(Giannopoulos et al., 1982; Murphy and Clifton, 2003). The exposure to
appropriate cortisol levels is pivotal for fetal organ development
(Moisiadis and Matthews, 2014a, 2014b); insufficient exposure leads to
complications due to retarded organ maturation (Carson et al., 2016).
Therefore, in preterm birth, where endogenous glucocorticoid levels are
too low to allow proper maturation of fetal organs, synthetic gluco-
corticoids are administered to prevent complications (Carson et al.,
2016).

Regarding TBT and TPT, the activation of retinoid X receptor alpha
(RXRα) and peroxisome proliferation activated receptor γ (PPARγ)
have been identified as molecular initiating events of at least some of
their toxicities (Grun and Blumberg, 2006; Grun et al., 2006; Kanayama
et al., 2005; Nakanishi et al., 2005). However, the downstream path-
ways, i.e. key events, ultimately leading to the different adverse out-
comes are still insufficiently understood. Previous investigations sug-
gested interference of these organotins with glucocorticoid metabolism
by a direct inhibition of 11β-HSD2 (Atanasov et al., 2005) through a
mechanism involving a cysteine residue in the substrate binding pocket
(Meyer et al., 2012). However, these experiments were performed at
low micromolar concentrations, unlikely to be reached in exposure
scenarios. Using human placental JEG-3 cells the present study assessed
whether TBT and TPT, at environmentally relevant nanomolar con-
centrations detected in human blood (Kannan et al., 1999), can affect
peripheral glucocorticoid concentrations by altering the transcriptional
expression and activity of 11β-HSD2. Furthermore, the pathway un-
derlying the TBT- and TPT-mediated effect on 11β-HSD2 was eluci-
dated. Finally, it was tested whether other environmental chemicals
may act through the same pathway and affect 11β-HSD2 function.

2. Material and methods

2.1. Cell culture

JEG-3 human placenta choriocarcinoma cells, purchased from ATCC
(Manassas, VA, USA), were cultured in Eagle’s Minimal Essential
medium (EMEM) supplemented with 10 % fetal bovine serum, 100 U/
mL penicillin and streptomycin, 1 mM sodium pyruvate and 1 % MEM
non-essential amino acids.

2.2. Chemicals and reagents

Tributyltin chloride (TBT), triphenyltin chloride (TPT), Bexarotene
(Bex), LG754, H-89, mithramycin A, GA, cortisol, cortisone and chlor-
otriphenylsilane (TPSCl) were purchased from Sigma-Aldrich (Buchs,
Switzerland). Actinomycin D (Act D), cycloheximide (CHX), rosiglita-
zone (Rosi), GW9662, CAY-10,512, SB202190, fludioxonil and caffeic
acid phenethyl ester (CAPE) were obtained from Cayman Chemicals
(Ann Arbor, MI, USA) (CAS no. and purity of the chemicals are listed in
Supplemental Table S1). [1,2,6,7-3H]-cortisol was form Perkin-Elmer
(Boston, MA, USA) and cell culture medium was obtained from Sigma-
Aldrich. OPM (OPM-3270, (3β,18β,20β)-3-acetoxy-N-methyl-N-hy-
droxy-11-oxoolean-12-en-29-amide) was synthesized as described ear-
lier ((Stanetty et al., 2010), compound 15).
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2.3. RNA isolation and analysis

JEG-3 cells were seeded in 6-well plates (450,000 cells per well) and
treated with compounds or vehicle for 24 h. Total RNA was isolated
using the RNeasy Mini Kit (Qiagen, Venlo, Netherlands), followed by
reverse transcription with the GoScript reverse transcriptase (Promega
Corporation, Madison, WI, USA) according to the manufacturer.
Quantitative PCR (qPCR) was performed using Kapa SYBR® Fast qPCR
Master Mix (KAPA Biosystems, Wilmington, MA, USA) with 4 ng of
cDNA in 10 μL total reaction mix containing specific oligonucleotide
primers. The following primers were used: PPIA forward 5′-CATCTGC
ACTGCCAAGACTGA-3′, reverse 5′-TGCAATCCAGCTAGGCATG-3′;
HSD11B2 forward 5′-AAACCAGGAGACATTAGCCG-3′, reverse 5′-TCC
ATGCAGCTACGGAAAG-3′; RXRA forward 5′-AGGACTGCCTGATTGAC
AAG-3′, reverse 5′-GACTCCACCTCATTCTCGTTC-3′. qPCR reactions
comprising 40 cycles of 95 °C for 10 s, 60 °C for 15 s, followed by a final
extension at 72 °C for 20 s were performed in a Rotor-Gene Cycler
(Corbett Research, Sydney, New South Wales, Australia). Data were
normalized to the endogenous control peptidylprolyl isomerase A
(PPIA) and compared to vehicle control utilizing the 2−ΔΔCT method
(Schmittgen and Livak, 2008). CT values were determined from at least
three independent experiments each measured in triplicate.

2.4. Protein expression analysis

JEG-3 cells (450,000) seeded in 6-well plates were lysed in RIPA
buffer (Sigma-Aldrich) supplemented with protease inhibitor cocktail
(Roche, Basel, Switzerland) and centrifuged at 16,000 × g for 15 min at
4 °C. The supernatants were subjected to protein concentration mea-
surements using the Pierce® BCA protein assay kit (Thermo Fisher
Scientific, Waltham, MA, USA). Samples were diluted in Laemmli
sample buffer (60 mM Tris−HCl, 10 % glycerol, 2 % sodium dodecyl
sulfate (SDS), 0.01 % bromophenol blue, pH 6.8) supplemented with 5
% β-mercaptoethanol and incubated at 99 °C for 3 min. Proteins (15 μg)
were separated by SDS-PAGE on a 10 % acrylamide gel and transferred
to a Immobilon®-P (PVDF) membrane (Merck Millipore, Burlington,
MA, USA). The membrane was blocked for 1 h in 5 % defatted milk
solution in Tris-buffered saline (20 mM Tris buffer, pH 7.6, 150 mM
NaCl) containing 0.1 % Tween-20 (TBS-T) and incubated over night at
4 °C with the mouse monoclonal antibody against 11β-HSD2 (C-9,
Santa Cruz Biotechnology, Dallas, TX, USA) at a dilution of 1:1000. The
membrane was washed with TBS-T, incubated with horseradish per-
oxidase (HRP)-conjugated goat anti-mouse secondary antibody (A0168,
Sigma-Aldrich) diluted 1:2000 in blocking solution for 1 h and washed
with TBS-T. To detect the loading control calnexin, membranes were
blocked for 1 h and incubated with rabbit antibody against calnexin
(SAB4503258, Sigma-Aldrich) diluted 1:4000 at 4 °C overnight, washed
with TBS-T, incubated with HRP-conjugated goat anti-rabbit secondary
antibody 7074 (Cell Signaling, Danvers, MA, USA) diluted 1:5000 for 1
h and washed with TBS-T. Protein bands were detected with Fujifilm
ImageQuant™ LAS-4000 (GE Healthcare, Glattbrugg, Switzerland) uti-
lizing the Immobilon® Western Chemiluminescent HRP substrate kit
(Millipore Corporation, Billerica, MA, USA). The bands were analyzed
by densitometry using ImageJ software and signals normalized to that
of the house keeping control calnexin.

2.5. 11β-HSD2 activity assay

JEG-3 cells were seeded (50,000 cells/well in 100 μL) into 96-well
plates and treated for 24 h. Subsequently, the medium was replaced by
50 μL charcoal-treated serum-free medium and cells were incubated for
4 h with 50 nM cortisol (containing 10 nCi of [1,2,6,7-3H]-cortisol).
Reactions were stopped by adding an excess cortisol and cortisone (1:1,
2 mM each in methanol). Supernatant (20 μL) was loaded on TLC plates
(Macherey-Nagel, Oensingen, Switzerland) and glucocorticoids were
separated using chloroform and methanol (9:1). Liquid scintillation

counting was performed to determine 11β-HSD2 dehydrogenase ac-
tivity and compared to control samples.

2.6. RXRα knock-down

JEG-3 cells (1.3 × 106) were seeded in 10 cm dishes and transfected
with 600 pM siRNA against RXRα (5′-AGGACUGCCUGAUUGACA
ATT-3′) (He et al., 2014) or scrambled control siRNA (5′-UGGUUUAC
AUGUUUUCUGA-3′) using 24 μL of Lipofectamine RNAiMax (Thermo
Fisher Scientific). Medium was replaced after 6 h. At 72 h cells were
seeded in 96-well plates (50,000 cells/well) or 12-well plates (200,000
cells/well) and treated with TBT, TPT, Bex (50 nM) or vehicle control
for another 24 h. Cells on 96-well plates were used for 11β-HSD2 ac-
tivity measurements and cells on 12-well plates for mRNA and protein
analyses. Antibody against RXRα (H-10, Santa Cruz Biotechnology) at a
dilution of 1:2000 and a HRP-conjugated goat anti-mouse secondary
antibody (A0168, Sigma-Aldrich) diluted 1:2000 were used to detect
RXRα protein expression.

2.7. Transfection and transactivation assay

Cells were transfected with a plasmid for human GR, a TAT3-TATA
luciferase reporter construct and a pCMV-LacZ β-galactosidase trans-
fection control by electroporation according to the manufacturer
(NeonTM transfection system, Invitrogen, Carlsbad, CA, USA). Briefly,
cells were resuspended in buffer R at a concentration of 1 × 107 cells/
mL and supplemented with 30 μg plasmid/mL buffer R. Cells were then
exposed to one pulse (1,250 V, 30 ms) utilizing a 100 μL gold tip, fol-
lowed by transfer to 24 well plates (150,000 cells and 450 ng plasmid/
well) in antibiotic-free cultivation medium and treatment with TBT,
TPT or Bex (50 nM). After 24 h the medium was replaced by charcoal-
treated medium for 0.5 h, followed by incubation with TBT, TPT, Bex,
and 5 nM cortisol and/or 5 μM GA for another 24 h. Cells were lysed
with 60 μL of Tropix lysis solution and luciferase activity was measured
according to the instructions of the Tropix kit (Applied Biosystems,
Foster City, CA, USA). Samples were analyzed with a SpectraMax-L
luminometer (Molecular Devices, San Jose, CA, USA). Luciferase ac-
tivity was normalized to the galactosidase control and then represented
relative to cortisol treated cells.

2.8. Analysis of de novo protein synthesis involvement

To test whether protein de novo synthesis is needed for the effect of
organotins on 11β-HSD2, JEG-3 cells were incubated with compounds
and the de novo protein synthesis inhibitor cycloheximide (CHX) (5 μg/
mL) for 8 h. Afterwards total RNA was isolated and 11β-HSD2 mRNA
analyzed by RT-qPCR and normalized to control.

2.9. Analysis of contribution of gene transcription and 11β-HSD2 mRNA
stability

To investigate whether upregulation of 11β-HSD2 relies on en-
hanced transcription, cells were exposed to 50 nM TBT, TPT or Bex with
or without the transcriptional inhibitor Act D (10 μg/mL) for 8 h. Total
RNA was extracted, measured by RT-qPCR and normalized to control.

To assess a potential effect of organotins on 11β-HSD2 mRNA sta-
bility, JEG-3 cells were treated with 50 nM of the compounds or vehicle
for 17 h, followed by addition of the mRNA synthesis inhibitor Act D
(10 μg/mL) and incubation for 0 h, 4 h or 8 h prior to isolation of total
RNA and determination of 11β-HSD2 mRNA by RT-qPCR. Each data
point is expressed as the percentage of the 11β-HSD2 expression at time
point 0 h.

2.10. Statistical analysis

Data were analyzed using Student’s t-test and one-way ANOVA with
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Dunett’s or Bonferroni’s post hoc tests in the GraphPad Prism 5 soft-
ware. Values represent mean± SD.

3. Results

3.1. Increased 11β-HSD2 expression upon treatment with TBT or TPT

To explore the impact of organotins on mRNA and protein expres-
sion of 11β-HSD2, JEG-3 placenta cells were exposed to 50 nM of TBT
or TPT. No cytotoxicity was observed at any of the treatment conditions
used in this study (data not shown). Incubation of JEG-3 cells with 50
nM of TBT or TPT resulted in a time-dependent induction of 11β-HSD2
mRNA expression starting after 4 h of exposure (Supplemental Fig. S1).
Following 24 h of incubation, a four-fold upregulation of 11β-HSD2
mRNA expression compared to vehicle treated cells was detected
(Fig. 1A).

The increased 11β-HSD2 expression in JEG-3 cells after incubation
with 50 nM TBT or TPT for 24 h was then confirmed at the protein
level. An approximately 2.5-fold enhanced 11β-HSD2 protein expres-
sion compared to vehicle-exposed cells was seen in all treatment con-
ditions (Fig. 1B).

3.2. Upregulation of 11β-HSD2 activity by TBT and TPT in JEG-3 cells

Next, the effect of TBT and TPT on 11β-HSD2 enzyme activity was
assessed. In line with our findings on the mRNA and protein expression

level, increased conversion of cortisol to cortisone was observed after
incubation of JEG-3 cells with TBT or TPT. A concentration-dependent
increase was detected, from 6.25 nM to 100 nM and from 12.5 nM to
100 nM for TBT and TPT, respectively (Fig. 1C). Simultaneous treat-
ment of the cells with 50 nM TBT or TPT and either 5 μM of the un-
specific 11β-HSD inhibitor GA or 2.5 μM of the specific 11β-HSD2 in-
hibitor OPM almost completely abolished 11β-HSD2 activity
(Supplemental Fig. S2), demonstrating that the observed effect of TBT
and TPT on cortisol oxidation was 11β-HSD2 specific. These results
revealed that the organotins TBT and TPT at nanomolar concentrations
induced 11β-HSD2 expression and activity. This contrasts our initial
expectation and previous finding that organotins at low micromolar
concentrations decrease 11β-HSD2 activity by direct inhibition
(Atanasov et al., 2005).

3.3. TBT and TPT mediate upregulation of 11β-HSD2 through RXRα

To investigate the mechanism underlying the organotin-dependent
upregulation of 11β-HSD2, JEG-3 cells were co-incubated with sub-
cytotoxic concentrations of organotins and specific inhibitors of path-
ways associated with the regulation of 11β-HSD2. The 11β-HSD2-de-
pendent conversion of cortisol to cortisone served as main read-out
(Fig. 2 and Supplemental Fig. S3). Since exposure to organotins might
increase TNF-α synthesis and lead to activation of NF-κB (Chantong
et al., 2014; Lawrence et al., 2018), a possible role of the NF-κB
pathway in the organotin-dependent modulation of 11β-HSD2 activity

Fig. 1. Induction of 11β-HSD2 expression and activity by
TBT and TPT. JEG-3 cells were treated for 24 h with com-
pounds as indicated. A) 11β-HSD2 mRNA expression in treated
cells is expressed relative to that in vehicle treated cells and
normalized to PPIA mRNA (mean±SD; n = 3). B) A re-
presentative western blot image is shown (right panel) in ad-
dition to the relative protein levels determined by densito-
metry analysis of the bands after normalization to calnexin
loading control (left panel) (mean± SD; n = 4). C) Following
preincubation with organotins, the conversion of radiolabeled
cortisol to cortisone was determined after incubation for 4 h.
Data represent mean±SD relative to vehicle treated cells
from two independent experiments performed in duplicate.
One-way ANOVA with Dunett’s post hoc test, p values:
*< 0.05, **<0.01, ***<0.001, ns (not significant).
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was tested. However, this pathway seems not to be involved because
the NF-κB inhibitors CAPE (1 μM) and CAY 10512 (1 μM) did not affect
the TBT- or TPT-dependent induction of 11β-HSD2 activity (Supple-
mental Fig. S3).

The RXRα homodimer antagonist LG754 (Hida et al., 2001) con-
centration-dependently (100 nM to 10 μM) reduced the effect of both
TBT and the RXRα agonist bexarotene (Bex) on 11β-HSD2 activity
(Fig. 2A). The effect of Bex on 11β-HSD2 expression in JEG-3 cells was
also confirmed at the mRNA and protein expression level and Bex
showed a concentration-dependent induction of 11β-HSD2 activity
(Supplemental Fig. S4). Furthermore, an approximately 1.5-fold in-
crease of 11β-HSD2 mRNA expression levels was detected in primary
human cytotrophoblast cells after treatment for 24 h with either TBT or
Bex at a concentration of 50 nM (Supplemental Fig. S5), indicating an
involvement of RXRα in the organotin-mediated regulation of 11β-

HSD2. In contrast to TBT, in TPT exposed cells co-treatment with LG754
showed only a trend to lower 11β-HSD2 activity (Fig. 2A).

To investigate a possible involvement of PPARγ, cells were co-
treated with TBT, TPT or rosiglitazone (a PPARγ agonist) and the
PPARγ antagonist GW9662 (10 μM). GW9662 did not affect the TBT-
and TPT-induced 11β-HSD2 activity (Fig. 2B), whereas the increased
11β-HSD2 activity upon treatment with the PPARγ agonist rosiglita-
zone was reversed by GW9662 as expected. These results suggest that
PPARγ is not involved in the organotin-mediated upregulation of 11β-
HSD2.

Besides, the specific p38 mitogen-activated protein kinase (MAPK)
inhibitor SB202190 (2.5 μM) was employed to assess a possible in-
volvement of this kinase. A trend decrease of 11β-HSD2 activity was
observed for TBT and a significant decrease was detected for TPT
(Supplemental Fig. S6). Higher concentrations of this inhibitor were not
analyzed due to cytotoxic effects (at 5 μM and higher).

Together, these experiments indicate that TBT, like Bex, acts
through RXRα homodimers to upregulate 11β-HSD2 activity; for TPT
the mechanism of 11β-HSD2 upregulation likely follows an alternative
pathway, potentially including p38 MAPK.

3.4. Effect of RXRα knockdown on the organotin-induced 11β-HSD2
expression and activity

The requirement of RXRα for the upregulation of 11β-HSD2 upon
exposure to TBT, TPT and Bex was further assessed utilizing siRNA
against RXRα (Fig. 3). Measurements of mRNA levels revealed that
RXRα knockdown (KD) completely abolished the induction of 11β-
HSD2 mRNA expression by TBT, TPT and Bex. The scrambled control
(scr) cells, as expected, showed an increase of 11β-HSD2 mRNA ex-
pression following incubation with TBT, TPT or Bex (Fig. 3A). TBT, TPT
and Bex treatment did not affect RXRα mRNA expression levels
(Fig. 3B). Similar results were obtained on the protein level. Western
blot analysis revealed elevated 11β-HSD2 protein upon TBT, TPT or Bex
treatment in scr control cells but an abolished effect upon RXRα KD
(Fig. 3C). The treatment did not affect RXRα protein levels (Fig. 3D).
Importantly, the TBT-, TPT- and Bex-mediated elevation of 11β-HSD2
activity was abolished in RXRα KD cells, in line with the effects seen on
mRNA and protein expression (Fig. 3E). These experiments demonstrate
the dependence of the organotin- and Bex-induced upregulation of 11β-
HSD2 on RXRα in JEG-3 cells.

3.5. Reduced GR transactivation in JEG-3 cells treated with TBT and TPT
due to elevated 11β-HSD2 activity

To assess whether the organotin-mediated upregulation of 11β-
HSD2 resulted in a reduced cortisol-dependent GR activation, JEG-3
cells were transfected with plasmids for GR-α (JEG-3 cells express very
low endogenous GR-α levels) and a glucocorticoid-responsive luciferase
reporter (TAT3-TATA-luc). Treatment of transfected JEG-3 cells with 5
nM cortisol led to a GR-dependent increase in luciferase activity that
was further enhanced by co-treatment with 5 μM GA to inhibit the in-
activation of cortisol by 11β-HSD2 (Fig. 4). Importantly, a significantly
decreased cortisol-dependent GR transactivation was detected when
cells were preincubated with 50 nM TBT or TPT compared to vehicle
pretreated cells. For cells preincubated with 50 nM Bex a trend towards
reduced GR transactivation was observed. Inhibition of 11β-HSD2 ac-
tivity by GA in cells pretreated with organotins or Bex revealed that
TBT, TPT and Bex did not affect GR activity directly but via increased
11β-HSD2 expression and activity. The GR-dependent luciferase ac-
tivity in organotin and Bex treated cells reached similar levels than in
untreated cells after inhibition by GA.

These results indicate that the increased 11β-HSD2 activity induced
by organotins led to decreased cortisol-dependent GR transactivation in
JEG-3 placenta cells.

Fig. 2. Effect of antagonists of RXRα and PPARγ on organotin-induced
11β-HSD2 activity. A) JEG-3 cells were treated for 24 h with 100 nM TBT, TPT
or Bex in the absence or presence of LG754 (100 nM, 1 μM, 10 μM) as indicated.
Thereafter, the conversion of radiolabeled cortisol to cortisone was determined
after 4 h of incubation. Data, relative to vehicle treated cells, represent
mean± SD from three independent experiments each performed in triplicate.
One-way ANOVA with Bonferroni’s post hoc test; p values: **<0.01,
***< 0.001. B) JEG-3 cells were incubated with 50 nM TBT or TPT or 10 μM
rosiglitazone with or without 10 μM GW9662 for 24 h. Cortisone formation was
determined after exposure to radiolabeled cortisol for 4 h. Data were normal-
ized to vehicle treated cells and represent mean± SD from three independent
experiments each performed in triplicate. One-way ANOVA with Bonferroni’s
post hoc test; p value: *< 0.05, ns (not significant).
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3.6. Induction of 11β-HSD2 mRNA expression by TBT and TPT does not
require de novo protein synthesis

To test whether de novo protein synthesis is required for the orga-
notin-induced increase of 11β-HSD2 mRNA expression, JEG-3 cells
were incubated for 8 h with vehicle or 50 nM TBT, TPT or Bex in the
absence or presence of 5 μg/mL translation inhibitor CHX. Protein
synthesis inhibition by CHX did not prevent the TBT-, TPT- and Bex-
mediated induction of 11β-HSD2 mRNA levels but instead further po-
tentiated their effect about three-fold (Fig. 5A). This suggests that the
organotin-dependent induction of 11β-HSD2 mRNA does not require
the synthesis of an intermediate transcription factor but that the
synthesis of a repressor of 11β-HSD2 transcription might be blocked.
Alternatively, CHX might prevent the synthesis of a protein lowering
11β-HSD2 mRNA stability. The efficacy of 5 μg/mL CHX in blocking
protein synthesis in JEG-3 cells was tested by assessment of 50 nM Bex-
induced 11β-HSD2 protein levels and was found to totally abolish the
de novo 11β-HSD2 protein synthesis (data not shown). Additionally, this
concentration of CHX was shown earlier to significantly inhibit protein
synthesis in JEG-3 cells and was utilized to study the effect of angio-
tensin II on 11β-HSD2 expression under conditions of translational in-
hibition (Lanz et al., 2003; Yue and Brodie, 1997).

3.7. TBT and TPT increase 11β-HSD2 mRNA expression by increased gene
transcription

To study whether upregulation of 11β-HSD2 mRNA results from
enhanced gene transcription, cells were simultaneously incubated with
50 nM organotins or Bex and the transcriptional inhibitor Act D.
Inhibition of transcription significantly prevented the increase of 11β-
HSD2 mRNA upon exposure to TBT, TPT and Bex compared to control
(Fig. 5B). These findings indicate that TBT, TPT and Bex enhance 11β-
HSD2 gene transcription.

3.8. TBT and TPT alter the half-life of 11β-HSD2 mRNA

To investigate whether TBT, TPT or Bex alter the half-life of 11β-
HSD2 mRNA, JEG-3 cells were incubated for 17 h with vehicle or 50 nM
of the compounds, followed by adding the transcription inhibitor Act D
(10 μg/mL) and determining the expression and decay of 11β-HSD2
mRNA. The half-life of 11β-HSD2 mRNA was significantly reduced from
approximately 7.5 h in vehicle treated cells to 5.0 h and 4.9 h for TBT
and TPT exposed cells, respectively (Fig. 5C; P<0.05). The data sug-
gest that the higher mRNA expression upon exposure to TBT, TPT or
Bex is accompanied by a decreased mRNA stability. 10 μg/mL Act D
was earlier shown to be effective in abolishing transcription and
studying mRNA stability in JEG-3 cells (Lanz et al., 2003). Additionally,

Fig. 3. RXRα knockdown abolishes the organotin-induced expression and activity of 11β-HSD2. After 72 h of RXRα knockdown (KD) JEG-3 cells were treated
with 50 nM TBT, TPT or Bex for 24 h. A) 11β-HSD2 mRNA and B) RXRαmRNA were measured by RT-qPCR, normalized to the housekeeping mRNA of PPIA and data
are expressed relative to the 11β-HSD2 mRNA of vehicle treated cells of the scrambled siRNA (scr) control (mean±SD; n = 3). C) Expression of 11β-HSD2 protein
levels and D) RXRα protein levels. A representative western blot image is shown in addition to the relative protein levels (normalized to DMSO from scr control)
measured by densitometry analysis of the bands after normalization to calnexin loading control levels (mean±SD; n = 4). E) 11β-HSD2 activity was determined by
measuring the conversion of radiolabeled cortisol to cortisone after incubation for 4 h. Data are presented relative to vehicle treated cells of the scr control
(mean±SD; n = 4). One-way ANOVA with Dunett’s post hoc test, p values: *< 0.05, **< 0.01, ***< 0.001.
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we verified the efficiency of transcriptional inhibition by determining
the half-life of the MYC proto-oncogene as a control and found it to
be< 1 h, in line with values described in the literature. Cytotoxicity of
Act D prohibited extension of the experiment beyond the 8 h.

3.9. The fungicide fludioxonil and the food ink chemical
chlorotriphenylsilane enhance 11β-HSD2 activity

To test whether other RXRα ligands can upregulate 11β-HSD2 ex-
pression and activity, JEG-3 cells were incubated in the presence of the
fungicide fludioxonil or the food ink chemical chlorotriphenylsilane
(TPSCI) for 24 h, followed by measuring the 11β-HSD2-dependent
conversion of cortisol to cortisone. Fludioxonil was shown previously to
activate RXRα (Janesick et al., 2016), TPSCI was chosen because of the
high structural similarity to TPT (Supplemental Fig. S7). Both chemicals
caused a concentration-dependent increase of 11β-HSD2-activity
(Fig. 6). These results suggest that various RXRα agonists can induce
11β-HSD2 activity in the JEG-3 cell line.

4. Discussion

To the best of our knowledge, this is the first study showing that
nanomolar concentrations of TBT and TPT induce the expression of
11β-HSD2 and thereby enhance the inactivation of glucocorticoids.
Human JEG-3 choriocarcinoma cells served as a model for placental
syncytiotrophoblasts, which is the key cell type responsible for essential
placental functions, including the control of maternal active gluco-
corticoids that reach the fetus. Using TBT, an upregulation of 11β-HSD2
mRNA expression could also be observed in non-malignant primary
human trophoblast cells with high physiological relevance.

At concentrations of TBT and TPT higher than 500 nM, a direct
inhibition of 11β-HSD2 activity has been observed (Atanasov et al.,
2005); however, such high concentrations are less likely to be reached
in an exposure scenario. In an earlier analysis in human subjects TBT
concentrations in blood of up to 300 nM (85 ng/mL) have been detected
(Kannan et al., 1999). Since nanomolar concentrations of organotins
were shown to promote the production of pro-inflammatory markers

(Chantong et al., 2014; Hurt et al., 2013), which may reduce 11β-HSD2
expression (Heiniger et al., 2001; Kostadinova et al., 2005), we initially
hypothesized that these organotins might decrease 11β-HSD2 expres-
sion via a transcriptional mechanism, eventually disturbing the pla-
cental barrier by an inefficient inactivation of the high maternal cortisol
levels. In contrast to our assumption, we found that TBT and TPT in-
creased 11β-HSD2 expression and activity in the JEG-3 placenta cells
and that NF-κB inhibitors did not affect the organotin-mediated effect.
We cannot exclude that at concentrations higher than 200 nM, where
cytotoxicity started to be observed and that were therefore not analyzed
in the present study, an NF-κB-dependent decrease of 11β-HSD2 ex-
pression might be detected. In a study using HL-60 cells a high con-
centration of TPT (5 μM) resulted in elevated intracellular calcium le-
vels with NF-κB activation and induction of TNFα (Marinovich et al.,
1996); however, no information on 11β-HSD2 expression is available.

The expression of 11β-HSD2 in the placental barrier is highly
regulated by various intrinsic and extrinsic factors and pathways (Guan
et al., 2013; He et al., 2014; Li et al., 2011a; Pasquarette et al., 1996;
Sarkar et al., 2001; Sharma et al., 2009; Tremblay et al., 1999; Yang
et al., 2006). We were particularly interested in the mechanism un-
derlying the organotin-mediated increase of 11β-HSD2 expression. The
protein kinase A pathway was shown earlier to be involved in the sti-
mulation of 11β-HSD2 expression in primary human trophoblasts
(Pasquarette et al., 1996); however, we did not observe any effect of the
inhibitor H-89 at subcytotoxic concentrations on the TBT-dependent
upregulation of 11β-HSD2 (data not shown). This is in line with the
findings of Nakanishi et al. (2002), reporting that TBT and TPT did not
alter cAMP production in human JAR choriocarcinoma cells at con-
centrations comparable to those used in the present study. Furthermore,
a possible role for the transcription factor Sp1 was tested (He et al.,
2014; Li et al., 2011a) but found not to be involved since subcytotoxic
concentrations of its potent inhibitor, mithramycin A, did not alter
organotin-induced 11β-HSD2 activity (data not shown). PPARγ re-
presents another transcription factor participating in the regulation of
11β-HSD2 expression, and a decreased PPARγ expression and activity
has been associated with reduced 11β-HSD2 activity and intrauterine
growth restriction (Fu et al., 2019; He et al., 2014). Furthermore,
Tremblay et al. (1999) found retinoids to increase 11β-HSD2 expression
in placental cell lines. Importantly, several studies provided evidence
that TBT and TPT are potent activators of RXRα and PPARγ (Grun et al.,
2006; Harada et al., 2015; Kanayama et al., 2005; le Maire et al., 2009;
Li et al., 2011b; Nakanishi et al., 2005). Besides, nanomolar con-
centrations of TBT and TPT were reported earlier to enhance human
chorionic gonadotropin, aromatase activity and 17β-hydroxysteroid
dehydrogenase type 1 activity in placental cell lines, and the me-
chanism underlying these effects was suggested to be linked to RXR
(Nakanishi et al., 2002, 2005, 2006).

Thus, we tested whether TBT and TPT affect 11β-HSD2 expression
via RXRα - PPARγ. Our results suggest that the TBT-dependent induc-
tion of 11β-HSD2 expression in JEG-3 cells was mediated by RXRα
homodimers, because siRNA against RXRα completely abolished the
stimulatory effect and the homodimer antagonist LG754 inhibited the
activating effect of both TBT and the retinoid analogue Bex, whilst the
PPARγ antagonist GW9662 was ineffective. Previous studies showed
that RXR - PPARγ heterodimers are permissive; i.e. activated by RXRα
or PPARγ agonists and synergistic in the presence of both; similarly,
antagonists of either receptor should be inhibitory (Li et al., 2011b;
Schulman et al., 1998). Further, TBT and TPT were both shown to bind
to the ligand binding domain of RXRα and to activate RXRα - PPARγ
heterodimers (Grun et al., 2006; Nakanishi et al., 2005). Molecular
modeling predicted both TBT and TPT to bind RXRα, forming a weak
covalent binding between the tin atom and Cys432 on RXRα and van
der Waals interactions between the organotin and residues of the ligand
binding pocket (le Maire et al., 2009). Interestingly, Kanayama et al.
(2005) reported that TBT potently activated an RXRα-dependent re-
porter construct whilst TPT showed weak activation, and the opposite

Fig. 4. Effect of organotins on GR transactivation. JEG-3 cells were tran-
siently transfected with plasmids coding for human GR-α, TAT3-TATA-luci-
ferase reporter and a β-galactosidase transfection control, followed by exposure
for 24 h to 50 nM TBT, TPT or Bex, and treatment for another 24 h with cortisol
(5 nM), with or without GA (5 μM). Luciferase activity was normalized to the
transfection control and is presented relative to cortisol treated cells. Data show
mean± SD from five independent experiments each performed at least in du-
plicates. One-way ANOVA with Dunett’s post hoc test, p values: *< 0.05,
**< 0.01, ***< 0.001, ns (not significant).

S.G. Inderbinen, et al. Toxicology Letters 322 (2020) 39–49

4527



pattern was observed for a PPARγ-dependent reporter construct with
TPT showing potent activation and TBT was weakly active. In our ex-
periments, the RXRα homodimer antagonist was unable to suppress the
TPT-mediated increase in 11β-HSD2 expression and activity; further-
more, the PPARγ antagonist GW9662 was ineffective but the rosigli-
tazone-mediated activation was fully blocked, showing that GW9662
was active. This may be explained by TPT-dependent activation of both
RXRα homodimers and RXRα - PPARγ heterodimers. Alternatively,
binding/activation of TPT may be too potent and antagonist con-
centrations insufficiently low. Nevertheless, the TPT-dependent 11β-
HSD2 upregulation required RXRα and was fully abolished using siRNA
against this receptor.

Although, the human 11β-HSD2 promotor carries potential RXRα
homodimer and RXRα/PPARγ heterodimer binding elements (one and
two-base pair spaced direct repeats: DR1 and DR2 (Zhao et al., 2000))

upstream of the AUG transcription start site, we were not able to detect
a TBT-, TPT- or Bex-dependent increase of transcription from a 11β-
HSD2 promoter (-1778/+117 (Subtil-Rodriguez et al., 2008)) in
transactivation studies using JEG-3 or TD-47 cells. Potential reasons for
this are differences in the accessibility of the receptor binding element
due to structural differences between promoter construct and en-
dogenous promoter, false positive results from binding site prediction,
and existence of functional sites further upstream on the promoter that
are not present in the cloned construct but essential for RXRα-mediated
transcriptional regulation.

The finding that the fungicide fludioxonil, shown earlier to activate
RXRα (Janesick et al., 2016), and the food ink chemical TPSCl, bearing
a structure closely resembling that of TPT (Supplemental Fig. S7), up-
regulate 11β-HSD2 expression and activity suggest that the con-
sequences of an impaired activity of this enzyme upon exposure to

Fig. 5. Analysis of effect of RNA and protein synthesis
inhibitors and mRNA stability. A) Effect of CHX on the or-
ganotin-induced increase in 11β-HSD2 mRNA. JEG-3 cells
were incubated for 8 h with medium containing DMSO vehicle
or medium supplemented with 50 nM TBT, TPT or Bex with or
without CHX at a concentration of 5 μg/mL. Subsequently,
total RNA was isolated and 11β-HSD2 mRNA relative to
control was analyzed (mean± SD; n = 3). B) Effect of Act D
on the organotin induced increase in 11β-HSD2 mRNA. JEG-3
cells were incubated with medium containing vehicle or sup-
plemented with 50 nM TBT, TPT or Bex with or without Act D
at a concentration of 10 μg/mL for 8 h. Thereafter, total RNA
was isolated and 11β-HSD2 mRNA relative to control was
analyzed (mean±SD; n = 4). Data was analyzed by One-way
ANOVA with Dunett’s post hoc test, p values: **< 0.01,
***< 0.001, ns (not significant). C) Effect of organotins on
11β-HSD2 mRNA stability. JEG-3 cells were incubated for 17
h with compounds as indicated, followed by the addition of 10
μg/mL of Act D. Total cellular RNA was isolated at time points
indicated and 11β-HSD2 mRNA was measured, normalized to
PPIA mRNA and shown in percentage of the steady state 11β-
HSD2 mRNA level at time point 0 h. 11β-HSD2 mRNA half-life
was determined by linear regression (control R2 = 0.820; TBT
R2 = 0.952; TPT R2 = 0.882; Bex R2 = 0.941). Data re-
presents mean± SD of three independent experiments.
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environmental RXRα agonists in general should be considered.
Placental and fetal development must be tightly regulated to ensure

successful pregnancy as well as maternal and offspring's health. TBT
and TPT, and other RXRα agonists, through upregulation of 11β-HSD2
in placenta may on one side affect functions in trophoblast cells by a
decreased expression of glucocorticoid-dependent genes and thereby
altering the function of the placental barrier, and on the other side
result in a deficient exposure of the fetus to glucocorticoids. Cytokines
and growth factors secreted by the placenta, many of them regulated by
glucocorticoids, maintain fetal - maternal interactions and are im-
portant to control nutritional supply to the fetus (Malassine et al.,
2003). Further, they are essential for fetal organ maturation, especially
the lung, and pharmacological treatment with glucocorticoids in pre-
term birth is frequently used to enhance fetal lung maturation (Cole
et al., 1995; Ward, 1994). Also, thyroid hormone secretion, catechola-
mine production and initiation of hepatic glycogen accumulation and
gluconeogenesis are promoted by cortisol to prepare the fetus for life
after birth (Liggins, 1994). Besides, glucocorticoids are essential to
promote uterine and vascular remodeling and to suppress maternal
immune rejection of the embryo (Whirledge et al., 2015). Thus, an
increased placental 11β-HSD2 activity, resulting in decreased cortisol
availability for the fetus, is expected to disturb these functions.

Besides inactivating glucocorticoids and modulating corticosteroid
receptor signaling, recent investigations revealed a role of 11β-HSD2 in
oxysterol metabolism (Beck et al., 2019a, b; Raleigh et al., 2018; Voisin
et al., 2017). 11β-HSD2 was reported to generate the oncometabolite 6-
oxo-cholestan-3β,5α-diol, which promotes the proliferation of breast
cancer cells by a mechanism involving GR (Voisin et al., 2017). Whe-
ther this metabolite has a physiological function for example in cell
proliferation during early development remains to be investigated. In
addition, 11β-HSD2 was found to generate 7β,25-dihydroxycholesterol
(Beck et al., 2019b), a ligand of the G-protein coupled receptor EBI-2
involved in the regulation of chemoattraction in immune cells, and
7β,27-dihydroxycholesterol (Beck et al., 2019a), an agonist of RORγ
and RORγt that regulate circadian rhythm and metabolic processes as
well as interleukin-17 expressing T-cells. Moreover, a role of 11β-HSD2
in the modulation of the hedgehog signaling pathway, essential for
proper development and a target for cancer treatment, by generating
the ligand 7keto-27-hydroxycholesterol has been proposed (Beck et al.,
2019a; Raleigh et al., 2018). How an inappropriately increased 11β-
HSD2 activity upon exposure to exogenous RXRα agonists can affect the
above mentioned pathways remains to be investigated.

In addition to its role in glucocorticoid and oxysterol metabolism,
11β-HSD2 is involved in the conversion of adrenal C11-oxy C19 steroids
to their C11-keto forms, which are further metabolized to the potent
androgen 11-ketodihydrotestosterone (Gent et al., 2019). Similarly, in

fish 11β-HSD2 is important in the androgen pathway by catalyzing the
last step in the formation of the major androgen 11-ketotestosterone
(Jiang et al., 2003; Kusakabe et al., 2003; Tsachaki et al., 2017). In-
terestingly, exposure of female Japanese flounder and zebra fish larvae
to TBT was reported to induce masculinization (Santos et al., 2006;
Shimasaki et al., 2003). Reduced P450 aromatase gene expression and
activity, resulting in impaired estrogen synthesis, was suggested to
impair the testosterone/estradiol balance, thereby causing a masculine
phenotype. Additionally, an organotin-induced increase in 11β-HSD2
expression that we observed in preliminary experiments in a con-
centration-dependent manner on the mRNA level in zebrafish larvae
(data not shown) might be relevant for the deregulation of the androgen
metabolism and contribute to the development of the masculine phe-
notype; however, this hypothesis warrants further investigations.

In conclusion, we show that the environmental toxicants TBT and
TPT increase endogenous 11β-HSD2 expression in the placental cell line
JEG-3 and provide evidence that this effect is dependent on increased
gene transcription directly mediated via RXRα homodimers.
Environmental toxicants, such as TBT and TPT, which can activate
RXRα and thereby enhance 11β-HSD2 expression and activity and re-
sult in increased glucocorticoid inactivation, should be carefully as-
sessed for disturbances of fetal development, with adverse cardiovas-
cular and metabolic health effects in offspring in later life.
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Fig. 6. Effect of proposed RXRα ligands on 11β-HSD2 ac-
tivity in JEG-3 cells. Cells were treated for 24 h with A)
fludioxonil and B) chlorotriphenylsilane (TPSCl) as indicated.
Conversion of radiolabeled cortisol to cortisone was de-
termined as in Fig. 1 C. (mean±SD; n = 3). One-way ANOVA
with Dunett’s post hoc test, p values: **< 0.01, ***< 0.001.
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Supplementary Information 

Trophoblast isolation and viability  

Human placentas where obtained from uncomplicated cesarean section at the Kantonsspital and 

the Hirslanden Klinik Stephanshorn, St. Gallen, Switzerland. The ethics committee approved 

the project and written informed consent was obtained prior to delivery. Villous 

cytotrophoblasts were isolated using a trypsin-DNase/Percoll method according to Petroff et al. 

(Petroff et al., 2006) with some modifications. In brief, basal plate tissue was removed and 

approx. 50 g of villous tissue was extensively rinsed and collected in cold Dulbecco’s Phosphate 

Buffered Saline (PBS; Sigma-Aldrich). Large blood vessels were removed and tissues were 

coarsely minced. Enzymatic dissociation was performed in three consecutive steps in digestion 

buffer (Hank's balanced salt solution containing 25 mM HEPES (Sigma-Aldrich), 0.25% 

trypsin (Invitrogen) and 300 U/ml DNase (Sigma-Aldrich)) for 20 min each at 37°C on a 

horizontal shaker (150 rpm). After each dissociation, the supernatant was filtered (cell 

dissociation seeve size 60 mesh; Sigma-Aldrich), layered over 1.5 ml fetal calf serum (FCS; 

Life Technologies) and centrifuged at 1000 g for 15 min. Pellets were resuspended in pre-

warmed culture medium, which is Dulbecco’s Modified Eagle’s Medium - high glucose 

(DMEM-HG; Sigma-Aldrich) supplemented with 10% FCS and 1% penicillin-streptomycin-

neomycin (PNS; Sigma-Aldrich), and combined for each digestion step. To remove tissue 

fragments, the suspension was filtered using a 100 µm nylon cell strainer (BD Falcon), 

centrifuged (1000 g for 10 min), and resuspended in 6 ml pre-warmed CMF-Hank’s containing 

10% of 10 x HBSS and 2.5% of 1 M HEPES. Half of the cell suspension was layered onto each 

of two prepared Percoll® gradients (Sigma-Aldrich) ranging from 70 - 5% (decreasing in 5% 

intervals) layered in a 50 ml conical polystyrene centrifugation tube. The gradients were 

centrifuged at 1200 g for 20 min at room temperature in a swinging bucket rotor without a break 

(Eppendorf centrifuge 5804 R). After centrifugation, the upper diffuse band was aspirated and 

cells between the 25 ml and 15 ml tube mark were collected and washed in culture medium. 
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Flow cytometry was applied to determine the purity of the isolated cytotrophoblast cells by 

trophoblast-specific cytokeratin 7 staining (CK-7, DAKO 1:200 in 0.5% bovine serum albumin 

(BSA; Sigma-Aldrich) in PBS for 45 min at room temperature). The following secondary 

antibody was used: Alexa Fluor 488 goat anti-mouse IgG (Life Technologies, 1:400 in 0.5% 

BSA in PBS). After centrifugation and washing with PBS, cells were resuspended in PBS, and 

propidium iodide solution (Sigma-Aldrich, 1:200) was added in order to allow discrimination 

between cells and tissue debris. Analysis was performed using a Gallios flow cytometer 

(Beckman Coulter Lifesciences). Data analysis was performed using the Kaluza Analysis 

software (Beckman Coulter Lifesciences). Percoll-purified trophoblasts showed 80-94% purity. 

Primary trophoblasts were seeded into 12 well plates (1.3 × 106 cells in 1 ml culture medium; 

4 wells per treatment) and exposed directly to 50 nM TBT, 50 nM Bex, 0.005% DMSO (solvent 

control) or left untreated for 24 h in humidified 5% CO2 at 37°C. After treatment, cells were 

washed with PBS, lysed with RLT buffer containing 40 mM dithiothreitol (AppliChem, 

Darmstadt, Germany) and frozen at -80°C until RNA isolation.  

Absence of cytotoxicity of experimental concentrations of TBT and Bex (50 nM) was 

confirmed by an MTS assay (CellTiter96® Aqueous One Solution Cell Proliferation Assay; 

Promega) (data not shown). 

33



Substance CAS no. Purity 
[%] 

Supplier 

Tributyltin chloride (TBT) 1461-22-9 96 Sigma-Aldrich, Buchs, Switzerland 
Triphenyltin chloride (TPT) 639-58-7 ≥ 97 Sigma-Aldrich, Buchs, Switzerland 
Bexarotene (Bex) 153559-49-0 ≥ 98 Sigma-Aldrich, Buchs, Switzerland 
LG754 180713-37-5 ≥ 98 Sigma-Aldrich, Buchs, Switzerland 
H-89 130964-39-5 ≥ 98 Sigma-Aldrich, Buchs, Switzerland 
Mithramycin A 18378-89-7 ≥ 90 Sigma-Aldrich, Buchs, Switzerland 
Glycyrrhetinic acid (GA) 471-53-4 97 Sigma-Aldrich, Buchs, Switzerland 
Cortisol 50-23-7 98 Sigma-Aldrich, Buchs, Switzerland 
Cortisone 53-06-5 ≥ 98 Sigma-Aldrich, Buchs, Switzerland 
Chlorotriphenylsilane (TPSCl) 76-86-8 96 Sigma-Aldrich, Buchs, Switzerland 
Actinomycin D (Act D) 50-76-0 ≥ 95 Cayman Chemicals, Ann Arbor, MI, USA 
Cycloheximide (CHX) 66-81-9 ≥ 95 Cayman Chemicals, Ann Arbor, MI, USA 
Rosiglitazone (Rosi) 316371-84-3 ≥ 98 Cayman Chemicals, Ann Arbor, MI, USA 
GW9662 22978-25-2 ≥ 98 Cayman Chemicals, Ann Arbor, MI, USA 
CAY-10512 139141-12-1 ≥ 97 Cayman Chemicals, Ann Arbor, MI, USA 
SB202190 152121-30-7 ≥ 98 Cayman Chemicals, Ann Arbor, MI, USA 
Fludioxonil 131341-86-1 99.9 Cayman Chemicals, Ann Arbor, MI, USA 
Caffeic acid phenyl ester (CAPE) 104594-70-9 ≥ 98 Cayman Chemicals, Ann Arbor, MI, USA 

Supplemental Table S1. CAS number, purity and provider of the chemicals used in this 

study. 
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Supplemental Fig. S1. Time-dependent effect of organotins on 11β-HSD2 mRNA 

expression. JEG-3 cells were treated for 0, 1, 2, 4, 8, or 24 h with vehicle or 50 nM TBT or 

TPT. 11β-HSD2 mRNA was determined by RT-qPCR, normalized to PPIA mRNA, and data 

are presented relative to 11β-HSD2 mRNA of vehicle treated cells at the same time point (one 

experiment, performed in triplicate).  

Supplemental Fig. S2. Effect of 11β-HSD2 inhibitors on organotin-induced 11β-HSD2 

activity. JEG-3 cells were treated for 24 h with TBT and TPT as indicated. After preincubation 

with GA (A) or OPM (B) for 30 min, conversion of radiolabeled cortisol to cortisone was 

determined after incubation for 4 h. Data are presented relative to vehicle treated cells and show 

mean ± SD from at least two independent experiments performed in duplicates. One-way 

ANOVA with Bonferroni’s post hoc test, p value: ****<0.0001.  
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Supplemental Fig. S3. Effect of NF-κB inhibitors on organotin-induced 11β-HSD2 

activity. JEG-3 cells were treated for 24 h with 100 nM TBT and TPT in the absence or presence 

of 1 µM CAY-10512 (CAY) (A) or 1 µM CAPE (B) as indicated. Conversion of radiolabeled 

cortisol to cortisone was determined after incubation for 4 h. (mean ± SD, n = 3). One-way 

ANOVA with Bonferroni’s post hoc test, ns (not significant). 
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Supplemental Fig. S4. Induction of 11β-HSD2 expression and activity by Bex.  

JEG-3 cells were treated for 24 h with compounds as indicated. A) 11β-HSD2 mRNA 

expression in treated cells is expressed relative to that in vehicle treated cells and normalized 

to PPIA mRNA (mean ± SD; n = 3). Student’s t-test, p value: **<0.01. B) JEG-3 cells were 

treated for 0, 1, 2, 4, 8, or 24 h with vehicle or 50 nM Bex. 11β-HSD2 mRNA was determined 

by RT-qPCR, normalized to PPIA mRNA, and data are presented relative to 11β-HSD2 mRNA 

of vehicle treated cells at the same time point (one experiment, performed in triplicate).  C) A 

representative western blot image is shown (right panel) in addition to the relative protein levels 

determined by densitometry analysis of the bands after normalization to calnexin loading 

control (left panel) (mean ± SD; n = 3). Student’s t-test, p value: **<0.01. D) Following 

preincubation with organotins, the conversion of radiolabeled cortisol to cortisone was 

determined after incubation for 4 h. Data represent mean ± SD relative to vehicle treated cells 

from two independent experiments performed in duplicate. One-way ANOVA with Dunett’s 

post hoc test, p values: **<0.01, ***<0.001. 
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Supplemental Fig. S5. Effect of organotins on primary human cytotrophoblasts. Cells 

were incubated for 24 h with compounds as indicated. 11β-HSD2 mRNA was determined by 

RT-qPCR. Data are expressed relative to 11β-HSD2 mRNA of vehicle treated cells and 

normalized to PPIA mRNA (mean ± SD; n = 3). One-way ANOVA with Dunett’s post hoc test, 

p value: *<0.05. 

Supplemental Fig. S6. Effect of p38 MAPK inhibitor on organotin-induced 11β-HSD2 

activity. JEG-3 cells were incubated for 24 h with vehicle or 50 nM TBT, TPT or Bex with or 

without 2.5 µM SB202190. 11β-HSD2 activity was determined after exposure to radiolabeled 

cortisol for 4 h. Data (mean ± SD, n = 3) were normalized to vehicle treated cells. One-way 

ANOVA with Bonferroni’s post hoc test, p value: *<0.05, ns (not significant).  
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Supplemental Fig. S7. Chemical structures of 11β-HSD2 inducing compounds used in this 

study. 

Reference 

Petroff, M.G., Phillips, T.A., Ka, H., Pace, J.L., Hunt, J.S., 2006. Isolation and culture of term 
human trophoblast cells. Methods in molecular medicine 121, 203-217. 
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1. Abstract

11β-hydroxysteroid dehydrogenase 2 (11β-HSD2) converts active 11β-hydroxyglucocorticoids 

to their inactive 11-keto forms, thereby preventing inappropriate mineralocorticoid receptor 

activation by glucocorticoids. Disruption of 11β-HSD2 activity by genetic defects or inhibitors 

causes the syndrome of apparent mineralocorticoid excess (AME), characterized by 

hypokalemia, hypernatremia and hypertension. Recently, the azole antifungals itraconazole and 

posaconazole were identified to potently inhibit human 11β-HSD2, and several case studies 

described patients with acquired AME. To begin to understand why this adverse drug effect 

was missed during preclinical investigations, the inhibitory potential of itraconazole, its main 

metabolite hydroxyitraconazole (OHI), and posaconazole against 11β-HSD2 from human and 

three commonly used experimental animals was assessed. Whilst human 11β-HSD2 was 

potently inhibited by all three compounds (IC50 values in the nanomolar range), the rat enzyme 

was moderately inhibited (1.5- to 6-fold higher IC50 values compared to human), and mouse 

and zebrafish 11β-HSD2 were very weakly inhibited (IC50 values above 7 µM). Sequence 

alignment and application of newly generated homology models for human and mouse 11β-

HSD2 revealed significant differences in the C-terminal region and the substrate binding 

pocket. Exchange of the C-terminus and substitution of residues Leu170,Ile172 in mouse 11β-

HSD2 by the corresponding residues His170,Glu172 of the human enzyme resulted in a gain 

of sensitivity to inhibition by itraconazole and posaconazole, resembling human 11β-HSD2. 

The results provide an explanation for the observed species-specific 11β-HSD2 inhibition by 

the studied azole antifungals. The obtained structure-activity relationship information should 

facilitate future assessments of 11β-HSD2 inhibitors and aid choosing adequate animal models 

for efficacy and safety studies.   

Key words: glucocorticoid, pseudohyperaldosteronism, hypertension, 11beta-hydroxysteroid 

dehydrogenase, azole fungicide, species difference 

Abbreviations: 11β-HSD2, 11β-hydroxysteroid dehydrogenase type 2; AME, apparent 

mineralocorticoid excess; C-terminal, carboxy-terminal; GA, glycyrrhetinic acid; MR,

mineralocorticoid receptor; OHI, hydroxyitraconazole. 
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2. Introduction

11β-hydroxysteroid dehydrogenase type 2 (11β-HSD2) essentially catalyzes the oxidation of 

potent 11β-hydroxyglucocorticoids (cortisol in human and fish, corticosterone in rodents) to 

inactive 11-ketoglucocorticoids (cortisone in human and fish, 11-dehydrocorticosterone in 

rodents). In mineralocorticoid target tissues such as kidney, colon, salivary and sweat glands, 

11β-HSD2 has a gate-keeper function to regulate the access of cortisol to mineralocorticoid 

receptors (MR), thereby allowing specificity of aldosterone to activate MR (Edwards et al., 

1988; Funder et al., 1988; Odermatt and Kratschmar, 2012). By this mechanism, 11β-HSD2 is 

essentially involved in regulating the electrolyte balance. Loss of function mutations in the gene 

encoding 11β-HSD2 lead to the syndrome of apparent mineralocorticoid excess (AME), caused 

by excessive MR activation by cortisol (Mune et al., 1995; Wilson et al., 1995; White et al., 

1997). These patients suffer from pseudohyperaldosteronism with hypokalemia, hypernatremia, 

water retention and hypertension, with typically low renin and aldosterone levels along with 

increased plasma and urinary cortisol to cortisone ratios. Acquired forms of AME can be caused 

by the excessive consumption of licorice, containing the potent 11β-HSD inhibitor 

glycyrrhetinic acid (GA) (reviewed in (Ferrari, 2010)), and, as more recently reported, by the 

systemically administered azole antifungals posaconazole and itraconazole (Beck and 

Odermatt; Thompson et al., 2017; Barton et al., 2018; Boughton et al., 2018; Hoffmann et al., 

2018; Wassermann et al., 2018; Thompson et al., 2019). 

11β-HSD2 is also highly expressed in the placenta, where it exerts a barrier function to protect 

the developing fetus from high maternal cortisol concentrations (Albiston et al., 1994; Stewart 

et al., 1995). Inhibition of placental 11β-HSD2 is associated with intra-uterine growth 

restriction and results in an increased risk for cardio-metabolic diseases in later life of the off-

spring (Edwards et al., 1993; Lindsay et al., 1996; Seckl et al., 2000; Odermatt, 2004). Given 

its important physiological functions, it is crucial to identify exogenous substances inhibiting 

11β-HSD2 that might cause adverse health effects in human. Furthermore, 11β-HSD2 was 

recently found to be involved in oxysterol metabolism, with possible roles in the regulation of 

the immune system and in the control of cancer cell properties (Voisin et al., 2017; Raleigh et 

al., 2018; Beck et al., 2019a; Beck et al., 2019b). However, whether a disturbance of these 

functions contributes to the observed adverse health effects upon inhibition of 11β-HSD2 

remains unknown.  

Animal models are widely applied for efficacy and safety studies during the development and 

testing of novel drugs. However, the fact that the itraconazole- and posaconazole-induced 
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pseudohyperaldosteronism has remained undetected in preclinical investigations emphasizes 

the importance to understand species-specific differences as well as caution when trying to 

extrapolate findings from animal studies to human. The most frequently used animal species 

for preclinical toxicological studies is the rat, whereas the mouse is most widely used for 

mechanistic investigations, including transgenic lines. Additionally, the importance of 

zebrafish has gained considerable attraction due to the low cost and because experiments with 

larvae during the first 96 hours are not considered as animal experiment (Planchart et al., 2016; 

Wrighton et al., 2019).  

Rather few studies addressed species-specific differences in 11β-HSD2 so far. Nevertheless, in 

vitro studies showed potent inhibitory effects of the anabolic androgenic steroid 

fluoxymesterone (Fürstenberger et al., 2012) and of dithiocarbamates (Meyer et al., 2012) 

against human but not rodent or zebrafish 11β-HSD2, respectively. Furthermore, itraconazole 

and posaconazole were shown to be potent inhibitors of recombinant human 11β-HSD2 in in 

vitro experiments (Beck et al., 2017), whereas measurements performed in whole rat an mouse 

kidney homogenates suggested much weaker inhibitory effects in these species. However, in 

whole renal homogenates the compounds could have been metabolized and therefore no longer 

able to inhibit 11β-HSD2 activity, thus requiring a direct comparison of inhibitory effects on 

recombinant enzymes determined in the same cellular background. Nevertheless, no significant 

adverse effects were observed after inspection of endocrine parameters in preclinical rat studies 

following exposure to itraconazole (Van Cauteren et al., 1987). This suggests that due to 

species-differences rodents may not serve as suitable surrogate models to study effects on 11β-

HSD2 in human.   

The present study aimed to compare inhibitory potencies of posaconazole, itraconazole and its 

main metabolite hydroxyitraconazole (OHI) towards recombinant human, rat, mouse and 

zebrafish 11β-HSD2. A more detailed comparison then focused on the human and mouse 

enzyme. For this purpose, new homology models, molecular docking calculations as well as 

site-directed mutagenesis and enzyme activity assays with chimeric proteins were applied to 

elucidate the structure-function relationships of the species-specific differences in the 

mechanism of inhibition by the azole antifungals.  
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3. Material and methods 

3.1. Chemicals and reagents 

[1,2,6,7-3H]-cortisol was obtained from Perkin-Elmer (Boston, MA, USA) and 

hydroxyitraconazole (OHI) from Carbosynth (Berkshire, UK). All other chemicals were from 

Sigma-Aldrich (Buchs, Switzerland) if not stated otherwise. 

 

3.2. Cell culture 

Human embryonic kidney-293 cells (HEK-293) were purchased from ATCC (Manassas, VA, 

USA). Cells were cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented with 

4.5 g/L glucose, 10% fetal bovine serum (S1810-500, Biowest, Nuaillé, France), 100 U/mL 

penicillin, 0.1 mg/mL streptomycin, 10 mM HEPES buffer (pH 7.4) and 1% MEM non-

essential amino acids (Bio Concept, Allschwil, Switzerland) at standard conditions (37°C and 

humidified 5% CO2). 

 

3.3. Molecular cloning 

All chimeric proteins were designed to bear a C-terminal Flag-tag (DYKDDDDK) and were 

cloned into the pcDNA3.1 vector (Invitrogen, Carlsbad, CA, USA) (schematic overview of the 

chimera in Fig. 3). The chimera A, B, C and D were generated by a sequence overlap extension 

approach based on the human (Odermatt et al., 1999) or mouse 11β-HSD2 cDNA 

(NM_008289.2 in pcDNA3.1 from GenScript, Piscataway Township, NJ, USA). The fragments 

were amplified with complementary overhangs of the cassette corresponding to residues 268-

277 for human (5’-GAGTCAGTGAGAAACGTGGGTCAGTGGGAA-3’) and mouse 11β-

HSD2 (5’-GATGCAGTGACTAATGTGAACCTCTGGGAG-3’) (oligonucleotide primers 

used for amplification are shown in Suppl. Table 1). The two purified fragments containing the 

complementary overhangs were supplied in an equimolar ratio, followed by a PCR reaction 

using primers at the 5’ and 3’ end of the entire sequence for amplification. PCR reactions were 

carried out using iProofTM High-Fidelity DNA polymerase (Bio-rad, Hercules, CA, USA). The 

final PCR product was digested with Hind-III HF and Kpn-I HF (New England Biolabs, NEB, 

Ipswich, MA, USA) and ligated into pcDNA3 by T4 ligase (NEB).  

Chimera E (human 11β-HSD2 with His170Leu,Glu172Ile) and G (chimera A with 

His170Leu,Glu172Ile) were obtained by site directed mutagenesis using Pfu polymerase (NEB) 

and TaKaRa PrimeSTAR GXL polymerase (Takara Bio Inc., Kusatsu, Japan). Oligonucleotide 

primers were designed to achieve a circular nicked PCR-product. Template DNA was removed 
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by a Dpn I digest (NEB), and the PCR product was transformed into competent bacterial cells 

for amplification. Chimera F (mouse 11β-HSD2 bearing mutations Leu170His,Ile172Glu) and 

H (chimera B with mutations Leu170His,Ile172Glu) were generated utilizing iProof TM High-

Fidelity DNA polymerase, resulting in a linear unphosphorylated PCR-product. To facilitate 

re-circularization, the 5’-ends were phosphorylated by T4 polynucleotide kinase (NEB) prior 

to ligation by T4 ligase. After Dpn I digest, the clones were transformed into competent 

bacterial cells. Sequences were verified by Sanger sequencing (Microsynth, Balgach, 

Switzerland).  

 

3.4. Determination of the inhibition of wild type and mutant 11β-HSD2 activity 

by azole antifungals 

HEK-293 cells (2 × 106 cells per 10 cm cell culture dish) were incubated for 24 h and transiently 

transfected with plasmids encoding mouse (NM_008289.2), rat (NM_017081.2) or zebrafish 

11β-HSD2 (NM_212720.2), or with chimera A-H, using the calcium precipitation method. All 

constructs were C-terminally flag epitope tagged and cloned into pcDNA3. At 48 h post-

transfection, the cells were washed with PBS, collected in 2 mL ice-cold PBS per 10 cm dish, 

aliquoted (200 μL or 400 μL) and centrifuged at 4°C for 4 min at 16,000 × g. Subsequently, 

supernatants were discarded, pellets shock-frozen and stored at -80°C. For the analysis of 

human 11β-HSD2 activity, HEK-293 cells stably expressing 11β-HSD2 (AT8 clone) were 

utilized as described earlier (Beck et al., 2017). Cell pellets were suspended in 400 μL TS2 

buffer (NaCl 100 mM, EGTA 1 mM, EDTA 1 mM, MgCl2 1 mM, sucrose 250 mM, Tris-HCl 

20 mM, pH 7.4) and lysed by sonication (UP50H sonicator, Hielscher Ultrasonics). Conditions 

for each batch of cell pellets were optimized to reach 20-30% substrate to product conversion 

rate. Lysates were incubated with test substances or vehicle control (DMSO), 50 nM cortisol 

(containing 10 nCi of [1,2,6,7-3H] cortisol) and 500 µM NAD+ in a total volume of 22 μL TS2 

buffer at 37°C. The DMSO concentration was kept below 1.2%. At this concentration the 

solvent did not affect enzyme activity. After 10 or 20 min, reactions were stopped by adding 

excess amounts of unlabeled cortisone and cortisol in methanol (1:1, 2 mM each). Samples 

were separated by thin-layer chromatography (mobile phase chloroform/methanol; 9:1), 

dissolved in scintillation cocktail (IRGASAFE Plus, Zinsser Analytic, Frankfurt am Main, 

Germany) and radioactivity was measured by liquid scintillation counting (Packard, 

Connecticut, USA). Experiments were repeated at least three times independently and data were 

normalized to vehicle control.  
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3.5. Homology model and docking 

As there is no crystal structure of 11β-HSD2 available to date, the modeling study aiming at 

explaining the mechanism of inhibition of the human and mouse enzyme variants was initiated 

with homology modeling using the SwissModel homology modeling platform 

(https://swissmodel.expasy.org). The primary FASTA sequence of human 11β-HSD2 was used 

as input to the SwissModel web-server. Up to thirty homology models were built based on 

templates identified by sequence similarity to existing proteins. Eight homology models were 

built using template structures of 17β-HSD1 (various PDB IDs), twenty models were based on 

the template structure of 11β-HSD1 (various PDB IDs), one model on the template structure of 

3-oxoacyl-[acyl-carrier-protein] reductase (PDB ID: 3u9l) and finally one on the template 

structure of a putative short chain dehydrogenase (PDB ID: 5u4s). 

Visual inspection of eight models based on template structures of 17β-HSD1 yielded no 

satisfactory model with respect to the placement of both the substrate and cofactor NAD+ and 

the dehydrogenation reaction that the enzyme is supposed to catalyze (at position 11). The 

assumed pose of the cofactor within the active site was found to interfere with backbone 

elements of the built homology models, rendering them unsuitable for further processing. This 

is in contrast with a previous study that, however, used a complex multi-step refinement and 

optimization procedure to obtain a valid putative model (Yau et al., 2017). 

Therefore, we focused on twenty homology models based on the template structure of 11β-

HSD1, i.e. the closest relative in this enzyme family. Their Global Model Quality Estimation 

(GMQE) scores did not differ substantially from those of the 17β-HSD1 based models (0.40 vs 

0.44 for the best scored models). Both cofactor (NAD+) and substrate (cortisol) poses were 

reconstructed by a rigid body transferred from the 11β-HSD1 structure with the PDB ID 4p38 

after protein alignment. Most of the 11β-HSD-based models did not show any unfavorable 

steric backbone clashes with the assumed cofactor pose and allowed placing of the natural 

substrate into the active site. In analogy to human 11β-HSD2 models, we built thirty 

homology models using the mouse FASTA sequence. For both species, homology models 

based on guinea pig 11β-HSD1 (PDB ID: 3g49) revealed the most reliable models that were 

utilized for further investigations.  

3.6. Statistical analysis 

Data were analyzed using two-way ANOVA with Bonferroni’s post hoc tests in the GraphPad 

Prism 5 software. Values represent mean ± SD. 

47

https://swissmodel.expasy.org/


4. Results 

4.1. Species-specific differences in the inhibition of 11β-HSD2 by posaconazole, 

itraconazole and OHI 

The posaconazole-, itraconazole- and OHI-dependent inhibition of cortisol oxidation by 11β-

HSD2 from the four different species human, mouse, rat and zebrafish was determined in 

lysates of HEK-293 cells expressing recombinant enzyme (Fig. 1, Table 1). Itraconazole, OHI 

and posaconazole potently inhibited the human enzyme, with IC50 values of 121 ± 30, 187 ± 56 

and 512 ± 79 nM, respectively. Itraconazole and OHI were approximately 6-fold less active 

towards the rat enzyme, whereas posaconazole was only 1.6-fold less active. In contrast, all 

three azole antifungals showed only very weak inhibitory effects towards mouse and zebrafish 

11β-HSD2, with IC50 values above 7 µM. 

 

 

Fig. 1. Inhibition of human, mouse, rat 

and zebrafish 11β-HSD2 activity. Lysates 

of HEK-293 cells expressing recombinant 

11β-HSD2 of the respective species were 

incubated for 10 min (human) or 20 min 

(mouse, rat, zebrafish) in the presence of 50 

nM cortisol, 500 µM NAD+ and increasing 

concentrations of posaconazole (A), 

itraconazole (B) or OHI (C). Substrate 

conversion was normalized to that of the 

vehicle control (DMSO; 0.3% for 

posaconazole, 0.6% for itraconazole and 

1.2% for OHI). Inhibition curves were fitted 

and analyzed by non-linear regression. Data 

shown are from at least three independent 

experiments and represent mean ± SD. 
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  Inhibition of 11β-HSD2 activity: IC50 [µM] 

 Human Mouse Rat Zebrafish 

Posaconazole 0.512 ± 0.079 8.21 ± 0.56 0.835 ± 0.142 10.1 ± 0.5 

Itraconazole 0.121 ± 0.030 (95%)* 0.729 ± 0.592 9.80 ± 1.96 

OHI 0.187 ± 0.056 11.9 ± 2.5 1.13 ± 0.96 7.48 ± 1.68 

 

Table 1. IC50 values for human, mouse, rat and zebrafish 11β-HSD2 of posaconazole, 

itraconazole and OHI. 11β-HSD2 activity was determined in lysates of HEK-293 cells 

expressing the recombinant enzyme of the respective species. The conversion of cortisol to 

cortisone was measured in the presence of increasing concentrations of inhibitor. Inhibition 

curves were fitted and analyzed by non-linear regression. Data were normalized to vehicle 

control and represent mean ± SD of at least three independent experiments. * % remaining 

activity at the highest concentration of 30 µM. 
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4.2. Comparison of human, mouse, rat and zebrafish 11β-HSD2 protein sequences 

 

Fig. 2. Alignment of human, mouse, rat and zebrafish 11β-HSD2 protein sequences. 

Symbols are coded as followed: grey arrow, α-helix; black arrow, β-sheets; rectangles, cofactor-

binding site in the Rossmann fold, and positions 170, 172, 276 and 279; underlined and bold 

letter, active site; (*), fully conserved residues; (:), residues with considerably similar 

properties; (.), residues with moderately similar properties. 
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To begin to understand which regions of the sequence are responsible for the observed species-

specific differences in 11β-HSD2 inhibition by the azole antifungals, the protein sequences of 

human, mouse, rat and zebrafish 11β-HSD2 were aligned (Fig. 2). The justbio (justbio.com) 

alignment tool was utilized to analyze protein sequences (human: NP_000187.3; mouse: 

NP_032315.2; rat: NP_058777.1; zebrafish: NP_997885). The catalytic triad Ser219, Tyr232 

and Lys236, the cofactor-binding site in the Rossmann fold (Gly89-X-X-X-Gly93-X-Gly95) 

and most of the α-helices and β-sheets are conserved among the four species. As expected, 

human 11β-HSD2 shares higher sequence similarities with mouse and rat enzymes than with 

that of the zebrafish. Significant differences were detected in the C-terminal regions. The mouse 

enzyme is 19 amino acids shorter than its human counterpart, while the rat C-terminus is more 

similar to that of the human enzyme. Thus, we hypothesized that the variable C-terminal region 

could be responsible for the differences in the inhibition of human and mouse 11β-HSD2 by 

the investigated azole fungicides. Previous predictions using rigid homology models of the 

human and mouse enzyme suggested a different orientation of Trp276 that would cause steric 

hindrance in the mouse enzyme and prevent binding of posaconazole, itraconazole and OHI 

(Beck et al., 2017). Additionally, Arg279 was proposed to stabilize the binding of itraconazole 

and OHI in the human enzyme but not in mouse 11β-HSD2, where this residue did not seem to 

form interactions with the investigated azole fungicides (Beck et al., 2017; Beck et al., 2020a). 

Interestingly, Trp276 and Arg279 are both conserved in human and mouse 11β-HSD2. 

Nevertheless, a closer inspection of the sequence upstream of these two amino acids led to the 

hypothesis that the rather bulky amino acids Arg271 and Gln275 in human compared to Thr271 

and Leu275 in mouse 11β-HSD2 might result in a different orientation of Trp276 and Arg279 

in the two species. Thus, in a next step, the species difference between human and mouse 11β-

HSD2 was investigated by site-directed mutagenesis and generation of chimeric proteins.  

 

4.3. Mutant enzymes to study the role of the C-terminal regions of human and 

mouse 11β-HSD2 

Four different chimera were constructed to investigate the role of the C-terminus in the different 

response of human and mouse 11β-HSD2 to the azole antifungals (Fig. 3A). Chimera A 

contains the sequence of human 11β-HSD2 up to residue 268, followed by the mouse C-

terminus. Chimera B represents the complementary construct with the mouse sequence up to 

position 268, followed by the human C-terminus. To investigate the impact of the amino acids 

268-277 on the orientation of Trp276 and Arg279, this cassette of 8 amino acids was exchanged 

between human and mouse, resulting in chimera C (human enzyme with the mouse cassette) 
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and D (mouse enzyme with the human cassette). These chimeric proteins were expressed 

similar to the wild type enzymes and able to convert cortisol to cortisone (Suppl. Fig.1). 

 

 

Fig. 3. Schematic representation of the cloned 11β-HSD2 mutants. Human sequence is 

indicated in black, mouse sequence in grey and the positions 170, 172, 276 and 279 are 

represented by white bars. All sequences were cloned into pcDNA3 and carry a C-terminal 

FLAG-tag.  

 

 

4.4. The role of the C-terminal region on the inhibition of human and mouse 11β-

HSD2 by azole fungicides 

We hypothesized that chimera A and C would show a loss of inhibition by the azole fungicides 

compared to human 11β-HSD2 and that chimera B and D would show a gain of inhibitory effect 

compared to the mouse enzyme. Therefore, lysates of HEK-293 cells expressing the respective 

protein were subjected to enzyme activity assays in the absence and presence of 1 μM or 10 μM 

of the indicated azole fungicide (Fig. 4). Substitution of the human C-terminal region by that 

of the mouse enzyme in chimera A significantly decreased the inhibitory effect of the tested 

azole fungicides (Fig. 4). The analogous substitution, i.e. mouse enzyme bearing the human C-

terminal region (chimera B), resulted in a trend to increased sensitivity towards itraconazole 

but not towards posaconazole or OHI (Fig. 4). Substitution of the human sequence upstream of 

Trp276 by the corresponding mouse cassette (chimera C) as well as the analogous exchange in 
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the mouse enzyme (chimera D) did not affect the azole fungicide-mediated inhibition (data not 

shown). 

 

Fig. 4. Effect of the substitution of the C-terminal region of human and mouse 11β-HSD2 

on azole fungicide-mediated inhibition. Lysates of HEK-293 cells expressing the indicated 

11β-HSD2 construct were incubated for 10 min (human, chimera B) or 20 min (mouse, chimera 

A) with 50 nM cortisol, 500 µM NAD+ and 1 µM or 10 µM of test substances. Substrate 

conversion was normalized to vehicle control (0.4% DMSO). Data from three independent 

experiments represent mean ± SD. Two-way ANOVA with Bonferroni’s post hoc test, p values: 

* < 0.05, **** < 0.0001 and ns (not significant). 

 

 

4.5. Use of homology models to study differences between human and mouse 11β-

HSD2 

Due to the limitations of previously used rigid homology models, more flexible models of 

human and mouse 11β-HSD2 were developed to study further species-specific differences. The 

new models both predicted comparable hydrogen bonds between Ser219 and Tyr232 with the 

C11-hydroxyl on cortisol and the cofactor, essential for catalytic activity (Fig. 5). Additionally, 

Tyr226 forms a hydrogen bond with the C3-carbonyl on cortisol, and the C21-hydroxyl on 

cortisol forms a hydrogen bond with NAD+ in both species. Predicted differences include 

hydrogen bonds between Gln342 and the C3-carbonyl on cortisol as well as between NAD+ and 

Ser269 in human 11β-HSD2 that are both absent in the mouse enzyme. Furthermore, Ser269 

forms a hydrogen bond with the C17-hydroxyl on cortisol, while the mouse enzyme has an 

alanine at this position. Notably, the new models predicted differences in the orientation and 

interactions of the loop consisting of residues 168-180 that are lining the active site. A closer 

look in human 11β-HSD2 on the binding site region in the vicinity of the steroid substrate D-

ring, dictating selectivity to cortisol, indicated that the loop portion around histidine residue 170 
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(His170) could be responsible for interspecies differences in the enzyme selectivity. 

Optimization of a human homology model built on the guinea pig 11β-HSD1 (PDB ID: 3g49) 

template showed that His170 offers an ideal hydrogen bonding interaction to the cortisol C20 

carbonyl (Fig. 5A). Due to the particular pKa properties of His170, it may also provide positive 

charge for compensating the negative charge of the cofactor’s phosphate groups. Furthermore, 

the human 11β-HSD2 model bears a charged glutamic acid at position 172 (Glu172) in close 

proximity to His170. Even though Glu172 is not directly involved in substrate binding, it may 

influence the structure of the protein considerably due to its charge and positioning preference 

towards the solvent. Interestingly, Glu172 was proposed earlier to interact with Leu179 and 

disruption of the stabilization of a flexible turn in the AME causing mutant Leu179Arg may 

contribute to the observed loss of function (Yau et al., 2017).  

 

 

Fig. 5. Predicted binding of cortisol to 11β-HSD2. A) human and B) mouse 11β-HSD2 

homology models. Dashed yellow lines indicate relevant hydrogen bond interactions (fulfilling 

directionality and distance criteria < 2.8 Å) for protein-ligand binding.  

 

In contrast, the active site loop (residues 168-180) of mouse 11β-HSD2 contains more lipophilic 

residues (Leu170, Ile172) compared to the human structure (Fig. 5B). These two lipophilic 

residues were predicted to hide from the solvent into the interior of the active site cavity, causing 

substantial reshaping of the backbone path in the area critical for substrate binding and slightly 

limiting the accessibility of the pocket. This still allowed binding of endogenous substances 

like cortisol, but bulky compounds like itraconazole and posaconazole may experience less 

favorable interactions in the mouse compared to the human enzyme. For the reasons described 

above, we aimed to investigate to which extent the residues at position 170 and 172 are involved 

in the observed species-dependent 11β-HSD2 inhibition by the studied azole antifungals.  
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4.6. Mutant enzymes to study a possible role of His170,Glu172 in the species-

specific differences between human and mouse 11β-HSD2 

To test the relevance of the residues at positions 170 and 172 for the azole fungicide-dependent 

inhibition of human 11β-HSD2, His170 and Glu172 were mutated to the respective residues in 

mouse 11β-HSD2 (Leu170, Ile172) in human wild type 11β-HSD2 (chimera E) or in the human 

enzyme bearing the mouse C-terminal region (chimera G) (Fig. 3B). The analogous exchange 

in mouse wild type (chimera F) and mouse 11β-HSD2 bearing the human C-terminus (chimera 

H) were constructed as well. All chimeric enzymes were well expressed and active in intact 

HEK-293 cells, except of chimera G that seemed to be unstable as indicated by its reduced 

expression following detection by western blot and based on the loss of enzyme activity in 

assays using lysates of HEK-293 cells transiently expressing chimera G (Supp. Fig. 1).  

 

4.7. Effect of residues at positions 170 and 172 on the inhibition of human and 

mouse 11β-HSD2 by azole fungicides 

Human 11β-HSD2 with the substitution His170Leu,Glu172Ile (chimera E) displayed 

significantly decreased inhibition by the three azole fungicides tested at 1µM (Fig. 6). The 

analogous mutation Leu170His,Ile172Glu in the murine enzyme (chimera F) significantly 

increased and tended to increase the sensitivity towards itraconazole and OHI, respectively. In 

contrast, chimera F and mouse 11β-HSD2 were similarly inhibited by posaconazole. 

Importantly, replacing the C-terminal region in the mouse sequence by that from human and 

introducing substitutions Leu170His,Ile172Glu (chimera H) changed the inhibition pattern for 

the three azole antifungals almost to that of the human enzyme (Fig. 6). Unfortunately, the 

combination of replacing the C-terminus of the human enzyme by that of the mouse and 

introducing substitutions His170Leu,Glu172Ile (chimera G), was not stable and could thus not 

be tested. 
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Fig. 6. Comparison of the posaconazole-, itraconazole- and OHI-dependent inhibition of 

human and mouse 11β-HSD2 with that of chimera E, F and H. Lysates of HEK-293 cells 

expressing recombinant 11β-HSD2 of the indicated species or the respective chimera were 

incubated for 10 min (human) or 20 min (mouse, chimeras) with 50 nM cortisol, 500 µM NAD+ 

and 1 µM or 10 µM of the test compounds. Substrate conversion was normalized to that of the 

vehicle control (0.4% DMSO). Data represent mean ± SD from three independent experiments. 

Data were analyzed by two-way ANOVA with Bonferroni’s post hoc test. P values: * < 0.05, 

** < 0.01, **** < 0.0001 and ns (not significant). 

 

 

Next, concentration-dependence curves were determined for the most potent 11β-HSD2 

inhibitor, itraconazole (Fig. 7). Whilst an IC50 of itraconazole for human 11β-HSD2 of 121 ± 

30 nM was obtained, a more than 15-fold weaker inhibition (2.17 ± 1.66 µM) was determined 

for chimera E carrying the His170Leu,Glu172Ile substitution (Table 2). Exchange of the human 

C-terminus by that of the mouse (chimera A) decreased the inhibitory potency of itraconazole 

by a factor of 30 (IC50 value of 3.55 ± 1.81 µM). The combination of C-terminus exchange and 

His170Leu,Glu172Ile substitution could not be assessed due to the instability of chimera G. 

The murine enzyme showed a residual activity of about 95% at the highest itraconazole 

concentration tested (30 µM) and an IC50 value could not be determined. Regarding mouse 11β-

HSD2, a gain of sensitivity towards inhibitory effect of itraconazole could be observed by 

replacing the C-terminal region by that from human (chimera B, 58% residual enzyme activity 

at 30 µM) or by introducing the substitution Leu170His,Ile172Glu (chimera F) (IC50 value of 

6.34 ± 3.83 µM). Most importantly, exchange of the mouse C-terminus by that of the human 

enzyme in combination with the substitution Leu170His,Ile172Glu (chimera H), displayed a 

humanized phenotype, with an IC50 value of 561 ± 85 nM. Similar results were found for 
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posaconazole (Suppl. Fig. 2, Suppl. Table 2): the IC50 for chimera F was about three times lower 

than for the mouse enzyme and this was further reduced by a concomitant introduction of the 

human C-terminus (chimera H). Moreover, posaconazole was about three times less effective 

to inhibit chimera E compared to the human enzyme.  

 

 

Fig. 7. Concentration-dependent inhibition of 11β-HSD2 variants by itraconazole. Lysates 

of HEK-293 cells expressing recombinant 11β-HSD2 of the indicated species or the respective 

chimera were incubated for 10 min (human, chimera B) or 20 min (mouse, chimera A, E, F, H) 

with 50 nM radiolabeled cortisol, 500 µM NAD+ and increasing concentrations of itraconazole. 

Substrate conversion was normalized to that of the vehicle control (0.6% DMSO). Data from 

three independent experiments are shown as mean ± SD. 

 

 

 

Table 2. IC50 values for human and mouse 11β-HSD2 

as well as for chimera A, B, E, F and H for 

itraconazole. 11β-HSD2 activity was determined in 

lysates of HEK-293 cells expressing the indicated 11β-

HSD2 variant, measuring the conversion of cortisol to 

cortisone in presence of increasing concentrations of 

inhibitor. Inhibition curves were fitted and analyzed by 

non-linear regression. Data were normalized to vehicle 

control and represent mean ± SD of at least three 

independent experiments. * % remaining activity at 

highest concentration of 30 µM. 

 

 

 

Itraconazole  

 IC50 [µM]  

Human  0.121 ± 0.030  

Mouse  (95%)*  

Chimera 

A 3.55 ± 1.81  

B (58%)*  

E 2.17 ± 1.66  

F 6.34 ± 3.83  

H 0.561 ± 0.085  
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5. Discussion 

Recent clinical studies and case reports evidenced that the systemically used azole antifungals 

posaconazole and itraconazole can cause pseudohyperaldosteronism (reviewed in (Beck and 

Odermatt)). Two distinct mechanisms were proposed, namely inhibition of the adrenal cortisol 

synthesis by CYP11B1, which seems to be the predominant mechanism for posaconazole 

(Barton et al., 2018; Boughton et al., 2018; Kuriakose et al., 2018; Beck et al., 2020a), and 

inhibition of cortisol inactivation by 11β-HSD2 in the kidney and colon, which seems to be the 

predominant mode-of-action for itraconazole (Beck and Odermatt; Hoffmann et al., 2018; Beck 

et al., 2020b). These adverse effects have only recently been recognized in patients, mainly in 

those reaching high serum drug levels, and they have remained undetected  in preclinical 

investigations.  

The present study revealed considerable species-specific differences in the inhibition of 11β-

HSD2 by posaconazole, itraconazole and its main metabolite OHI. Regarding posaconazole, 

approximately 1.5-fold lower inhibitory activity was found against rat compared to human 11β-

HSD2, in line with a previous estimation based on a comparison of human recombinant enzyme 

with whole rat kidney homogenate (Beck et al., 2017). Earlier toxicological studies in rats on 

the safety of posaconazole reported effects at high dose that were related to inhibition of steroid 

hormone synthesis; however, no information was provided on the underlying mechanism and 

typical symptoms of pseudohyperaldosteronism were not declared (European Medicines 

Agency, 2019). Compared to posaconazole, itraconazole is a more potent inhibitor of human 

11β-HSD2 (Beck et al., 2017). However, both itraconazole and its major metabolite OHI only 

moderately inhibited rat 11β-HSD2, in line with the previous preliminary assessment 

comparing human recombinant enzyme with whole rat kidney homogenate (Beck et al., 2017). 

This earlier experiment could not exclude a degradation of itraconazole and OHI by renal drug 

metabolizing enzymes, thus the present comparison of recombinant enzymes of the different 

species in an identical cellular background was needed. Interestingly, preclinical repeated-dose 

toxicity studies in rats assessing the safety of itraconazole did not detect any significant 

alterations of endocrine parameters (Van Cauteren et al., 1987). Thus, the lower sensitivity of 

rat compared to human 11β-HSD2 towards posaconazole and itraconazole may explain, at least 

in part, why pseudohyperaldosteronism as an adverse drug reaction has not been identified in 

rodent preclinical studies.  

An additional safety concern represents the disruption of the 11β-HSD2-mediated placental 

glucocorticoid barrier between mother and fetus. Inhibition of placental 11β-HSD2 can lead to 
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elevated fetal exposure to cortisol, affecting fetal programming. An observational study in 

pregnant Finnish woman, assessing the effect of licorice intake (containing the potent 11β-

HSD2 inhibitor GA) on pregnancy duration and health of the children, detected shorter 

gestation times, reduced birth weight, as well as an increased HPA axis activity and behavioral 

disturbances in the childhood (Strandberg et al., 2002; Räikkönen et al., 2009; Räikkönen et 

al., 2010). However, the use of azole antifungals is not indicated during pregnancy. 

Importantly, the present study demonstrates that posaconazole and itraconazole (including 

OHI) are very weak inhibitors of mouse and zebrafish 11β-HSD2, with IC50 values above 7 µM. 

Whilst the mouse represents the most widely used species for mechanistic investigations, 

including transgene lines, the zebrafish is a model organism that gained increasing interest due 

to the low cost and the fact that experiments with larvae are not considered as animal 

experiments (Planchart et al., 2016; Wrighton et al., 2019). Thus, mechanisms and 

consequences of 11β-HSD2 inhibition by these azole antifungals cannot be studied in these two 

species. Furthermore, as the concentrations of azole antifungals in the environment were 

reported to be in the picomolar range (Assress et al., 2019); the risk that itraconazole and 

posaconazole from wastewater affect fish health via 11β-HSD2 inhibition is negligible. 

Nevertheless, CYP11B1/2 that are also targets of posaconazole and itraconazole in human 

remain to be investigated as targets of these drugs in fish as well as in rodents (Beck et al., 

2020a). 

To begin to understand the species-specific differences in the inhibition of 11β-HSD2 by the 

investigated azole antifungals, molecular modelling and chimeric enzymes with residue 

substitutions between human and mouse sequences were applied. As no 11β-HSD2 crystal 

structure is available to date, homology models were built for the human and mouse enzyme, 

based on human and guinea-pig 11β-HSD1 crystal structures, similar to previously reported 

models (Yamaguchi et al., 2011a; Yamaguchi et al., 2011b). In contrast to a recently reported 

model based on 17β-HSD1 structure (Yau et al., 2017), our attempts failed to find a suitable 

binding pose of cortisol allowing electron transfer to NAD+ in 11β-HSD2 models derived from 

17β-HSD1 structures. Furthermore, as shown in Figure 8, superposition of 20 human homology 

models revealed the highly flexible C-terminal region for which no suitable structural prediction 

could be made due to the low similarity with any to-date crystallized protein. This emphasizes 

the uniqueness of the 11β-HSD2 C-terminal region compared to other short-chain 

dehydrogenase/reductase enzymes.  
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The roles of Trp276 and Arg279, suggested previously to be involved in the different response 

of human and mouse 11β-HSD2 to itraconazole and posaconazole (Beck et al., 2017), are 

difficult to predict by using homology models. Nevertheless, the influence of the non-conserved 

eight amino-acid long sequence located upstream of Trp276 was investigated by exchanging 

this cassette between human and mouse 11β-HSD2, followed by analysis of inhibitory effects. 

The observation that the exchange of this sequence did not alter the inhibition pattern for both 

chimeric enzymes compared to their wild type counterpart, suggests that a different positioning 

of Trp276 and Arg279 is not responsible for the observed species differences toward 

posaconazole and itraconazole. Alternatively, the substituted residues may not alter the 

different orientations of Trp276 and Arg279 in human and mouse 11β-HSD2.    

 

Fig. 8. Superposition of 20 human 11β-HSD2 homology models. Alpha helices are represented 

in red and beta sheets as arrows in turquoise. Itraconazole (green) and the cofactor NAD+ 

(orange) were docked into the binding pocket. The high variability of the predicted C-terminal 

region is indicated by the unstructured gray lines.  

 

 

Nevertheless, the C-terminal region had a partial effect on the species-specific inhibition of 

11β-HSD2 by the studied azole antifungals. Itraconazole, its metabolite OHI and posaconazole 

have a prolonged rigid shape composed of consecutive rings, whereby the extended moiety of 

the molecule is oriented into the binding pocket to compete with the substrate and the rest of 

the molecule faces the C-terminal region of the enzyme (approximately 60% of the structure). 
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In order to elucidate how such large rigid molecules can interact with residues in the C-terminal 

region, crystal structures with the cofactor and either cortisol or the respective inhibitor will be 

needed.  

Besides the C-terminus, the active site loop comprising residues 168-180 was found to be 

responsible for part of the differences in the azole fungicide-mediated inhibition of 11β-HSD2 

between human and mouse. The weak inhibition of mouse 11β-HSD2 by these compounds 

suggests that the lipophilic residues Leu170 and Ile172 at the analogous position of His170 and 

Glu172 in the human enzyme might cause steric hindrance, preventing the binding at this 

particular site. The homology model of mouse 11β-HSD2 can accommodate endogenous 

substrates like cortisol, but the bulky terminal groups of itraconazole and posaconazole are 

predicted to experience less favorable interactions compared to the human enzyme (Fig. 9). In 

the human model, residue Glu172 is charged and expected to be oriented towards the solvent, 

leaving more room for bulky lipophilic ligands, while the amphiphilic character of histidine can 

be exploited. Substitution of Ile172 by glutamate in the mouse enzyme might induce 

conformational changes by reorientation of Glu172 to the solvent, thus increasing the size of 

the binding cavity, which consequently allows inhibition by the studied azole antifungals. 

Indeed, if the two residues 170 and 172 were mutated in the human enzyme to those present in 

mouse (chimera E), a substantial drop of inhibitory potency of itraconazole, OHI and 

posaconazole was seen. On the other hand, increased inhibition was observed, when the amino 

acids at position 170 and 172 in the mouse enzyme were changed to those in the human enzyme 

(chimera F). 

 

 

Fig. 9. Itraconazole docked into 11β-HSD2. A) human 11β-HSD2 and B) mouse 11β-HSD2 

homology models. Yellow dashed lines depict hydrogen bond interactions (fulfilling 

directionality and distance criteria < 2.8 Å). 
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Interestingly, a synergistic gain of inhibitory effect of itraconazole was observed when the 

mouse enzyme was mutated to bear the human C-terminal region and the Leu170His,Ile172Glu 

substitution. This chimeric enzyme represented the inhibitory pattern of human 11β-HSD2, 

indicating that both, residues in close proximity of the substrate and cofactor as well as residues 

in the C-terminal region, are involved in the potent inhibition by itraconazole. Interestingly, an 

interaction of the backbone of Asn171 with Arg279 located in the C-terminal region was 

proposed earlier to be important for the activity of the human enzyme (Yau et al., 2017). Asn171 

was also proposed earlier to stabilize the binding of substrates (Fürstenberger et al., 2012) or 

of amino acids that interact with the pyrophosphate moiety of the cofactor (Arnold et al., 2003). 

Itraconazole and posaconazole might disturb such interactions and consequently inhibit human 

11β-HSD2 activity. Whether mutation of the rat enzyme, or the zebrafish enzyme that is less 

conserved, at these positions leads to a humanized phenotype remains to be investigated. 

In conclusion, the present study revealed significant species-specific differences in the 

inhibition of 11β-HSD2 by the azole antifungals itraconazole and posaconazole that have been 

missed in preclinical studies using rodents and that would also not be detected using zebrafish 

as a model animal. Predictions based on homology modeling and analysis of chimeric enzymes 

showed that substitution of Leu170,Ile172 in mouse 11β-HSD2 by the corresponding residues 

of the human enzyme, i.e. His170,Glu172, along with the exchange of the C-terminal region 

resulted in a gain of sensitivity towards inhibitory effect of these azole antifungals to resemble 

the pattern observed for the human enzyme. The derived structure-activity relationship 

information should facilitate follow-on studies to assess drugs with the potential to cause 11β-

HSD2-dependent pseudohyperaldosteronism, and it should also be useful for the design of 11β-

HSD2 inhibitors for specific therapeutic application and selection of adequate experimental 

animal models. In order to improve modeling-based predictions, crystal structures of 11β-HSD2 

from different species in the presence of cofactor and substrate or inhibitor will be needed.  
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9. Supplementary information 

9.1. Methods 

9.1.1. Expression and activity of wild type and mutant 11β-HSD2 enzymes 

To determine whether the constructed chimera are active, HEK-293 cells were seeded and 

transfected as described in the main methods section. To compare the activity of the chimera 

with that of the human enzyme, a batch of cells was transfected according to the same procedure 

with the plasmid encoding C-terminally Flag-tagged human 11β-HSD2 (AT8 clone, (Odermatt 

et al., 1999)). As a control, cells transfected with the empty vector pcDNA3 were utilized. At 

48 h post-transfection cells were transferred to poly-L-lysine coated 96 well plates (40’000 cells 

per well) and incubated for another 24 h. The next day, the medium was replaced with charcoal 

stripped serum-free medium containing 50 nM cortisol (including 10 nCi of [1,2,6,7-3H] 

cortisol) and cells were incubated for 1 h at 37°C. Reactions were stopped and analyzed as 

described above. Enzyme activity was determined as percentage of the conversion of the 

initially supplied 50 nM cortisol per 40’000 cells. Experiments were carried out two times 

independently each in duplicates.  

 

9.1.2. Determination of the expression of wild type and mutant 11β-HSD2 enzymes 

To determine expression of the chimera, cells were seeded and transfected as described in the 

main section. At 48 h after transfection cells were lysed in RIPA buffer (Sigma-Aldrich) 

containing protease inhibitor cocktail (Roche, Basel, Switzerland). The samples were processed 

as described previously (Inderbinen et al., 2020). Antibodies were diluted in 5% defatted milk 

blocking solution at the following final concentrations: calnexin 0.125 µg/mL (SAB4503258, 

Sigma-Aldrich), anti-FLAG M2 0.125 µg/mL (Sigma-Aldrich), anti-mouse IgG HRP 

conjugated secondary antibody 1-2.75µg/mL (A0168, Sigma-Aldrich) and anti-rabbit IgG HRP 

conjugated secondary antibody 1:5’000 (7074, Cell signaling, Danvers, MA, USA). Immobilon 

Western Chemiluminescent HRP substrate kit (Millipore Corporation, Billerica, MA, USA) 

and Fujifilm ImageQuantTM LAS-4000 (GE Healthcare, Glattbrugg, Switzerland) were used for 

detection of the protein bands.  
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Supplementary Fig. 1. Enzymatic activity of wild type and mutant 11β-HSD2 (A). At 48 h 

post-transfection of HEK-293 cells with expression plasmids for wild type 11β-HSD2, chimera 

A-H and pcDNA3 vector control, cells were seeded (40’000 cells per well of a 96-well plate) 

and incubated for another 24 h. Enzymatic activity was determined by measuring of conversion 

of cortisol to cortisone after 1 h at 37°C. Enzyme activity is presented as cortisone formation 

[%] from the initially supplied 50 nM cortisol. Results show mean ± SD of two independent 

experiments each performed in duplicate. Western blot of wild type and mutant 11β-HSD2 

enzymes (B). HEK-293 cells were transiently transfected with plasmids for wild type 11β-

HSD2, chimera A-H and pcDNA3 vector control. At 48 h post-transfection cells were lysed 

and equal amounts of protein were separated by SDS-PAGE and blotted onto Immobilon®-P 

membranes. An anti-FLAG antibody was utilized to detect the C-terminally FLAG-tagged 

proteins and detection of calnexin served as a loading control. One representative western blot 

is shown.  
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Supplementary Fig. 2. Comparison of the inhibition by posaconazole of human and mouse 

11β-HSD2 and of chimera, E, F and H. Lysates of HEK-293 cells transfected with 

recombinant 11β-HSD2 of the indicated species and chimera were incubated for 10 min 

(human) or 20 min (mouse, chimera E, F, H) with 50 nM cortisol, 500 µM NAD+ and increasing 

concentrations of posaconazole. Substrate conversion was normalized to vehicle control (0.3% 

DMSO). Data is shown as mean ± SD from two independent experiments. 

 

 

 

Supplementary Table 1. Oligonucleotide primer sequences for the chimeric expression 

constructs. 

Primer name  Primer sequence (5’ to 3’) 

Human fw (5’) TAAGCAAAGCTTACCATGGAGCGCTGGC 

Mouse insert human rev CTCCCAGAGGTTCACATTAGTCACTGCATCTGTCTTGAAGCAGCCAG 

Mouse insert mouse fw GATGCAGTGACTAATGTGAACC 

Mouse rev (3’) TGCTTAGGTACCTTACTTATCGTCGTCATCCTTGTAATC 

Mouse fw (5’) TAAGCAAAGCTTACCATGGAGCGCTG 

Human insert mouse rev TTCCCACTGACCCACGTTTCTCACTGACTCTGTCTTGAAGCAGCCAG 

Human insert human fw GAGTCAGTGAGAAACGTGG 

Human rev (3’) TGCTTAGGTACCTTACTTGTCATCGTCGTCCTTG 

Chimera E/G fw CTCGTCAACAACGCAGGCctcaatatcGTAGTTGCTGATGCGGAGC 

Chimera E/G rev GCTCCGCATCAGCAACTACgatattgagGCCTGCGTTGTTGACGAG 

Chimera F/H fw tgaaGTAGTGGCTGACGTGGAA 

Chimera F/H rev ttgtgGCCAGCGTTGTTAACCAG 

Underlinded sequence: site for molecular cloning, small font: site of mutation  
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Posaconazole 

      IC50 [µM] 

Human  0.512 ± 0.079 

Mouse  8.212 ± 0.557 

Chimera 

A n.d. 

B n.d. 

E 1.69 ± 0.32 

F 2.71 ± 0.52 

H 1.99 ± 0.21 

 

Supplementary Table 2. IC50 values for posaconazole for human and mouse 11β-HSD2 

and for chimera A, B, E, F and H. 11β-HSD2 activity was determined in lysates of HEK-293 

cells expressing the indicated 11β-HSD2 variant measured by determining the conversion of 

cortisol to cortisone in the presence of increasing concentrations of inhibitor. Inhibition curves 

were fitted and analyzed by non-linear regression. Data were normalized to vehicle control and 

represent mean ± SD of two independent experiments.  
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Abstract  

Retinoic acid-related orphan receptor γt (RORγt) regulates the expression of pro-inflammatory 

cytokines and it has an important role in several inflammatory and autoimmune diseases, 

including skin diseases such as psoriasis. Multiple synthetic inverse agonists were developed 

to suppress RORγt-dependent inflammatory target genes, such as interleukin-17A (IL-17A), as 

a strategy to treat such pathologies. Less is known on exogenous chemicals from environmental 

sources that may exert adverse effects by activating RORγt. Parabens and UV filters are 

frequently used additives in cosmetics and body care products and intensively inspected for 

endocrine disrupting properties. The present study, assessed whether paraben and UV filter 

chemicals can interfere with RORγ(t) activity. Transactivation experiments revealed 

hexylparaben, benzylparaben and benzophenone-10 as activators of RORγ(t) with estimated 

EC50 values of 144 ± 97 nM, 3.39 ± 1.74 µM and 1.67 ± 1.04 µM, respectively. These 

compounds were able to restore RORγ(t) activity after suppression by an inverse agonist. 

Exposure of EL4 mouse T lymphocyte cells to these compounds enhanced RORγt-dependent 

IL-17A and/or IL-22 expression. Virtual screening of a cosmetics database for structurally 

similar chemicals and in vitro testing of the most promising compounds, revealed 

benzylbenzoate, benzylsalicylate and 4-methylphenylbenzoate as additional RORγ(t) agonists. 

This study presents novel structural scaffolds acting as RORγ(t) agonists. Exogenous chemicals 

such as parabens and UV filters that activate RORγ(t) may potentially aggravate 

pathophysiological conditions, especially skin diseases where highest exposure of such 

chemicals can be expected. Considering the rapid metabolism of parabens to the inactive p-

hydroxybenzoic acid, follow-on studies need to assess whether the identified paraben and 

benzophenone RORγ(t) agonists can reach relevant concentrations in tissues and target cells to 

affect RORγ(t) regulation in vivo.  

 

Key words: Retinoic acid-related orphan receptor gamma; paraben; UV filter; Th17 cell; 

autoimmune disease; inflammation. 

 

Abbreviations: 3-BC, 3-benzylidene camphor; 4-MBC, 4-methylbenzylidene camphor, 

DMSO, dimethyl sulfoxide; ECFP, Extended Connectivity Fingerprint; IL-17A, interleukin-

17A; IL-22, interleukin-22; PCR, polymerase chain reaction; PMA, phorbol 12-myristate 13-

acetate; PPIA, peptidylprolyl isomerase A; RORγ, retinoic acid-related orphan receptor 

gamma; Th17, T helper 17. 
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1. Introduction  

Retinoic acid-related orphan receptors (RORs) are nuclear receptors acting as ligand-dependent 

transcription factors. RORs are involved in multiple physiological functions including lipid and 

glucose metabolism, immune response, and circadian rhythm (Jetten, 2009). RORγ and its 

shorter isoform RORγt share the same ligand binding domain (LBD) and are expressed in 

distinct cells and tissues, thereby exerting different biological functions (He et al., 1998; Villey 

et al., 1999). While RORγ is widely expressed in peripheral tissues including the liver, adipose 

tissue, skeletal muscle and kidney (Hirose et al., 1994; Medvedev et al., 1996; Jetten et al., 

2013), RORγt is specifically expressed in a group of immune cells including T helper 17 (Th17) 

cells and innate lymphoid cells 3 (ILC3) (Ivanov et al., 2006; Montaldo et al., 2015). RORγt 

was shown to act as transcriptional regulator of interleukin (IL)-17 and other pro-inflammatory 

cytokines in Th17 cells and was associated with enhanced inflammation in autoimmune 

disorders such as psoriasis, rheumatoid arthritis, multiple sclerosis and Crohn’s disease 

(Miossec and Kolls, 2012). Mice lacking RORγt were protected against the development of 

Th17-dependent inflammation in autoimmune diseases models (Ivanov et al., 2006; Yang et 

al., 2008). This has raised the interest for RORγt as a potential drug target for the treatment of 

such disorders and several small molecules suppressing RORγt activity were developed and 

shown to ameliorate autoimmune pathologies in animal models (reviewed in (Fauber and 

Magnuson, 2014; Sun et al., 2019)). Additional studies described environmental chemicals, e.g. 

azole antifungals, inhibiting RORγt activity and thereby reducing IL-17 gene expression (Huh 

et al., 2011; Xu et al., 2011; Kojima et al., 2012).  

ROR receptors share the characteristic that they are either constitutively active, indicating that 

coactivators are able to activate ROR-mediated gene expression even in the absence of active 

ligands (Solt et al., 2010), or that they are activated by endogenously occurring (not yet 

identified) ligands present in cultured cells. Nevertheless, basal RORγ(t) activity can be further 

enhanced, when a ligand interacts with the LBD of the receptor (Strutzenberg et al., 2019). In 

contrast to the numerous inhibitors, there are only a few reports about exogenous substances 

that increase RORγ(t) activity such as SR1078 (Wang et al., 2010), SR0987 (Chang et al., 

2016), isoflavones (Kojima et al., 2015) and digoxigenin (Karaś et al., 2018). The consequences 

of RORγ(t) activators are not fully elucidated and may be tissue- and context-dependent. Their 

benefit in the support of the host defense against bacterial and fungal infections that are defeated 

by Th17 cell dependent mechanisms was suggested (Solt and Burris, 2012; Kojima et al., 2015). 

While other reports postulate their potential in cancer treatment, with the principle of using 

Th17 cells in adaptive immune cancer therapy (Martin-Orozco et al., 2009; Bailey et al., 2014; 
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Chang et al., 2016; Hu et al., 2016). However, RORγ(t) agonists may aggravate Th17 cell-

dependent inflammation and autoimmune diseases. 

Body care products and cosmetics contribute considerably to the exposure of humans to 

exogenous chemicals. Many of these products contain several paraben and UV filter chemicals 

and their potential endocrine disrupting effects are of broad concern, widely studied but 

controversially discussed (Krause et al., 2012; Darbre and Harvey, 2014; Wang et al., 2016; 

Nowak et al., 2018; Matwiejczuk et al., 2020). 

Parabens have a broad spectrum of preservative effects and they are widely used as additives 

in cosmetics, medicines as well as processed foods to maintain long-term stability (CIR, 2008; 

Nowak et al., 2018). Parabens are esters of p-hydroxybenzoic acid (also described as 4-

hydroxybenzoid acid) that are characterized by low production costs, excellent chemical 

stability and they are in general considered to be well tolerated (Matwiejczuk et al., 2020). 

Nevertheless, parabens have been associated with disturbances of estrogen receptor function 

and estrogen metabolizing enzymes (Darbre and Harvey, 2008; Boberg et al., 2010; Engeli et 

al., 2017). Additionally, anti-androgenic properties of paraben compounds were reported and a 

recent study described their interferences with additional nuclear receptors (Satoh et al., 2005; 

Chen et al., 2007; Ding et al., 2017; Fujino et al., 2019). The relevance of these observations 

regarding human exposure scenarios remains to be investigated. Exposure to paraben 

compounds takes place by oral intake and transdermal perfusion. Due to the rapid hepatic and 

intestinal hydrolysis, topical application of paraben containing cosmetic products is considered 

as the main route of exposure, with a higher contribution to circulating levels compared to oral 

intake (Matwiejczuk et al., 2020). 

Most sunscreens contain high levels of several UV filter chemicals that can absorb and dissipate 

UV-radiation to protect the skin of the users from sunburn, ultimately preventing skin aging 

and skin cancer (Bens, 2014). Additionally, UV filters are additives of multiple cosmetic 

products such as hair spray, shampoo, make-up, perfumes, and skin care products to defend 

them from the effects of UV-radiation and consequently enhance product stability and 

durability (Liao and Kannan, 2014). An increasing number of human cell- and yeast-based in 

vitro studies as well as animal investigations suggest that some organic UV filters can induce 

endocrine disrupting effects, including estrogenic and androgenic disturbances as well as 

disrupting effects towards thyroid hormone- and progesterone receptor-mediated signaling 

(reviewed in (Schlecht et al., 2004; Kunz and Fent, 2006; Krause et al., 2012; Wang et al., 

2016)). Similar to parabens the main route of human exposure to UV filters is via dermal uptake 
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after topical application of sunscreens and cosmetics, which allows direct entrance to the 

systemic circulation without first-pass effect in the liver (Sarveiya et al., 2004; Krause et al., 

2012). Importantly, human exposure to UV filters is not limited to summer and usage of sun 

cream, suggesting that a substantial exposure derives from other cosmetic products (Calafat et 

al., 2008).  

Due to the important function of RORγ(t) in skin and the fact that sunscreens and cosmetic 

products are a relevant source of human exposure to xenobiotics, the present study assessed 

effects of various paraben and UV filter chemicals as major constituents of sunscreens and 

cosmetics on RORγ(t) transcriptional activity. To detect additional RORγ(t) modulating 

chemicals, a computational similarity search was performed using the identified compounds 

and known RORγ(t) modulators on a database, containing more than 6’000 constituents of body 

care products. Finally, the binding modes of methylparaben and hexylparaben were inspected 

to deduce structural elements responsible for their diverging activity towards RORγ(t). 

 

2. Materials and methods 

2.1. Chemicals and reagents 

SR2211, phorbol 2-myristate 13-acetate (PMA), and ionomycin were purchased from Cayman 

Chemicals (Ann Arbor, MI, USA), benzophenone-10 and benzophenone-9 from Carbosynth 

(Compton, UK), and other benzophenone derivate, 3-benzylidene camphor (3-BC) and 4-

methylbenzylidene camphor (4-MBC) were from Merck AG (Glattbrugg, Switzerland). All 

other chemicals were obtained from Sigma-Aldrich (Buchs, Switzerland), if not stated 

otherwise. RPMI-1640 cell culture medium was purchased from Sigma-Aldrich, Ham’s F12 

Nutrient Mix (21765-029) from Gibco (Thermo Fischer Scientific, Waltham, MA, USA), fetal 

bovine serum (FBS, S1810-500) from Biowest (Nuaillé, France) and FBS for the use in Tet-on 

systems (HyClone, SH30070) from Cytiva (Marlborough, MA, USA). 

 

2.2. Cell culture 

Chinese ovary hamster (CHO) cells stably expressing a doxycycline-inducible RORγ Tet-on 

system were cultured in Ham’s F12 Nutrient Mix medium supplemented with 10% FBS, 100 

U/mL penicillin and 0.1 mg/mL streptomycin (Slominski et al., 2014). Culture medium for EL4 

cells was RPMI with 10% FBS, 100 U/mL penicillin, 0.1 mg/mL streptomycin and 50 µM β-

mercapthoethanol. The EL4 suspension cells were cultured in 75 cm2 cell culture flasks from 

Falcon (Corning Inc., Corning, NY, USA). Both cell lines were cultured at 37°C and 5% CO2. 
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2.3. RORγ-reporter gene assays 

CHO RORγ Tet-on cells were seeded in 96-well plates at a density of 2’000 cells/100 µL and 

incubated overnight. Subsequently, the medium was replaced, and cells were treated with test 

compounds. In experiments including RORγ inhibition, the RORγ inverse agonist SR2211 was 

additionally supplemented to the wells at a final concentration of 1.25 µM. 2 h after treatment 

addition, RORγ expression was induced by adding 1 µM doxycycline for another 16 h. Cells 

were then washed with PBS and lysed in 20 µL Tropix lysis solution (Applied Biosystems, 

Foster City, CA, USA). RORγ-mediated activation of the luciferase reporter was determined as 

described earlier and normalized to values from control cells (Beck et al., 2019). 

  

2.4. IL-17A and IL-22 expression in EL4 cells  

EL4 cells were transfected with plasmid encoding RORγt by electroporation and seeded into 

12-well plates (500’000 cells and 1.6 µg plasmid in 2 mL cultivation medium per well). 

Transfection was performed by the NeonTM transfection system (Invitrogen, Carlsbad, CA, 

USA) using the following conditions: 1.8 × 106 cells and 6 µg plasmid in 100 µL buffer R; cells 

were exposed to one pulse (1’080 V, 50 ms) utilizing a 100 µL gold tip. After incubation for 

16 h, the cells were treated with the indicated test compounds and exposed to PMA and 

ionomycin at 0.156 ng/mL and 31.3 nM, respectively. After incubation for 5 h, the cells were 

centrifuged at 200 × g for 3 min, washed with PBS and homogenized in RLT lysis buffer. Total 

RNA was isolated with the RNeasy Mini Kit (Qiagen, Venlo, Netherlands) according to the 

manufacturer’s protocol and contamination with genomic DNA was eliminated by on column 

DNA digest with DNase I (RNase-free) from Qiagen. 1 µg of RNA was reverse transcribed to 

complementary DNA (cDNA) utilizing the Takara PrimeScript RT Reagent Kit (Takara Bio 

Inc., Kusatsu, Japan). Finally, quantitative polymerase chain reaction (qPCR) was performed 

using Kapa SYBER® Fast qPCR Master Mix (KAPA Biosystems, Wilmington, MA, USA) as 

described earlier (Inderbinen et al., 2020). The following primers were used: peptidylprolyl 

isomerase A (PPIA) forward 5’-CAAATGCTGGACCAAACACAAACG-3’, reverse 5’-

GTTCATGCCTTCTTTCACCTTCCC-3’; IL-17A forward 5’-TCAAAGCTCAGCGT 

GTCCAA-3’, reverse 5’-TCTTCATTGCGGTGGAGAGTC-3’; IL-22 forward 5’-

GTGCGATCTCTGATGGCTGT-3’, reverse 5’-TCCTTAGCACTGACTCCTCG-3’. Primer 

quality was assessed by analysis of melting curves and inspection of the PCR product on an 

agarose gel (single band at the expected size of the amplified sequence). Resulting CT values 
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were normalized to values of the endogenous control gene PPIA and compared to control 

according to the 2-∆∆CT method (Schmittgen and Livak, 2008).  

 

2.5. Similarity search 

The computational similarity search was performed using the CosIng cosmetics database 

published by the European Commission (https://ec.europa.eu/growth/tools-databases/cosing) 

using several parabens, UV filters and published RORγt agonists as templates. The following 

template compounds were selected: hexylparaben (1083-27-8), benzylparaben (94-18-8), 

butylparaben (94-26-8), phenylparaben (17696-62-7), benzophenone-6 (131-54-4), and 

SR0987 (303126-97-8). 

In detail, all entries were retrieved from the CosIng database for which a unique CAS number 

was provided that were neither restricted nor banned. To obtain isomeric SMILES strings for 

these 10’754 CAS numbers, the Cactus web server of the National Cancer Institute 

(https://cactus.nci.nih.gov) as well as the PubChem database (Kim et al., 2019) were 

considered, resulting in 6’715 entries. As some CAS numbers represented compound mixtures, 

their largest organic fragment was retained. A manual evaluation of entries failed to obtain, 

revealed complex extracts or missing SMILES strings and other structural information.  

To compute the Extended Connectivity Fingerprints (ECFP), OpenBabel (v3.0.0) (O'Boyle et 

al., 2011) was employed and the library was compared to the templates by calcualting the 

Tanimoto coefficient. Further, Extended Three-dimensional Fingerprints (E3FP) were 

generated using an open-source python package (Swain, 2013). The LigPrep routine within the 

Maestro Small-Molecule Drug Discovery Suite (Schrödinger LCC, 2019) was selected to 

assign protonation states with Epik at pH 7.4 and to obtain low-energy conformers using the 

OPLS3e force field. For each compound, a maximum of five conformers was retained and their 

highest Tanimoto coefficient was considered as similarity score.  

 

2.6. Statistical analysis 

Data were analyzed in the GraphPad Prism 5 software using the one-way analysis of variance 

(ANOVA) followed by the Dunetts’s post hoc test to evaluate differences between control and 

treated cells in reporter-gene assays as well as qRT-PCR experiments. To estimate EC50 values, 

concentration-dependent responses were fitted and analyzed by non-linear regression.  
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3. Results 

3.1. Identification of parabens and UV filters as RORγ(t) agonists  

To assess whether parabens or UV filters can interfere with RORγ(t) activity, an established 

doxycycline inducible RORγ Tet-on system in CHO cells was applied. Figure 1A depicts the 

structures of benzyl- , hexyl- , phenyl- , heptyl- and butylparaben as well as benzophenone-6 

and benzophenone-10 that were identified to activate RORγ-dependent transactivation at a 

concentration of 10 µM by more than 1.5-fold compared to control. These compounds 

concentration-dependently increased RORγ activity (Fig. 1B and C). EC50 values of 144 ± 97 

nM, 3.39 ± 1.74 µM and 1.67 ± 1.04 µM were obtained for the three most potent RORγ(t) 

agonists, i.e. hexylparaben, benzylparaben and benzophenone-10, respectively (Fig. 1C). The 

remaining test compounds, including the main paraben metabolite p-hydroxybenzoic acid, were 

either inactive or showed only weak agonist activity at 10 µM. An overview of all tested 

parabens and UV filters is displayed in the supplementary information (Suppl. Fig. 1 and 2). 

The effect of the active RORγ(t) compounds on cell viability was evaluated by XTT testing and 

did not show any significant deviations from control at all concentrations analyzed (data not 

shown).  
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Fig. 1. Parabens and UV filters activating RORγ A) Chemical structures of compounds 

found to activate RORγ. B, C) Activation of RORγ activity by parabens and benzophenone UV 

filters. RORγ expression was induced by doxycycline and cells were treated with test 

compounds at the concentrations indicated. Luciferase activity was determined and normalized 

to that of control cells. C) Dose-response curves were fitted and analyzed by non-linear 

regression. Statistical analysis was performed by one-way ANOVA followed by the Dunett’s 

post-hoc test. P values: * < 0.05, *** < 0.001 and ns (not significant). Data represent mean ± 

SD from at least three independent experiments.  
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3.2. Compounds competing with the inverse agonist SR2211 and partially 

reversing RORγ activity 

RORγ(t) typically shows constitutive activity, even in the absence of exogenous ligands. This 

activity can be suppressed by inverse agonists of the receptor, such as SR221 (Kumar et al., 

2012). To test whether the identified RORγ(t) agonists can compete with the potent inverse 

agonist SR2211, basal RORγ activity was suppressed to approximately 30% by 1.25 µM 

SR2211, and subsequently cells were exposed to test compounds or vehicle control. Addition 

of all test compounds showed at least a trend to concentration-dependent increase of RORγ-

mediated transactivation compared to cells exposed to SR2211 alone (Fig. 2), except of 

benzophenone-6 (data not shown). Significant increase was detected for hexylparaben, 

benzylparaben and benzophenone-10 (Fig. 2). These observations supported the findings from 

the RORγ transactivation experiments in absence of SR2211 that these three compounds are 

the most potent RORγ(t) activators.  

Fig. 2. Competition of parabens and benzophenone-10 with the RORγ(t) inverse agonist 

SR2211 and partial reversal of RORγ activity. RORγ expression was initiated by 

doxycycline and basal RORγ-dependent transcriptional activity was suppressed by 1.25 µM 

SR2211. Following incubation with the test compounds at the concentrations indicated, 

reactivation of the RORγ-dependent reporter gene signal was measured and normalized to that 

of vehicle control. Data represent mean ± SD and were analyzed by one-way ANOVA with 

Dunett’s post-hoc test, p values: * < 0.05, *** < 0.001 and ns (not significant). 
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3.3. Structurally similar compounds to identified RORγ(t) activators enhance 

RORγ activity 

To identify additional chemicals in cosmetic products that potentially interfere with RORγ(t) 

activity, a similarity search based on the identified paraben and UV filter structures and the 

well-established RORγt agonist SR0978 (Chang et al., 2016) as templates was conducted 

against the CosIng cosmetics database. Already tested compounds (and their salts) were 

removed from the hit list, while the remaining structures were visually inspected and checked 

for commercial availability to subject the most promising compounds to in vitro testing (Suppl. 

Table 1). Structures and activities towards RORγ of all tested compounds are displayed in the 

Supplementary Figure 3. Benzylbenzoate, benzylsalicylate and 4-methylphenylbenzoate (Fig. 

3A) were most active towards RORγ and induced transcriptional activity in a concentration-

dependent manner (Fig. 3B). XTT assays were performed and cytotoxicity was excluded for all 

active compounds (data not shown). Additionally, the ability of these three compounds to 

reverse the inhibition of RORγ activity by SR2211 was assessed (Fig. 3C). Benzylbenzoate and 

benzylsalicylate were able to restore the suppressed RORγ activity in a concentration-

dependent manner, while 4-methylphenylbenzoate tended to restore RORγ activity.  
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Fig. 3. Testing three compounds selected from the similarity search for effects of RORγ 

activity. A) Chemical structures of three RORγ activators identified by similarity search. B) 

Activation of RORγ by the selected compounds. C) Activation of RORγ by the three selected 

compounds in the presence of a RORγ(t) inverse agonist. RORγ expression was induced by 

doxycycline in the absence (B) or presence (C) of 1.25 µM SR2211 and cells were exposed to 

test compounds or vehicle as a control. Luciferase activity was determined and normalized to 

that of control cells. Data from three independent experiments represent mean ± SD. Data were 

analyzed by one-way ANOVA with Dunett’s post-hoc test, p values: * < 0.05, **<0.01, *** < 

0.001 and ns (not significant).  

 

3.4. Effect of hexylparaben, benzylparaben and benzophenone-10 on IL-17A and 

IL-22 expression in murine EL4 T lymphocyte cells   

The murine EL4 T lymphocyte cell line is commonly used to study effects on RORγt-dependent 

target gene expression. To evaluate whether the three most active newly identified compounds, 

i.e. hexylparaben, benzylparaben and benzophenone-10, affect RORγt-dependent target gene 

expression in an endogenous system, EL4 cells were incubated with these compounds and 

simultaneously stimulated with PMA/ionomycin. It needs to be noted that the endogenous 

RORγt in the EL4 cells used in this study showed rather weak responsiveness and the increase 

of target gene expression in presence of known RORγ(t) agonists was less pronounced than 

described in earlier studies (Kojima et al., 2015; Chang et al., 2016), furthermore, the cells did 

not respond to specific RORγ(t) inverse agonists. Therefore, RORγt was overexpressed in the 

EL4 cells to achieve a more sensitive system. These cells allowed an efficient modulation of 

IL-17A and IL-22 mRNA expression in EL4 cells by the inverse agonist GSK2981278 (1 µM) 

and the agonists SR0987 and genistein (10 µM). Fig. 4 shows activation of IL-17A and IL-22 

gene expression by hexylparaben, benzylparaben and benzophenone-10 in EL4 cells transfected 

with RORγt, and stimulated with PMA/ionomycin. qRT-PCR analysis revealed that all tested 

compounds (except of benzylparaben, where only a trend was detected) significantly activated 

IL-17A mRNA expression at 10 µM (Fig. 4A). Additionally, IL-22 mRNA expression was 

investigated upon exposure of EL4 cells with the test compounds (Fig. 4B). Besides the known 

RORγt activators genistein and SR0987, hexylparaben significantly increased IL-22 mRNA 

expression levels, whereas benzylparaben and benzophenone-10 tended to increased expression 

of this RORγt target gene. 
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Fig. 4. Effect of RORγ(t) agonists on IL-17A (A) and IL-22 (B) mRNA expression in EL4 

cells. EL4 cells were exposed to the indicated compounds and stimulated with PMA/ionomycin 

to induce cytokine gene expression. Subsequently, IL-17A (A) and IL-22 mRNA expression 

(B) were quantified by qRT-PCR and normalized to the expression of the housekeeping gene 

PPIA. Data were normalized to vehicle control and represent mean ± SD from three independent 

experiments. Data were analyzed by one-way ANOVA with Dunett’s post hoc test, p-value: ** 

< 0.01, ns (not significant). 

 

 

4. Discussion 

Parabens and UV filters are major additives of cosmetics and body care products, and these 

chemicals have raised interest regarding potential endocrine disrupting activities (reviewed in 

(Wang et al., 2016; Matwiejczuk et al., 2020)). Whilst considerable effort focused on potential 

effects of such compounds towards estrogen and androgen receptors (Schlecht et al., 2004; 

Satoh et al., 2005; Kunz and Fent, 2006; Darbre and Harvey, 2008; Boberg et al., 2010), the 

present study, to our knowledge, is the first to investigate a series of parabens (including their 

main metabolite p-hydroxybenzoic acid) and UV filters for their effects on RORγ(t). Of the 

nine parabens and 15 UV filters initially tested, the two parabens hexylparaben and 

benzylparaben and the UV filter benzophenone-10 were identified as the most active agonists 

of RORγ(t) with estimated EC50 values in the nano and low micromolar range. Importantly, 

these substances were able to enhance the expression of the pro-inflammatory cytokines IL-

17A and IL-22, using mouse T lymphocyte cells (EL4). IL-17A and IL-22 are produced by Th-

17 cells and elevated levels of these cytokines are thought to be involved in the development 

and pathogenesis of autoimmune diseases, including psoriasis (Pan et al., 2013).  
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Due to the important role of RORγt in autoimmune diseases, the receptor was established as a 

drug target and several studies describe inverse agonists with the potential to treat patients 

suffering from such pathologies (Solt et al., 2010; Fauber and Magnuson, 2014; Bronner et al., 

2017; Sun et al., 2019). In particular, autoimmune skin diseases are under investigation for 

treatment with orally or dermally applied RORγt suppressors (Smith et al., 2016; Takaishi et 

al., 2017; Sasaki et al., 2018; Ecoeur et al., 2019; Imura et al., 2019). Th17 cells and IL-17 

were also present in skin biopsies of acne patients and associated with development of this 

pathology (Agak et al., 2014; Kistowska et al., 2015). To our knowledge, there are currently 

no reports available describing the effect of RORγt overstimulation by xenobiotics in such 

skin diseases. However, it can be expected to be unfavorable, as the overexpression of this 

receptor has been described to promote the development of Th17 cells and initiated IL-17 

expression (Ivanov et al., 2006); furthermore, RORγt overexpression was reported to lead to 

the development of autoimmune diseases (Huang et al., 2020).  

The potential consequences of human exposure to RORγ(t) activating parabens need to be 

carefully addressed. Following studies describing endocrine disrupting properties of parabens, 

the European Union restrained their concentrations in cosmetic products and prohibited the use 

of isopropyl-, isobutyl-, phenyl-, benzyl- and pentylparaben in cosmetic products in 2014 (EC, 

2014). Therefore, human exposure to the newly identified RORγ(t) agonist benzylparaben from 

cosmetic products can be estimated to be rather low. Hexylparaben, which has not been banned, 

has a relatively long alkyl side chain, resulting in reduced solubility. For this reason, this 

compound is less frequently used in cosmetics compared to the better soluble short chain length 

parabens (CIR, 2008). Thus, dermal exposure to hexylparaben (and the weakly active 

heptylparaben) may also be considered as low. Notably, butylparaben was detected in human 

plasma, seminal plasma, urine and breast cancer samples (Darbre et al., 2004; Frederiksen et 

al., 2011; Kang et al., 2016). However, the concentrations found in human were substantially 

lower than those needed to activate RORγ(t) in the present in vitro study. Nevertheless, the 

presence of unmetabolized parabens in human matrices demonstrated their uptake and exposure 

despite the rapid hydrolysis to the metabolite p-hydroxybenzoic acid. Parabens are metabolized 

by carboxylesterases that are highly expressed in the liver and intestine but also to a certain 

extent in the skin (Jewell et al., 2007; Boberg et al., 2010; Ozaki et al., 2013). Harville et al. 

(2007) showed by in vitro studies that the hydrolysis of parabens in the human skin is much 

slower than in liver and the speed of hydrolysis was reduced with increased length of the alkyl 

chain. Whether extensive dermal application of cosmetics containing longer alkyl chain 

parabens might reach concentrations with the potential to disturb local RORγ(t) activity remains 
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unclear. The most widely used parabens in cosmetic products, methyl- and propylparaben 

(reviewed in (Matwiejczuk et al., 2020)), did not disturb RORγ(t) activity in the present in 

vitro study, proposing that these parabens may not disturb RORγ(t) activity in human skin. 

Similar to parabens, maximal concentrations of UV filters in cosmetic products are controlled 

as a consequence of their endocrine disrupting potential (FDA, 1999; EC, 2009). Among the 

investigated UV filters, a few compounds were identified with rather weak agonistic effects on 

RORγ(t), at considerably higher concentrations than those reported in human plasma, urine or 

breast milk (Sarveiya et al., 2004; Calafat et al., 2008; Janjua et al., 2008; Schlumpf et al., 

2010; Frederiksen et al., 2013). Among the tested UV filters, benzophenone-10 was the most 

potent RORγ(t) agonist. Interestingly, this UV filter is applied as a stabilizing and protecting 

agent to prolong the shelf life of cosmetic products. Allergic skin reactions have been reported 

after exposure to benzophenone-10 (Darvay et al., 2001; Goossens, 2016), a skin response also 

involving Th17 cell activation (Peiser, 2013; Simon et al., 2014). Further investigations are 

needed to test whether RORγt activation contributes to this adverse effect of benzophenone-10. 

The computational similarity search based on the most active paraben and benzophenone 

compounds selected from the initial testing, followed by in vitro evaluation using the RORγ-

dependent reporter gene assay, revealed additional cosmetic additives with agonistic RORγ(t) 

activity. Benzylsalicylate is added to cosmetic products as perfuming agent and light stabilizer 

(de Groot, 2020). Benzylbenzoate and 4-methylphenylbenzoate are fragrance ingredients and 

preservatives in cosmetic products (Johnson et al., 2017; de Groot, 2020). Estrogenic activity 

was reported earlier for benzylsalicylate and benzylbenzoate; however, only at high micromolar 

concentrations that may not be reached in human exposure scenarios (Charles and Darbre, 

2009). Both of these chemicals need to be declared when exceeding 0.001% in leave-on and 

0.01% in rinse-off cosmetic products (de Groot, 2020). Interestingly, cosmetic dermatitis was 

associated with benzylsalicylate and benzylbenzoate, however only in very rare cases 

(Goossens, 2016). Among other cosmetic additives, benzylsalicylate is currently subjected to 

further inspections to evaluate its potential for endocrine disruption in consumers (EC, 2019). 

Notably, benzylbenzoate is also employed as an active ingredient in topical treatments for 

scabies (Haustein and Hlawa, 1989). As side effects of the therapy, skin irritation and allergic 

reactions were described. Further experimental investigations are needed to estimate whether 

RORγt has a role in development of such side effects. It remains unclear whether dermal 

exposure to these chemicals reaches relevant concentrations in the systemic circulation or in 

tissues to affect RORγ(t) activity. Furthermore, these chemicals, analogous to parabens, may 
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be at least partially hydrolyzed in the skin, as described for benzylbenzoate (Johnson et al., 

2017).  

Astructure-activity comparison of the analyzed parabens revealed that compounds with short 

side chains, such as methyl- and ethylparaben as well as the main metabolite p-hydroxybenzoic 

acid do not activate RORγ(t). Interestingly, RORγ(t)-active parabens have higher clogP values 

than inactive ones (clogP values listed in (Engeli et al., 2017)), indicating that hydrophobic 

interactions may stabilize ligand binding. Analysis of the potential binding modes of the active 

hexylparaben and the inactive methylparaben in the RORγ orthosteric pocket by molecular 

docking predicted the phenyl-cores of both parabens to bind in the same location, while the 

prolonged alkyl chain of hexylparaben protruded into a sub-pocket containing several 

hydrophobic residues. These additional hydrophobic interactions are absent for methylparaben, 

providing an explanation for the distinct activity of these two compounds (Suppl. Fig. 4). In 

contrast to these parabens, the binding analysis of the benzophenones did not allow to draw 

conclusions on the interactions responsible for the differences between active and inactive 

compounds. The prediction of the binding mode of such small compounds within the large 

binding pocket of RORγ remains challenging and only allows initial insights into the ligand-

protein interactions.  

In conclusion, the present study revealed the scaffolds of parabens and benzophenone UV filters 

as novel RORγ(t) agonists, with the ability to enhance pro-inflammatory cytokine expression 

in a mouse EL4 T lymphocyte cell model. Furthermore, applying a fingerprint-based similarity 

search allowed to identify additional cosmetic compounds with agonistic effects on this 

receptor. The potential toxicological relevance of the identified activities towards RORγ(t) 

needs to be further investigated, considering the rapid metabolism of parabens. In vivo studies 

using animal models of autoimmune diseases may show whether the newly identified 

compounds can aggravate the pathophysiological effects by activating RORγt.  
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8. Supplementary information

Computational Methods 

To investigate binding modes of parabens and benzophenones within the orthosteric pocket of 

RORγ, we selected the standard-precision docking protocol of Glide [1] retaining default 

settings. The respective crystal structure (PDB ID: 6FZU) was retrieved from the Protein Data 

Bank [2] and processed using the Protein Preparation Wizard [3] within Maestro. There, we 

added hydrogen atoms, assigned bond orders, predicted the protonation states of ionizable 

groups at pH 7.4, reoriented the hydrogen bonding network, and subjected the system to a 

restrained minimization with the OPLS3e force field at a convergence threshold of 0.3 Å for 

protein heavy atoms. The ligand conformers for docking were available from the previously 

conducted similarity search.  

Supplementary Table 1. Compounds selected for in vitro testing including the 2D and 3D 

Tanimoto score compared to the template structure. 

Template Substance CAS Nr. Similarity-2D Similarity-3D 

Benyzlparaben 
Benzyl nicotinate 94-44-0 0.49 0.49 

Benzylbenzoate 120-51-4 0.66 0.60 

Benzylsalicylate 118-58-1 0.47 0.48 

Hexylparaben 
Hexylbenzoate 6789-88-4 

0.64 0.62 

Heptylparaben 0.60 0.49 

Butylparaben Butylbenzoate 136-60-7 0.61 0.59 

Phenylparaben 
Phenylbenzoate 93-99-2 0.63 0.56 

Phenylsalicylate 118-55-8 0.43 0.43 

4-Methylphenylbenzoate 614-34-6 0.44 0.29 

SR0987 
Salophen 118-57-0 0.19 0.21 

Acetaminophen 103-90-2 0.17 0.20 
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Suppl. Fig. 1. Paraben compounds tested for effects on RORγ. A) Chemical structures of 

tested parabens. B) RORγ activation by parabens. RORγ expression was induced by 

doxycycline and cells were exposed to test compounds as indicated. Luciferase activity was 

determined and normalized to that of control cells. Data from three independent experiments 

are shown as mean ± SD. Data were analyzed by one-way ANOVA with Dunett’s post-hoc test, 

p values: ** < 0.01, *** < 0.001, ns (not significant).  
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Suppl. Fig. 2. UV filter compounds tested for effects on RORγ. A) Chemical structures of 

tested UV filters. B) RORγ activation by UV filters. RORγ Tet-on cells were treated with 

doxycycline and the UV filters indicated. The measured luciferase activity was normalized to 

that of control cells. Data from three independent experiments are shown as mean ± SD. Data 

were analyzed by one-way ANOVA followed by the Dunett’s post-hoc test, p values: ** < 0.01, 

*** < 0.001, ns (not significant).  
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Suppl. Fig. 3. Compounds selected from the similarity search. A) Chemical structures of 

investigated compounds from the similarity search. B) RORγ activation by compounds selected 

from the similarity search. RORγ expression was induced by exposure of the Tet-on cells to 

doxycycline, and cells were incubated with 10 µM of test compounds. Luciferase activity was 

determined and normalized to that of control cells. Data represent mean ± SD from three 

independent experiments. Data were analyzed by one-way ANOVA followed by the Dunett’s 

post-hoc test, p values: * < 0.05, ** < 0.001, *** < 0.001, ns (not significant).  
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Suppl. Fig. 4. Predicted binding modes of A) methylparaben and hexylparaben together, B) 

hexylparaben, and C) methylparaben in the binding pocket of RORγ. Residues in the proximity 

of the ligand and hydrogen bonds to Y502 are depicted.  
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4.3. Discussion 

Currently, the authorities in the US and Europe mainly focus on the investigation of estrogenic, 

androgenic, and thyroidal effects of chemicals, when they are testing endocrine disrupting 

properties of xenobiotics (Kassotis et al., 2020). Other pathways, including glucocorticoid 

metabolism and action as well as further non-sex-steroid nuclear receptors, such as the 

retinoid X receptor alpha (RXRα) or RORγ(t), are insufficiently investigated. Furthermore, 

standard testing of suspected EDCs often includes investigation of receptor or enzyme activity, 

but not their expression, hormone transport and synthesis, as well as epigenetic alterations. 

On the other hand, there is growing evidence supporting the assumption that EDCs cause a 

risk in human health.  

Despite the global ban of organotins in marine paint in 2008, they are still detected in the 

environment and food chain (Artifon et al., 2016; Batista-Andrade et al., 2018; Chen et al., 

2019; Gao et al., 2019). Given this reason, their further assessment is needed, especially in 

vulnerable populations, including pregnant women and developing children. TBT and TPT 

were described as agonists of RXRα at low nanomolar, toxicological relevant concentrations 

detected in human blood (Kannan et al., 1999; Nakanishi et al., 2005; Grün et al., 2006). This 

nuclear receptor forms homo- and heterodimers with other nuclear receptors; thus, RXRα acts 

as a master regulator in multiple physiological functions (Dawson and Xia, 2012). We now 

reported that TBT and TPT RXRα-dependently increased 11β-HSD2 expression in JEG-3 

placental cells at low nanomolar concentrations (Inderbinen et al., 2020). Importantly, we 

identified further RXRα agonists that led to the same result.  

Like many other in vitro studies, our investigation of the effect of TBT and TPT on 11β-HSD2 

activity is limited as we primarily used cell lines for our experiments. Freshly isolated primary 

human trophoblast cells, retained from the placenta immediately after delivery, facilitate 

investigations in a more physiological environment. However, standardized placental cell 

isolation and purification processes are needed to allow uniform toxicological testing that 

generates reproducible results. Nevertheless, animal studies are required to examine the 

long-term effects of placental disruption by EDCs on fetal outcome. An in vivo study exposed 

female rats to TBT by diet and reported affected sexual development and reproductive 

function of the female offspring; however, the tested doses were higher than the maximal 

doses assumed to be taken up by human via consumption of organotin contaminated food 

(Ogata et al., 2001). Testing high concentrations, most likely not achievable in an exposure 
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scenario, is a common limitation in toxicological animal studies, making it difficult to translate 

findings from animals to humans. However, a more recent study fed rats with organotin-

contaminated seafood in a toxicologically more realistic exposure scenario and subsequently 

investigated disruption of fertility, pregnancy outcome, and multigenerational inheritance of 

metabolic diseases. This study revealed reduced fertility, uterine implantation failure, and 

offspring adiposity upon organotin containing food consumption (Podratz et al., 2020).  

Importantly, rodents differ greatly in the structure of the placenta compared to humans; 

consequently, findings from such studies need to be extrapolated to humans with caution. 

More translatable placental mammal models would be guinea-pigs or sheep, but so far, they 

are underrepresented as investigational models in placental research (Grigsby, 2016). 

Deregulation of 11β-HSD2 expression in the placenta may disturb glucocorticoid-dependent 

mechanisms in the placenta and affect the tightly controlled exposure of the fetus to the 

active glucocorticoid cortisol. It needs further investigations to identify whether, and to what 

extent, disturbed 11β-HSD2 activity contributes to the detected effects of organotins in vivo. 

Additionally, further studies need to be performed to identify other RXRα-activating 

xenobiotics, which may share the potential with TBT and TPT to deregulate 11β-HSD2 

expression in the placental barrier. 

Itraconazole and posaconazole are antifungal drugs applied to treat or prevent systemic 

mycotic infections. Their mechanism of action takes place by inhibition of ergosterol synthesis, 

a crucial component of the fungal cell membrane (Georgopapadakou and Walsh, 1996; Morris, 

2009). Recent case studies described patients at long-term exposure to itraconazole or 

posaconazole that developed an acquired AME syndrome with hypertension, hypokalemia, 

low renin and aldosterone levels, combined with enhanced cortisol to cortisone ratios in 

serum and urine (Thompson et al., 2017; Hoffmann et al., 2018; Thompson et al., 2019). These 

adverse drug effects were associated, at least partially, with 11β-HSD2 inhibition and 

inappropriate activation of MR by cortisol, and they were missed in preclinical safety studies 

conducted in rodents. Besides MR target tissues, 11β-HSD2 is highly expressed in the placenta, 

forming a barrier to protect the fetus from high maternal glucocorticoid levels (Albiston et al., 

1994; Stewart et al., 1995a; Stewart et al., 1995b). Inhibition of the enzyme at this site results 

in enhanced cortisol exposure of the fetus that is related to intrauterine growth restriction 

and metabolic diseases in later life of the offspring (extensively described in (Shams et al., 

1998; McTernan et al., 2001; Beck et al., 2017)).  
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Given its important function, 11β-HSD2 inhibition should be carefully assessed during drug 

development. Species-specific variability in 11β-HSD2 inhibition was proposed earlier 

(Fürstenberger et al., 2012; Meyer et al., 2012; Beck et al., 2017; Beck et al., 2019a; Beck et 

al., 2019b). We now revealed a significant difference in 11β-HSD2 inhibition by azole 

fungicides between the human, mouse, rat, and zebrafish enzymes. For human 11β-HSD2 IC50 

values for posaconazole, itraconazole and its main metabolite OHI were 512 ± 79, 121 ± 30, 

and 187 ± 56 nM, respectively. Notably, posaconazole was 1.6-fold less active towards the rat 

enzyme, whereas itraconazole and OHI were approximately 6-fold less active towards rat 11β-

HSD2. In strong contrast, the mouse and zebrafish enzymes were only weakly inhibited by 

these azole fungicides with IC50 values greater than 7 µM. These observations may explain, at 

least in part, why pseudohyperaldosteronism was not detected in preclinical studies 

performed in rodents. We further investigated 11β-HSD2 inhibition by these antifungal drugs 

and identified residues at position 170/172 and the C-terminal region as structural elements 

responsible for species-specific variability between human and mouse. Exchange of the mouse 

C-terminus by the human counterpart and mutation of the residues 170/172 to the 

corresponding human residues (Leu170His,Ile172Glu) presented a humanized phenotype, 

with an IC50 value of 561 ± 85 nM for itraconazole.  

Unfortunately, the crystal structure of 11β-HSD2 has not been resolved yet. We constructed 

homology models based on available 11β-HSD1 crystal structures to interpret our findings; 

however, these models bear some limitations. 11β-HSD2 is N-terminally anchored in the 

endoplasmic reticulum membrane; modeling this membrane may increase the accuracy of our 

homology models. More importantly, there are so far no suitable templates available to model 

the C-terminal region of the enzyme, making it impossible to predict its structure. This fact 

represents a major limitation as the C-terminus is close to the ligand binding site and stabilizes 

large inhibitors such as the investigated azole fungicides. Crystal structures of 11β-HSD2 from 

different species are needed to allow modeling-based predictions of 11β-HSD2 inhibitors. 

Nevertheless, our newly gained structure-activity information will further facilitate research 

of xenobiotics inhibiting 11β-HSD2 and aid in the selection of appropriate animal models for 

future safety and efficacy studies.  

 

It has been shown that RORγt is essential for Th17 cell differentiation and IL-17 production 

(Ivanov et al., 2006). These immune cells are associated with different autoimmune diseases 
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and chronic inflammatory diseases, thus inhibiting RORγt activity derived as a therapeutic 

principle to treat such pathologies (Miossec and Kolls, 2012). On the contrary, enhanced 

activation of the receptor may be assumed to be unfavorable in patients with such diseases. 

We identified the cosmetic additives hexylparaben, benzylparaben, and benzophenone-10 as 

agonists of RORγ(t) with estimated EC50 values of 144 ± 97 nM, 3.39 ± 1.74 µM, and 1.67 ± 1.04 

µM, respectively. Exposure of these cosmetic additives to EL4 cells, mouse T lymphocyte cells 

that are commonly utilized as endogenous models for the investigation of RORγt ligands, 

revealed increased pro-inflammatory cytokine expression. Additional RORγ(t) agonists were 

identified by virtual screening of a cosmetics database for structurally similar chemicals.  

In a next step, the effect of these substances on RORγt-dependent expression of pro-

inflammatory cytokines should be confirmed in human Th17 cells with high physiological 

relevance. Importantly, further research in mouse models of autoimmune skin diseases is 

required to investigate the effect of dermally applied RORγ(t) agonists on disease progression. 

Furthermore, careful investigations are needed to assess whether the concentrations of 

cosmetic additives, which we reported to affect RORγ(t) activity in vitro, may be reached in an 

exposure scenario, also considering the metabolism of such chemicals that may already occur 

in the skin.  

Interestingly, Th17 cells and regulatory T (Treg) cells were described as contributors to a 

successful pregnancy, a situation where both immune tolerance (to accept the semi-allogenic 

fetus) and immune defense (to protect the mother against infections) are necessary 

(Figueiredo and Schumacher, 2016). This immune balance is crucial to allow implantation and 

maintain pregnancy until term. In contrast to Th17 cells, Treg cells express inhibitory 

cytokines, which reduce excessive immune responses and are therefore described as 

opponents to Th17 cells (Hori et al., 2003). Disturbances of this balance with diminished Treg 

and augmented Th17 dynamics were shown to be involved in pregnancy disorders, such as 

pre-eclampsia, preterm birth, and recurrent spontaneous abortion (Wang et al., 2010a; Lee et 

al., 2012; Koucký et al., 2014; Vargas-Rojas et al., 2016). Whether RORγt active exogenous 

substances may pose a risk for disturbing this balance during pregnancy requires further 

research.  

RORγ, its isoform RORγt, as well as the other members of the ROR family (RORα and RORβ), 

are important regulators, not only of the immune system but also in other physiological and 

pathophysiological functions, including lipid and glucose metabolism, circadian rhythm, and 
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cancer (reviewed in (Jetten, 2009)). Regarding the important functions of RORs, identification 

of modulating xenobiotics is of great importance. Further effort should be made to investigate 

whether these receptors are targets of exogenous substances that may adversely affect 

human health. RORγ(t) is an emerging drug target; therefore, extensive structure-activity 

relationship investigations were already performed on a variety of structures (Nishiyama et 

al., 2014; Chang et al., 2016; Strutzenberg et al., 2019), and numerous crystal structures of 

the receptor are available in the protein data bank (Berman et al., 2000). This forms a robust 

basis to utilize computational screening approaches to identify RORγ(t)-modulating 

environmental chemicals. Such in silico methods may include similarity search (as we 

employed it in the present study) and pharmacophore model- or molecular docking-based 

virtual screenings of databases that contain compounds of interest. A combination of different 

computational approaches might result in improved predictability and could be utilized in 

addition to in vitro and in vivo studies to identify hazardous chemicals. Such an in silico 

workflow, which combined four independent target prediction tools, was applied to identify 

protein targets of dihydrochalcones; in this study, I performed the in vitro assessment of the 

virtual hits on 11βHSDs (Mayr et al., 2020).  

Thousands of chemicals on the current marked lack of toxicity data, and new uncharacterized 

substances are constantly introduced (Krewski et al., 2020). Exposure of the environment and 

humans to such chemicals, therefore, poses a certain risk. However, classical animal 

toxicological studies are not suitable to investigate this massive amount of chemicals. On the 

one hand, animal studies are too expensive and labor-intensive to determine the potential 

toxicity of novel substances in a reasonable time (Bottini and Hartung, 2009). On the other 

hand, animals do not reflect human diversity (such as age, gender, weight, race, comorbidities, 

and lifestyle), particular susceptibilities, and exposure scenarios. Furthermore, animal studies 

are often conducted at very high doses to not miss effects, which contrasts with human 

exposure that frequently occurs at low doses of chemicals and often for a more extended 

period. Additionally, the 3R’s principles (replace, reduce, refine) demand the creation of 

alternative methods to animal testing, and the EU prohibited the testing of cosmetics in animal 

studies. Given these limitations, novel principles arise intending to elucidate cellular-response 

networks that allow uncovering how chemicals may disturb pathways and cause human 

toxicity (Krewski et al., 2020). Such approaches still include animal testing but combine them 

101



with tests based on cellular systems; ideally, human cell models that better predict human 

biological responses and could be performed in fast and cost-effective high-throughput 

screenings. Whenever possible, such assays could be conducted after in silico risk assessment 

by computational approaches as described above for RORγ(t).  

Adverse outcome pathways (AOPs) are such tools for risk assessment of chemical substances. 

They are organized by a representation of molecular and cellular events required to produce 

a toxic effect after exposure (Figure 5) (Vinken, 2013). AOPs are structured by specific 

elements: starting with a molecular initiating event (MIE) that initiates the toxicity process and 

may include binding of a substance to a receptor. Key events (KE) depict the development of 

toxicity, such as changes on the cellular level but can also describe alterations in tissue or 

organs later on. Key event relationships link single key events, finally leading to adverse 

outcomes (AO) that may describe diseases, impaired development, or reproduction (National 

Toxicology Program, 2020). Specific cell- or biochemical-based tests representing MIE or KE 

for defined AOPs will help to classify and prioritize chemicals with high risk for an AO. 

Furthermore, connecting different AOPs to form AOP networks will facilitate understanding 

the effects of chemicals on more complex toxicological endpoints, including cancer (Villeneuve 

et al., 2018).  

 

 

Figure 5. The conceptual diagram of an adverse outcome pathway, including molecular 

initiating events, key events, key event relationships (arrows), and adverse outcomes (adapted 

from (Allen et al., 2016)). 

 

The identification of MIEs is of particular interest in pathway-based toxicology. They describe 

the initiating trigger, such as a chemical-biological interaction, which starts an AOP (OECD, 

2011). In this thesis, I present three chemical-biological interactions that might serve as MIE: 
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binding of TBT or TPT to RXRα, inhibition of 11β-HSD2 activity by azole antifungals, and 

activation of RORγ(t) by parabens and UV filters. Further efforts must be made to investigate 

whether the RXRα-dependent increase in 11β-HSD2 expression contributes (KE, key event 

relationships) to the organotin-related AOs in vivo, e.g., development of imposex or AOs 

concerning pregnancy and the offspring. Azole fungicide-mediated 11β-HSD2 inhibition may 

be classified as an MIE, initiating an AOP that results in the AO pseudohyperaldosteronism. In 

this case, the AOP is complete: 11β-HSD2 inhibition causes deregulation of the glucocorticoid 

homeostasis, resulting in increased cortisol levels (KE), causing MR-dependent deregulation 

of the water and salt homeostasis (KE), and finally resulting in pseudohyperaldosteronism 

(AO). Importantly, this MIE is not conserved over different species; thus, potent human 11β-

HSD2 inhibition might be missed in toxicological studies in rodents. This implies that human-

based cell models might be advantageous over animal studies to investigate 11β-HSD2 

inhibition. Binding of parabens or UV filters to RORγt may also represent an MIE, leading to 

increased pro-inflammatory cytokine expression in immune cells (KE); however, it remains 

unclear whether this chemical-biology interaction may contribute to an AO.   

A common limitation of toxicological testing in the literature and the three presented studies 

of this chapter is the impact of mixtures. In most cases, the effect of single substances towards 

a molecular target of interest is investigated and effects are often detected in the low 

micromolar range. However, in a more realistic exposure scenario, it must be considered that 

we are chronically and simultaneously exposed to multiple chemicals at low doses (nanomolar 

range). The aspect of mixtures is rather difficult to investigate by in vitro studies as ratios of 

different compounds and levels of exposure may be very heterogeneous. Furthermore, the 

duration of exposure and personal vulnerability has a major impact on the health outcome. 

Besides, additional confounding factors, such as stress, lifestyle, diet, age at the time of 

exposure, or exposure over the life-time, multiple exposures, and window of exposure (e.g., 

prenatally) may significantly vary the consequence of environmental chemicals on human 

health. To address such challenges, Wild (2005) suggested the investigation of the 

“exposome,” which is defined as the life-course environmental exposures (including lifestyle 

factors) from the prenatal period onwards. Mapping of the exposome is proposed to be 

achieved either by the “bottom-up” approach, focusing on the quantification of external 

exposure, i.e., from water and diet, or by the “top-down” method including untargeted omics 
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methods to assess internal exposure in biological fluids, such as blood or urine (Lioy and 

Rappaport, 2011; Messerlian et al., 2017). Such sophisticated approaches in exposure 

characterization are suggested to identify unknown health hazards and to allow disease-risk 

prediction. Identification of the entire exposome may be assumed as extremely challenging 

considering that a human individual’s exposure is highly variable and dynamic throughout a 

life-time; furthermore, past or transient exposure might be missed, and highly sensitive 

methods are needed to detect exposure at low levels. Despite its limitations, the idea of the 

exposome is a novel, innovative concept that will help to further advance knowledge about 

the impact of environmental risk factors, such as EDCs and other xenobiotics, on human 

health.     
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5. Oxysterols as substrates of 11β-hydroxysteroid dehydrogenases

5.1. Glucocorticoid-independent pre-receptor regulation mechanism by 11β-HSDs 

5.1.1. Published article: 

11β-Hydroxysteroid dehydrogenases control access of 7β,27-

dihydroxycholesterol to retinoid-related orphan receptor γ 

Katharina R. Beck1, Silvia G. Inderbinen1, Sharavan Kanagaratnam1, Denise V. Kratschmar1, 

Anton M. Jetten2, Hideaki Yamaguchi3, Alex Odermatt1, J Lipid Res. 2019 Sep;60(0):1535-1546. 
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University of Basel, Klingelbergstrasse 50, 4056 Basel, Switzerland.  
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3Department of Applied Biological Chemistry, Meijo University, Nagoya 468-8502, Japan. 
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 Provided the data of the RORγ transactivation assay (Figure 8)
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for 11β-HSD2-dependent RORγ regulation (findings are included in the discussion

section of the publication)
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Finally, using an inducible ROR reporter system, we 
showed that 11-HSD1 and 11-HSD2 controlled ROR 
activity.  These findings revealed a novel glucocorticoid-
independent prereceptor regulation mechanism by 11-HSDs 
that warrants further investigation.—Beck, K. R., S. G.  
Inderbinen, S. Kanagaratnam, D. V. Kratschmar, A. M. Jetten, 
H. Yamaguchi, and A. Odermatt. 11-Hydroxysteroid dehy-
drogenases control access of 7,27-dihydroxycholesterol
to retinoid-related orphan receptor . J. Lipid Res. 2019.
60: 1535–1546.

Supplementary key words oxysterol • 27-hydroxylase • mineralocorti-
coid receptor • retinoid-related orphan receptor gamma

Oxysterols originate from cholesterol or cholesterol pre-
cursors and previously were mainly considered intermedi-
ates of bile acid and steroid hormone biosynthetic pathways. 
They display additional oxygen functionalities in the ring 
system and/or at the side chain of cholesterol, deriving 
through either enzymatic reactions and/or radical pro-
cesses (1). Oxysterols are involved in several physiological 
processes including cholesterol, carbohydrate, and lipid 
homeostasis, immune system regulation, and neuronal 

Abstract Oxysterols previously were considered intermedi-
ates of bile acid and steroid hormone biosynthetic path-
ways. However, recent research has emphasized the roles 
of oxysterols in essential physiologic processes and in vari-
ous diseases. Despite these discoveries, the metabolic path-
ways leading to the different oxysterols are still largely 
unknown and the biosynthetic origin of several oxysterols 
remains unidentified. Earlier studies demonstrated that the 
glucocorticoid metabolizing enzymes, 11-hydroxysteroid 
dehydrogenase (11-HSD) types 1 and 2, interconvert 
7-ketocholesterol (7kC) and 7-hydroxycholesterol (7OHC). 
We examined the role of 11-HSDs in the enzymatic control 
of the intracellular availability of 7,27-dihydroxycholesterol 
(727OHC), a retinoid-related orphan receptor  (ROR) 
ligand. We used microsomal preparations of cells expressing 
recombinant 11-HSD1 and 11-HSD2 to assess whether 
727OHC and 7-keto,27-hydroxycholesterol (7k27OHC) 
are substrates of these enzymes. Binding of 727OHC and 
7k27OHC to 11-HSDs was studied by molecular modeling. 
To our knowledge, the stereospecific oxoreduction of 
7k27OHC to 727OHC by human 11-HSD1 and the re-
verse oxidation reaction of 727OHC to 7k27OHC by hu-
man 11-HSD2 were demonstrated for the first time. 
Apparent enzyme affinities of 11-HSDs for these novel sub-
strates were equal to or higher than those of the glucocorti-
coids. This is supported by the fact that 7k27OHC and 
727OHC are potent inhibitors of the 11-HSD1-dependent 
oxoreduction of cortisone and the 11-HSD2-dependent 
oxidation of cortisol, respectively. Furthermore, molecular 
docking calculations explained stereospecific enzyme activities. 
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development. Furthermore, recent research emphasized 
their role as bioactive lipids, contributing to the progres-
sion of various pathologies, such as neurodegenerative dis-
eases, atherosclerosis, and cancer [reviewed in (2–6)]. 
Nevertheless, the metabolic pathways leading to the differ-
ent oxysterols remain insufficiently understood and their 
biosynthetic origins need to be elucidated.

7-Ketocholesterol (7kC) is one of the most extensively
studied oxysterols and particularly known for its pro-in-
flammatory and cytotoxic properties [reviewed in (1, 7, 
8)], and it was recently reported to be associated with car-
diovascular outcomes and total mortality in patients with 
coronary artery disease (9). However, it remains unclear 
whether 7kC itself or its metabolites caused these biologi-
cal effects. In situ, 7kC is mainly generated by autoxidation 
of cholesterol during conditions of oxidative stress. In con-
trast to the low abundance of oxysterols in the circulation 
compared with cholesterol, 7kC is present at levels up to  
10 M in macrophage-derived foam cells in atherosclerotic 
lesions and in lenses of patients with cataract (10–12). In 
macrophages and in the retinal pigment epithelium, sterol 
27-hydroxylase (CYP27A1) was found to convert 7kC to
7-keto,27-hydroxycholesterol (7k27OHC) by (13, 14). This
metabolic step is ablated in macrophages derived from pa-
tients suffering from cerebrotendinous xanthomatosis,
bearing a defect in the gene encoding CYP27A1 (13).
These patients have normal circulating cholesterol, but in-
creased 7kC levels, and are prone to the development of
premature atherosclerosis (15).

Hepatic conversion of dietary 7kC to 7k27OHC is evident 
because the mitochondrial CYP27A1 is the first enzyme in-
volved in the alternative biosynthesis pathway of bile acids 
in the liver (16, 17). However, a study with mice bearing a 
homozygous null mutation in the Cyp27 gene showed rapid 
and extensive hepatic 7kC metabolism, indicating the in-
volvement of another enzyme (18). This enzyme was later 
proposed to be 11-hydroxysteroid dehydrogenase type  
1 (11-HSD1), stereo-specifically converting 7kC into  
7-hydroxycholesterol (7OHC) in humans, rats, and mice 
(19–21). Data from transgenic 11-hsd1-deficient mice 
exhibiting an increased 7kC to 7OHC ratio in liver tissue 
samples further supported these results (22).

The role of 11-HSD1, well-known for the local conver-
sion of glucocorticoids from inactive to active, in oxysterol 
metabolism and atherosclerotic plaque progression has 
been addressed by several studies [reviewed in (23)]. Inter-
estingly, no direct accumulation of 7kC could be detected 
in the arterial wall of hsd11b1/ mice (24), and a loss of 
11-HSD1 function was rather associated with an athero-
protective and beneficial metabolic profile (25–27). 
Whether the observed favorable effects of diminished 11-
HSD1 activity are due to decreased intracellular levels of 
active glucocorticoids, or whether they are glucocorticoid-
independent, remained unclear. This raised the hypothesis 
that 7kC acts as a precursor molecule requiring further 
downstream processing by another enzyme to exert its  
activity. Despite the extensive research focusing on the effects 
of 7kC and 7OHC, only a weak interaction of 7kC with 
the arylhydrocarbon receptor and no cognate high-affinity 

receptors have been identified for 7kC and 7OHC so 
far (28). However, for the sidechain-oxidized or the dihy-
droxylated oxysterols, such as 7,27-dihydroxycholesterol 
(727OHC), several targets have been described [reviewed 
in (2)]. A recent study on Smoothened (Smo)-activating 
oxysterols suggested the conversion of 7OHC to 7kC by 
11-HSD2, which required further metabolism by CYP27A1 
to 7k27OHC in order to regulate Smo activity (29, 30). The 
enzymatic control of Smo by 11-HSDs remains unclear, as 
both 7k27OHC and 727OHC were reported to promote 
Smo activity. Importantly, another receptor, retinoid- 
related orphan receptor  (ROR), was recently found to 
be activated by 727OHC, whereas 7k27OHC did not stim-
ulate full-length ROR activity in reporter gene assays (31). 
Nevertheless, a potential role for 11-HSDs in the cell- 
specific metabolic availability of 727OHC and 7k27OHC, as 
they exert for glucocorticoids, has not yet been addressed. 
Thus, we investigated to determine whether 11-HSDs are 
involved in the metabolism of 7-oxygenated 27OHCs and 
thereby could control the regulation of target receptors 
such as ROR.

MATERIALS AND METHODS

Chemicals and reagents
7k27OHC, 727OHC, 727OHC, and 727OHC-d6 were 

obtained from Avanti Polar Lipids, Inc. (Alabaster, AL), [1,2-3H]
cortisone, [1,2,6,7-3H]cortisol, and [1,2,6,7-3H] corticosterone 
from American Radiolabeled Chemicals (St. Louis, MO), and all 
other chemicals from Sigma-Aldrich (Buchs, Switzerland) of the 
highest grade available. Cell culture media were purchased from 
Sigma-Aldrich and Invitrogen (Carlsbad, CA) and FBS approved 
for use with the Tet-on system from Clontech (Mountain View, 
CA). UHPLC-grade purity methanol, acetonitrile, and formic acid 
were from Biosolve (Dieuze, France). 5H-1,2,4-triazolo(4,3-a)
azepine,6,7,8,9-tetrahydro-3-tricyclo(3-3-1-13-7)dec-1-yl [T0504; 
also known as Merck-544 (25)] was purchased from Enamine 
(Kiev, Ukraine).

Cell culture
HEK-293 cells and human SW-620 colon carcinoma cells were 

obtained from ATCC (Manassas, VA) and cultured in DMEM sup-
plemented with 10% FBS, 4.5 g/l glucose, 100 U/ml penicillin/
streptomycin, 2 mM l-glutamine, 10 mM HEPES (pH 7.4), and 
10% MEM nonessential amino acid solution. Doxycycline-inducible 
ROR stable Chinese hamster ovary (CHO) Tet-on cells were cul-
tured in F12 medium containing 10% FBS approved for use with 
the Tet-on system and 100 U/ml penicillin/streptomycin (32, 33). 
Cells were regularly tested for the absence of mycoplasma.

11-HSD-dependent metabolism of 7-oxygenated 
27OHCs in intact cells

Fifty thousand stably transfected HEK-293 cells expressing 
either 11-HSD2 [clone AT8 (34)] or 11-HSD1 and hexose-
6-phosphate dehydrogenase (H6PDH) [clone HHH7 (35)] were
seeded in poly-l-lysine-coated 96-well plates and incubated for 24 h.
H6PDH provides the cofactor NADPH and is required for an
efficient oxoreduction reaction by 11-HSD1 (36). The medium
was changed to steroid- and phenol red-free DMEM (DMEM SF)
for another 2 h and the cells were then treated with 1 M of
7k27OHC in the presence or absence of 1 M of T0504 (to inhibit 
11-HSD1) or 0.5 M of 727OHC or 727OHC in the presence
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or absence of 5 M of glycyrrhetinic acid (GA) (to inhibit 11-
HSD2). Metabolic conversion was determined after 0.5 h for 11-
HSD2 and after 1 h for 11-HSD1.

SW-620 cells (500,000 cells/well) were seeded in 24-well plates 
and incubated for 24 h. The culture medium was replaced by 
DMEM SF containing 1 M of 7OHC in the presence or absence 
of 10 M of GA for 3.5 h or 7 h.

Ice-cold acetonitrile:isopropanol (7:3, v/v) mixture contain-
ing either 100 nM deuterium-labeled 727OHC or corticoste-
rone as internal standards were used to extract oxysterols from 
cell culture supernatants. Additionally, 1.5% (v/v) of a standard 
solution of the antioxidant butylated hydroxytoluene (BHT) and 
the peroxide reducing agent triphenylphosphine (TPP) (10 mg 
BHT and 25 mg TPP in 10 ml ethanol) was added (37). In experi-
ments with SW-620 cells, oxysterols were extracted from cell su-
pernatants and cells. The samples were incubated for 30 min at 
4°C and 700 rotations per minute, centrifuged (16,000 g, 10 min, 
4°C), and the supernatant evaporated to dryness under nitrogen 
to minimize oxidation from atmospheric oxygen. After reconsti-
tution in 50 l of methanol:ultra-pure water (1:1, v/v), the sam-
ples were again centrifuged (16,000 g, 10 min, 4°C) and the 
supernatants analyzed. Data (mean ± SD) were obtained from 
three independent experiments.

11-HSD enzyme kinetic measurements
Preparation of microsomes. Microsomes were prepared as de-

scribed earlier with minor modifications (38). Briefly, HEK-293 
cells stably expressing human 11-HSD1 and H6PDH were cul-
tured until they reached confluence. Then, they were washed 
with ice-cold PBS and resuspended to a final concentration of 
2 × 107 cells/ml in ice-cold buffer A [50 mM Tris (pH 7.5), 1 mM 
EDTA, 100 mM NaCl]. Typically, 6 ml of this suspension were 
prepared, corresponding to 1.2 × 108 cells. Following homogeni-
zation with 20 strokes in a glass potter on ice, the preparation was 
sonicated and centrifuged (9.000 g, 4°C for 30 min). The superna-
tant was removed and subjected to ultracentrifugation at 105,000 g, 
4°C for 70 min. The obtained pellet was resuspended in buffer B 
[20 mM Tris (pH 7.5), 1 mM EDTA, 10% glycerol] and the 
ultracentrifugation step repeated. The microsomal fraction was 
again resuspended in buffer B and the total protein concentra-
tion determined using BCA assay (39). The microsomes were 
immediately frozen on dry ice and stored at 80°C.

Determination of apparent KM and Vmax values. Microsomes (1–20 
g) expressing 11-HSD1 and H6PDH were incubated for 20 min 
with 1 mM of NADPH, 2 mM of glucose-6-phosphate, 0.1 units of 
glucose-6-phosphate dehydrogenase (from Saccharomyces cerevi-
siae), and different concentrations (62.5–2,000 nM) of 7k27OHC, 
adapted to a total assay volume of 50 l with TS2 buffer [100 mM 
NaCl, 1 mM EGTA, 1 mM EDTA, 1 mM MgCl2, 250 mM sucrose, 
20 mM Tris/HCl (pH 7.4)]. Oxysterols were extracted by mixing 
the samples with ice-cold ethyl acetate containing 100 nM deute-
rium-labeled 727OHC as internal standard and 1.5% (v/v) BHT/
TPP solution as antioxidant. The samples were then incubated for 
15 min at 4°C on a rotating mixer, shortly centrifuged, and the 
upper ethyl acetate phase transferred into a new tube. The extrac-
tion step was repeated and the ethyl acetate phases combined and 
evaporated to dryness under nitrogen. After reconstitution in 50 
l of methanol:ultra-pure water (1:1, v/v), the samples were centri-
fuged (4°C, 16,000 g for 10 min) and analyzed by UHPLC-MS/MS.

For 11-HSD2 activity measurements, 0.8 g of HEK-293 cell 
lysate stably expressing 11-HSD2 was incubated with different 
concentrations (50–800 nM) of 727OHC and 500 M of NAD+ 
for 10–30 min. Oxysterols were extracted as described in the 11-
HSD-dependent metabolism of 7-oxygenated 27OHCs in intact 
cells section.

The substrate conversion was kept below 30% in all reactions. 
Apparent kinetic parameters (KM and Vmax) were determined by 
nonlinear regression and under the assumption of Michaelis-
Menten kinetics. Data (mean ± SD) were obtained from three in-
dependent experiments.

Sterol measurement by UHPLC-MS/MS
An Agilent 1290 Infinity UHPLC binary solvent delivery system 

including a temperature controlled autosampler and a column 
oven coupled to an Agilent 6490 triple quadrupole mass spectrom-
eter with a jet stream electrospray ionization interface (AJS-ESI) 
(Agilent Technologies) was used to analyze oxysterols. A reversed-
phase column (ACQUITY UPLC BEH C18, 1.7 m, 2.1 × 150 mm; 
Waters, Wexford, Ireland) heated to 65 ± 0.8°C was applied for 
analyte separation. The flow-rate was 0.5 ml with solvent A [water/
acetonitrile/formic acid (95/5/0.1, v/v/v)] and solvent B 
[water/acetonitrile/formic acid (5/95/0.1, v/v/v)]. The eluent 
gradient was set as follows: 0–4.5 min 45–97% B, 4.5–7 min 80% B 
(washout), and 7–9 min 45% B (column re-equilibration). 
Methanol/water (75/25, v/v) was used as needle and needle-seat 
flushing solvent for 10 s after sample aspiration. The samples 
were stored in the autosampler at 4°C until analysis.

Analyte fragmentation was directed in the positive ion mode 
for multiple reaction monitoring and source conditions defined 
by use of the integrated compound- and source-optimizer soft-
ware module (Agilent Technologies; B.07.01). Multiple reaction 
monitoring transitions were defined as follows: 7k27OHC (m/z 
417.3 → 417.3; retention time = 3.59 min), 727OHC (m/z 383.3 
→ 159.0; retention time = 3.45 min), 727OHC (m/z 383.3 →
383.3 and m/z 159.0; retention time = 3.57 min), 727OHC-d6
(m/z 407.38 → 159.1 and m/z 389.1; retention time = 3.42 min).
Separation and retention time of 7k27OHC, 727OHC, and
727OHC are shown in supplemental Fig. S1. Source parameters
were as follows: gas temperature 290°C, gas flow 14 l/min, sheath
gas temperature 300°C, sheath gas flow 11 l/min, nozzle voltage
1,500 V, capillary voltage 3,000 V, cell accelerator voltage 4 V, frag-
mentation voltage 380 V, and nebulizer 20 psi.

For data acquisition and analysis, MassHunter Workstation 
Acquisition Software Version 07.01 SP1 and MassHunter Work-
station Software Quantitative Analysis Version B.07.00/Build 
7.0457.0, respectively (Agilent Technologies), were used.

Inhibition of 11-HSD-dependent glucocorticoid 
metabolism in cell lysates

11-HSD1 and 11-HSD2 enzyme activities were assessed in 
lysates of HEK-293 cells stably expressing the respective enzyme as 
reported earlier (40). Briefly, 11-HSD1-dependent oxoreduc-
tase activity was determined by the incubation of lysates with 
200 nM of radiolabeled cortisone, 500 M of NADPH, and the test 
substance or vehicle for 10 min at 37°C. 11-HSD2-dependent 
oxidation of cortisol was measured instead by the addition of 50 nM 
of radiolabeled cortisol and 500 M of NAD+. The enzymatic reac-
tion was stopped by introducing an excess amount of unlabeled 
cortisone and cortisol (1:1, 2 mM unlabeled each, in methanol). 
Cortisone and cortisol were separated using TLC and a chloro-
form and methanol (9:1, v/v) mixture. The bands were detected 
under UV light, scraped off the plate, and metabolism of the 
radiolabeled substrate was then evaluated by scintillation counting 
and the substrate conversion determined and compared with the 
control sample. Data (mean ± SD) were normalized to the control 
(DMSO) sample and obtained from at least three independent 
experiments.

11-hsd2 activity in mouse kidney homogenates
The determination of 11-hsd2 activity in mouse kidney  

homogenates was conducted as described earlier (41). Briefly, 

108

http://www.jlr.org/content/suppl/2019/07/04/jlr.M092908.DC1.html 


1538 Journal of Lipid Research Volume 60, 2019

for homogenate preparation, kidneys from adult male mice 
(C57BL6) were snap-frozen and sonicated in homogenization 
buffer [250 mM sucrose, 10 mM HEPES (pH 7.4); 900 l for 100 
mg of tissue]. Then, the homogenate was centrifuged (2,000 g, 
4°C for 10 min) and the total protein concentration determined. 
The enzymatic reaction was assessed using 0.075 mg/ml total pro-
tein of the kidney homogenate in incubation buffer [300 mM 
NaCl, 20 mM Tris/HCl, 1 mM EDTA, 10% glycerol (pH 7.7)], 
different concentrations of oxysterols, 50 nM of corticosterone 
(containing 50 nCi [1,2,6,7-3H] corticosterone), and 500 M 
NAD+ at 37°C for 20 min. Corticosterone and 11-dehydrocortico-
sterone were separated using TLC. Substrate conversion was 
determined by scintillation counting. Data (mean ± SD) were 
normalized to vehicle control (DMSO) and obtained from at least 
three independent experiments.

Mineralocorticoid receptor reporter gene assay
HEK-293 cells stably expressing 11-HSD2 (AT8 cells) were 

seeded (100,000 cells per well) in poly-l-lysine-coated 24-well 
plates and incubated for 24 h. Then, the cells were transiently 
transfected with the mineralocorticoid receptor (MR) (300 ng/
well), a TAT3-TATA luciferase reporter (450 ng/well), and a 
pCMV-lacZ -galactosidase transfection control (25 ng/well) us-
ing the calcium phosphate precipitation method. At 6 h post-
transfection, the cells were washed with DMEM and incubated for 
another 18 h before replacing the medium with cDMEM. The 
cells were cultured for another 2 h at 37°C. The medium was then 
again replaced with fresh cDMEM containing 50 nM cortisol in 
the presence or absence of different concentrations (78–2,500 
nM) of 7k27OHC and 727OHC, and incubated for 24 h. The 
cells were lysed with Tropix lysis solution (Applied Biosystems, 
Foster City, CA) containing 0.5 mM of dithiothreitol and frozen  
at 80°C for at least 20 min. Luciferase activity was measured by 
the addition of D-luciferin-firefly substrate so lution [0 .47 mM 
D-luciferin, 53 mM ATP, 0.27 mM CoA, 0.13 mM EDTA, 33.3 mM 
dithiothreitol, 8 mM MgSO4, 20 mM tricine (pH 7.8)]. -
Galactosidase activity was determined using the Tropix kit. Data 
(mean ± SD) were normalized to the control (50 nM cortisol) and 
obtained from three independent experiments.

ROR reporter gene assays
Doxycycline-inducible ROR CHO Tet-on cells were trans-

fected with 11-HSD1/H6PDH, 11-HSD2 or pcDNA3 using the 
electroporation method according to the manufacturer’s proto-
col (Neon™ transfection system; Invitrogen). Briefly, the cells 
were resuspended in buffer R at a final density of 1 x 107 cells/ml and 
supplemented with 30 µg plasmid/ml. Three electric pulses of 1,620 
V and 10 ms were delivered to the cells using a 100 l gold tip. 
Then, the cells (20,000 cells including 60 ng DNA per well) were 
seeded in 96-well plates using culture medium without antibiotics 
and incubated for 16 h. The medium was replaced with medium 
containing charcoal-dextran stripped FBS for 1.5 h before 
treating the cells with different concentra-tions of oxysterols. 
After 6 h, 1.25 M of the inverse agonist SR2211 was added 
to the treatment for another 2 h. To induce ROR expression, 
the cells were additionally subjected to 1 M doxycycline for a 
further 16 h. The cells were lysed in 20 l Tropix lysis solution 
supplemented with 0.5 mM dithiothreitol. ROR-mediated 
activation of the luciferase reporter was measured in 10 l lysate 
by adding 100 l of D-luciferin-firefly substrate solution. Data 
(mean ± SD) were obtained from at least three independent 
experiments.

Molecular docking calculations
GOLD software (version 5.2, Cambridge Crystallographic Data 

Centre, Cambridge, UK) was applied to identify accurate docking 
poses for oxysterols in the binding sites of 11-HSDs (42). Interac-
tions found between the ligands and the proteins were further 

assessed by the use of LigandScout 3.12 (Inte:Ligand GmbH, 
Vienna, Austria). This software analyzes the interaction patterns 
between the protein and the docked ligand, based on the geomet-
ric distances, angles, and chemical functionalities (43).

For 11-HSD1 docking calculations, the crystal structure with 
the Protein Data Bank entry 2BEL (https://www.rcsb.org/
structure/2BEL) was selected for the human protein and for the 
mouse ortholog the Protein Data Bank entry 1Y5R (https://www.
rcsb.org/structure/1Y5R). The co-crystallized ligands, carbenox-
olone (2BEL) and corticosterone (1Y5R), were extracted from 
the ligand binding sites in order to be redocked and examined to 
determine whether GOLD could restore the original binding ori-
entation. The binding site was defined as spherical space (9 Å, 
respectively 10 Å radius) centered on the hydroxyl group of 
Tyr183 in 2BEL (X = 3.08; Y = 19.19; Z = 13.65) and 1Y5R (X = 
76.88; Y = 49.68; Z = 38.08). The applied settings were validated 
and showed RMSD values of 0.563 for carbenoxolone and 0.683 
for corticosterone.

Two homology models were used for docking calculations for 
human (44) and murine (45) 11-HSD2. The docking settings for 
the human 11-HSD2 binding site were focused on following co-
ordinates X = 20.5; Y = 0.60; Z = 11.38 surrounded by a 12 Å 
sphere. The residues, Arg212 and Ser152 (Ser219 in full-length 
protein), were edited as flexible. The settings for the mouse 11-
hsd2 binding site were centered on the coordinates X = 19.7; 
Y = 1; Z = 10.5 and defined as spherical space with a 10 Å radius. 
The amino acid, Trp276, was set flexible.

RESULTS

11-HSD1-dependent oxoreduction of 7k27OHC
In order to investigate whether 11-HSD1 metabolizes 

7k27OHC, HEK-293 cells stably expressing human 11-
HSD1 and H6PDH were treated with 1 M of 7k27OHC in 
the presence or absence of the specific 11-HSD1 inhibitor, 
T0504. 7k27OHC was stereo-specifically converted to 
727OHC (Fig. 1A, supplemental Fig. S2), with an apparent 
enzyme velocity (Vapp) value of 0.52 ± 0.10 nmol·h1·mg total 
protein1 compared with a Vapp of 1.59 ± 0.25 nmol·h1·mg 

Fig. 1. 11-HSD1-dependent metabolism of 7k27OHC in intact 
cells. HEK-293 cells stably expressing human 11-HSD1 and 
H6PDH were treated with 1 M of 7k27OHC with or without the 
11-HSD1 inhibitor T0504 (A) or 1 M of 727OHC or 727OHC 
(B) for 60 min. 7k27OHC, 727OHC, and 727OHC concentra-
tions were determined using UHPLC-MS/MS. Data represent the
mean ± SD from three independent experiments.
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total protein1 for cortisone (46) as substrate (Table 1). No 
727OHC was generated. Moreover, neither 727OHC 
nor 727OHC was oxidized by 11-HSD1 under the condi-
tions applied and no isomerase activity could be detected 
(Fig. 1B). Enzyme kinetic analysis using microsomal 
preparations revealed an estimated apparent KMapp value 
of 39 ± 12 nM and an apparent Vmax app value of 4.3 ± 0.2 
nmol·h1·mg total protein1 for the oxoreduction of 
7k27OHC to 727OHC by 11-HSD1 (Table 1). Addition-
ally, mouse 11-hsd1 also showed the exclusive conversion 
of 7k27OHC to 727OHC without the formation 727OHC 
(data not shown).

11-HSD2-dependent oxidation of 727OHC
The role of 11-HSD2 in the metabolism of 7-oxygen-

ated 27OHCs was then assessed in HEK-293 cells stably ex-
pressing the recombinant human enzyme. Treatment for 
30 min with 500 nM of 727OHC or 727OHC showed the 
exclusive oxidation of 727OHC to 7k27OHC (Fig. 2A) 
and a lack of 727OHC metabolism (Fig. 2B, supplemental 
Fig. S2). Apparent enzyme velocity values were determined 
as 0.6 ± 0.1 nmol·h1·mg total protein1 for 727OHC and 
1.01 ± 0.35 nmol·h1·mg total protein1 for cortisol (46) 
(Table 1). Furthermore, neither an oxoreductase nor an 
isomerase activity of 11-HSD2 could be detected (Fig. 
2B). Kinetic analyses of the oxidation reaction of 727OHC 
to 7k27OHC revealed a KMapp value of 56 ± 11 nM and a 
Vmax app of 10 ± 0.4 nmol·h1·mg total protein1, following 
a Michaelis-Menten-type response (Table 1).

Metabolism of 7OHC by CYP27A1 and 11-HSD2
It was recently suggested that 727OHC formation in-

cludes in a first step an oxidation from 7OHC to 7kC by 
11-HSD2, followed by hydroxylation at position 27 by 
CYP27A1 to 7k27OHC and then reduction of 7k27OHC to 
727OHC by reactive oxygen species (29). Because reduc-
tive reactions by reactive oxygen species are highly un-
likely, we tested the hypothesis of 27-hydroxylation of 
7OHC and subsequent oxidation to 7k27OHC in SW-620 
colon cancer cells endogenously expressing CYP27A1 and 
11-HSD2. SW-620 cells were treated with 1 M of 7OHC 
in the presence or absence of the 11-HSD2 inhibitor, GA, 
and the formation of 727OHC (Fig. 3A) and 7k27OHC 
(Fig. 3B) was evaluated. 727OHC was generated in a 
time-dependent manner from 7OHC by CYP27A1 and 
then further oxidized by 11-HSD2 to 7k27OHC.

Oxysterol-dependent inhibition of 11-HSD enzyme 
activities

To assess the potential of 7-oxygenated 27OHCs to inter-
fere with the metabolism of glucocorticoids, oxysterol-
dependent inhibition of 11-HSD enzyme activities were 
measured in lysates of HEK-293 cells expressing the re-
spective enzymes. 7k27OHC inhibited the 11-HSD1-
dependent conversion of cortisone to cortisol with an IC50 
value of 357 ± 38 nM for the human enzyme (Fig. 4A) and 
of 36 ± 2 nM for the mouse ortholog (Fig. 4B). Only weak 
inhibition of human 11-HSD1 (IC50 value 3 M) was 
detected for 727OHC, whereas 727OHC did not inhibit 
the enzyme activity at concentrations up to 10 M (data 
not shown). However, mouse 11-hsd1 enzyme activity was 
potently inhibited by 727OHC with an IC50 value of 66 ± 
11 nM (Fig. 4C) and 1 M 727OHC revealed 30% rest 
enzyme activity (data not shown).

11-HSD2-dependent conversion of cortisol to corti-
sone was effectively inhibited by 727OHC and 7k27OHC 
with IC50 values of 11 ± 2 nM and 15 ± 1 nM, respectively 
(Fig. 5); however, 727OHC did not inhibit (not shown). 
Mouse kidney homogenates, expressing high levels of 
11-hsd2, were used to determine the interference of 
oxysterols with the metabolism of corticosterone to 
11-dehydrocorticosterone (11-DHC). Neither 727OHC
nor 727OHC inhibited the 11-hsd2 activity, whereas
7k27OHC was a weak inhibitor with an IC50 value of 1.65 ±
0.4 M (supplemental Fig. S3). Because diminished
11-HSD2 activity has been associated with proinflamma-
tory effects and an accelerated formation of atheroscle-
rotic lesions in Apoe/11-hsd2/ double-knockout
mice, due to cortisol-dependent activation of the MR (47),
11-HSD2-MR-dependent reporter gene assays were
performed. For this purpose, HEK-293 cells stably ex-
pressing 11-HSD2 were transfected with plasmids for
MR and a MR-dependent luciferase reporter gene prior
to treatment with cortisol and 7-oxygenated 27OHCs.
Following inhibition of 11-HSD2 by 727OHC and
7k27OHC, less cortisol was inactivated to cortisone and
thereby an increased (3.5 times) cortisol-dependent
MR activation (with EC50 values of 354 ± 55 nM for
727OHC and 331 ± 121 nM for 7k27OHC) compared
with the exclusive activation by 50 nM cortisol could be
detected (supplemental Fig. S4). Importantly, neither
727OHC nor 7k27OHC was able to stimulate MR activity
by itself (data not shown).

TABLE 1. Kinetic parameters

Enzyme Reaction KMapp (nM)
Vmax app (nmol·h1·mg total 

protein1)
Vapp cell intact (nmol·h1·mg 

total protein1)

11-HSD1 7k27OHC → 727OHC 39 ± 12 4.3 ± 0.2 0.52 ± 0.10a

Cortisone → cortisol 250–500 (19, 34) — 1.59 ± 0.25 (46)
11-HSD2 727OHC → 7k27OHC 56 ± 11 10 ± 0.4 0.6 ± 0.1b

Cortisol → cortisone 200 (34) — 1.01 ± 0.35 (46)

Comparison of the oxoreduction of 7k27OHC and cortisone by 11-HSD1 and the oxidation of 727OHC and 
cortisol by 11-HSD2. Data represent mean ± SD from three independent experiments.

a A substrate concentration of 1 M was used for the reaction.
b A substrate concentration of 500 nM was used.
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11-HSD docking calculations
Molecular docking calculations were implemented to 

predict the binding orientations of 7k27OHC, 727OHC 
and 727OHC in the substrate binding pockets of 11-
HSDs and, thus, providing a potential explanation for the 
results obtained from the enzyme activity measurements. 
7k27OHC, cortisone, and 11-DHC were found to fit within 
comparable distances to the nicotinamide ring of the co-
factor (NADPH) as well as to the catalytic residues Tyr183 
and Ser170 of human and mouse 11-HSD1 (Fig. 6A, C). 
Moreover, the enzymatic product, 727OHC, was orien-
tated toward the important residues of the catalytic triad 
and the cofactor within similar distances as the substrates 
to 11-HSD1 of both species (Fig. 6B, D). Compared 
with 727OHC, 727OHC adopted a slightly turned up-
wards binding orientation in the binding cavity of human 
11-HSD1 and, therefore, showed increased distances 
to Tyr183, Ser170, and particularly to NAPDH (Fig. 6B). 
However, docking analysis of 727OHC to mouse 11-hsd1 
displayed a more favorable alignment with similar distances 
as the substrates to the binding pocket (Fig. 6D).

Homology models were used for docking analyses due 
to the absence of 11-HSD2 crystal structures. 727OHC 
and 7k27OHC were found in close distance to the cofac-
tor NAD+ (1.0–1.2 Å) and the catalytic residue Tyr232 
(2.8–3.4 Å), whereas 727OHC fitted again in a turned 
upwards position with enlarged distances into the sub-
strate binding site of human 11-HSD2 (Fig. 7A). A con-
siderable species-specific difference was found between 
the murine and the human 11-HSD2 substrate-binding 
cavity: in close distance to the catalytic residues and the 
cofactor-binding site, the residue Trp276 limited the size 
of the substrate-binding pocket and constricted the murine 
enzyme. In the human model, however, this residue was 
located outside of the binding cavity. Hence, steric clashes 
with Trp276 were observed when docking 727OHC, 
727OHC, and 7k27OHC to mouse 11-hsd2, providing a 
possible explanation for their weak or inactive interaction 
potential (Fig. 7B).

Prereceptor regulation of ROR by 11-HSDs
A recent study identified 727OHC as an endogenously 

occurring ROR agonist, whereas 7k27OHC was not able 
to stimulate full-length ROR activity in reporter gene 
assays (31). Thus, the capacity of 11-HSDs to act as 
metabolic regulators, providing or inactivating the ROR 
ligand, was examined. To obtain these insights, CHO cells 
stably expressing a Tet-on ROR vector and a RORE-Luc 
reporter were additionally transfected with either an 
hH6PDH-IRES-hHSD11B1 construct (Fig. 8A) or 11-HSD2 
(Fig. 8B) and subjected to treatment with 7k27OHC and 
727OHC. 7k27OHC was capable of reversing the inhibi-
tory effect of the ROR antagonist, SR2211, in the same 
manner as 727OHC (white dots, continuous line) upon 
coexpression of ROR with 11-HSD1 (black dots, con-
tinuous line) compared with the control (black dots, 
dashed line). Treating 11-HSD2 expressing ROR Tet-
on cells with 727OHC could not restore ROR activity 
and showed the same weak response as 7k27OHC. Addi-
tionally, treating the cells with 727OHC exhibited the 
same weak concentration-dependent effect as 7k27OHC 
when expressing only the control plasmid (data not 
shown).

Fig. 2. 11-HSD2-dependent metabolism of 727OHC in intact 
cells. HEK-293 cells stably expressing human 11-HSD2 were 
treated with 500 nM of 727OHC with or without 5 M of the 11-
HSD inhibitor GA (A) or 500 nM of 7k27OHC or 727OHC (B) for 
30 min. 7k27OHC, 727OHC, and 727OHC concentrations were 
determined using UHPLC-MS/MS. Data represent the mean ± SD 
from three independent experiments.

Fig. 3. Metabolism of 7OHC in SW-620 cells  
endogenously expressing CYP27A1 and 11-HSD2. 
SW-620 cells were treated with 1 M of 7OHC in 
the presence or absence of 10 M of GA for 3.5 h 
(white bars) or 7 h (gray bars). Qualitative analysis of 
727OHC (A) and 7k27OHC (B) using the respective 
areas under the curve (AUC) normalized to the ISTD 
are illustrated. Data represent the mean ± SD from 
three independent experiments.
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DISCUSSION

The family of oxysterols comprises a large number of 
compounds; however, their abundance in biological sys-
tems is low compared with cholesterol (1). Because several 
enzymes may act on a given metabolite and the enzymes 
involved often exhibit promiscuous substrate specificities, 
the analysis of their biosynthetic pathways is challenging. 
Moreover, oxysterols possess a high susceptibility for autoxi-
dation, predisposing them to biased study results (1). For 
example, 727OHC can be formed either by oxoreduction 
of 7kC through 11-HSD1 to 7OHC and then further by 
hydroxylation to 727OHC through CYP27A1 or via direct 
hydroxylation of autoxidation-derived 7OHC by CYP27A1. 
We showed two novel alternative biosynthetic pathways, i.e., 
the 11-HSD1-dependent generation of 727OHC and the 
11-HSD2-dependent formation of 7k27OHC. Besides 
the 11-HSD-dependent interconversion of the mono-
hydroxylated oxysterols, 7kC and 7OHC (19–21, 29), the 
only reported enzymatic reaction catalyzed by 11-HSD2 
involving oxysterols was, until now, the oxidation of 
cholestane-3,5,6-triol to the oncometabolite, 6-oxo-
cholestane-3,5-diol, and the reverse reduction reaction 
through 11-HSD1 (48). Cholestane-3,5,6-triol is formed 
from autoxidation-derived cholesterol-5,6-epoxide upon 
metabolism by cholesterol-epoxide hydrolase. The current 
study shows for the first time an involvement of 11-HSDs 
in the interconversion of side chain-oxidized oxysterols, 
with relevance for ROR activation (Fig. 9).

Kinetic analysis revealed remarkably high substrate af-
finities with estimated KMapp values in the lower nanomolar 
range of 11-HSD1 and 11-HSD2 for 7k27OHC and 
727OHC, respectively. The affinity of 11-HSD1 for 
7k27OHC obtained in the present study is 6-25 times 
higher than the affinities previously reported for other en-
dogenously occurring substrates (cortisone and 11-DHC, 
KMapp 250-500 nM (19, 34); 7kC, KMapp 500 nM (19); 
and 7oxoLCA, KMapp 1000 nM (49)). Moreover, the sub-
strate affinity of 11-HSD2 for 727OHC is 4 times 
higher than that of the previously reported cortisol (KMapp 
200 nM) (34).

Apart from their own metabolic conversion by 11-
HSDs, 7k27OHC and 727OHC may alter other 11-HSD-
dependent reactions by competing with these substrates at 
the substrate-binding pocket and thereby inhibiting the 
corresponding reaction. In this regard, 7k27OHC moder-
ately inhibited the oxoreduction of cortisone to cortisol by 
human 11-HSD1 (IC50 value of 357 nM), therefore less 
likely being of physiological relevance. In contrast, the in-
hibitory capacities of 7k27OHC and 727OHC (IC50 values 
of 15 nM and 11 nM, respectively) to interfere with (hu-
man) 11-HSD2-dependent oxidation of cortisol belong to 
the most potent endogenous 11-HSD2 inhibitors discov-
ered so far (50). Upon inhibition of 11-HSD2, less cortisol 
is inactivated, resulting in higher cortisol availability and 
activation of the MR, as shown in transactivation assays. A 
role for endogenously formed compounds inhibiting 11-
HSD2 function was raised by the GA-like factor (GALF) 

Fig. 4. Inhibition of human (A) and murine (B, C) 
11-HSD1-dependent oxoreduction of cortisone by 
7k27OHC and 727OHC. HEK-293 cell lysates ex-
pressing recombinant human 11-HSD1 and H6PDH 
or murine 11-hsd1 were incubated with 200 nM of 
radiolabeled cortisone, 500 M of NADPH, and in-
creasing concentrations of 7k27OHC (A, B) and 
727OHC (C) for 10 min at 37°C. Cortisone to corti-
sol conversion was determined and compared with the 
enzyme activity in the control samples (0.1% DMSO). 
Data represent the mean ± SD from three indepen-
dent experiments.

Fig. 5. Inhibition of human 11-HSD2-dependent 
oxidation of cortisol by 727OHC and 7k27OHC.  
Lysates of HEK-293 cells expressing recombinant human 
11-HSD2 were incubated with 50 nM of radiolabeled 
cortisol, 500 M of NAD+, and increasing concentra-
tions of 727OHC (A) and 7k27OHC (B) for 10 min at 
37°C. Cortisol to cortisone conversion was determined 
and compared with the enzyme activity in the control 
samples (0.1% DMSO). Data represent the mean ± SD 
from three independent experiments.
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hypothesis implicating an involvement in the etiology of 
not only essential hypertension but also colorectal cancer 
(50). Such GALFs, derived from peripheral tissues, the 
adrenal glands, or the gut microbiome could allow cortisol 
to act as a mineralocorticoid, leading to increased Na+ 
retention and hypertension (50, 51). Furthermore, they 
may cause elevated intracellular levels of active glucocorti-
coids, suppressing colorectal tumorigenesis and metastasis 
through different mechanisms.

An important question addresses the physiological 
relevance of plasma levels measured for potential GALF 
substances or oxysterols. Due to the lipophilic nature of 
oxysterols and the localized expression of oxysterol metab-
olizing enzymes, their formation and, thus, locally increased 
concentrations may not be represented by plasma concen-
trations. Hence, to understand oxysterol-related mecha-
nisms, it is necessary to assess the tissue-specific or even 
cell-specific localization of biotransformation pathways and 
the involved substrate and product concentrations. The 
presented experiments using SW-620 colon carcinoma 
cells revealed a time-dependent formation of 7k27OHC by 
CYP27A1 and 11-HSD2 from 7OHC, with an accumula-
tion of 727OHC upon inhibition of 11-HSD2. Substan-
tial concentrations of 7kC and 7OHC may be reached 
in the gastrointestinal tract and in the liver following the 

intake of processed cholesterol-rich food. Both 7kC and 
7OHC were reported to induce inappropriate responses 
to the intestinal epithelium and thereby may disrupt the 
intestinal barrier integrity [reviewed in (52, 53)]. Whether 
these effects are due to 7-oxygenated 27OHC remains to be 
elucidated. Interestingly, innate lymphoid group 3 (ILC3) 
cells, which are expressed by the intestinal lymphoid tissue 
and characterized by the expression of the transcription 
factor, RORt, have been described to contribute to the 
regulation of the intestinal barrier (53, 54). However, a 
hyperactivation of these RORt-positive ILC3 cells has 
been described to contribute to intestinal inflammation 
(54). Because the nuclear receptors ROR and RORt are 
activated by 727OHC, but not or only weakly by 7k27OHC 
when full-length receptors are considered [(31), present 
study], 11-HSDs may have an important role by either 
providing the active ligand 727OHC (cells expressing 
11-HSD1) or protecting the receptors from activation 
(cells expressing 11-HSD2). Considering that an overstim-
ulation of ILC3 cells could disturb the intestinal barrier 
function, a protective role for 11-HSD2 by inactivating the 
ROR ligand 727OHC to 7k27OHC is suggested, whereas 
11-HSD1 might aggravate the disturbance. Furthermore, 
recent evidence proposed that the intestinal lymphoid tis-
sue plays a role in the pathology of inflammatory bowel 

Fig. 6. Predicted binding of cortisone, 11-DHC, 7k27OHC, 727OHC, and 727OHC to the binding pocket of human (A, B) and murine 
(C, D) 11-HSD1. A: Representative binding poses of cortisone (blue), 7k27OHC (green), and 727OHC (purple). Important interactions 
for protein-ligand binding and the cofactor are shown in stick style and corresponding distances in ångstroms are indicated as dashed lines 
(same color code as docked ligands). B: Binding mode of 727OHC and 727OHC (salmon pink). C: Representative binding poses of 11-
DHC (turquoise) and 7k27OHC. Important interactions for protein-ligand binding and the cofactor are shown in stick style and correspond-
ing distances in ångstroms are indicated as dashed lines (same color code as docked ligands). D: Binding mode of 7k27OHC, 727OHC, and 
727OHC.
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disease (IBD) (55). A subgroup of ILC3s was shown to 
aggregate in ulcerative colitis and correlate with disease 
severity [reviewed in (53)]. Moreover, a dysregulation of 
colonic 11-HSD expression has been associated with IBD 
progression and with increased 11-HSD1 and decreased 
11-HSD2 expression (56–59). This would shift the bal-
ance form the inactive ROR(t) ligand, 7k27OHC, to the 
agonist, 727OHC. However, whether this prereceptor 
regulation of ROR and RORt by 11-HSDs is involved in 

the pathology of IBD requires further careful and thorough 
experimental investigation.

It needs to be noted that the mouse is of limited use 
to address the 11-HSD-dependent regulation of ROR(t). 
Our data indicate that while human and murine 11-HSD1 
both accept 7k27OHC as substrate and 7k27OHC effec-
tively competes with cortisone at the substrate biding 
pocket, 727OHC is a high-affinity substrate for human 
11-HSD2 but seems to be unable to efficiently compete 
with cortisol for binding to the murine enzyme due to steric 
hindrance.

Nevertheless, the regulation of ROR(t) by 11-HSDs 
should be further investigated in relevant human cell mod-
els with endogenous expression of these proteins. How-
ever, in vitro assessment of the function of endogenously 
expressed ROR using cell lines is highly complex and suit-
able cell models have not yet been identified. It is still 
unclear whether RORs are constitutively active receptors 
or whether their activities are driven by endogenously 
occurring (not yet characterized) ligands, including differ-
ent oxysterols or intermediates of the cholesterol biosyn-
thetic pathway. Compounds of the culture medium and of 
the cholesterol biosynthetic pathway in a cell endogenously 
expressing ROR might control receptor activity and affect 
target gene expression. Furthermore, ROR can be coex-
pressed with ROR and/or the transcriptional repressor, 
Rev-Erb, that both can bind to the same RORE response 
element on promoter regions of target genes (60). The 
assessment of ROR target gene expression can be strongly 
influenced by ROR and occasionally also by other nuclear 
receptors and receptor-associated coregulators that are tis-
sue- and cell-specifically expressed. Therefore, the identifi-
cation of a suitable cell model endogenously co-expressing 
ROR with correspondingly responsive target genes and 
either 11-HSD1 or 11-HSD2 remains challenging. Alter-
natively, cells might be transfected with a ROR-responsive 
reporter gene to achieve a more reliable readout.

To the best of our knowledge, very few human cell lines 
endogenously express substantial levels of 11-HSD1, 
usually only following differentiation. A series of our own 
previous experiments with human and murine macro-
phages, myocytes, and adipocytes have shown that their 

Fig. 7. Predicted binding of 7k27OHC, 727OHC, and 727OHC 
to human (A) and murine (B) 11-HSD2. Representative binding 
poses of 7k27OHC (orange), 727OHC (turquoise), and 727OHC 
(gray). Important interactions for protein-ligand binding and the 
cofactor are shown in stick style and corresponding distances in 
ångstroms are indicated as dashed lines (same color code as docked 
ligands).

Fig. 8. ROR-mediated activation of the luciferase 
reporter by 7,27OHCs in CHO Tet-on cells transfected 
with either 11-HSD1 (A) or 11-HSD2 (B). Reversal 
of the inhibitory effect of the inverse agonist SR2211 
by the addition of 7k27OHC or 727OHC and its 
dependence on 11-HSD1 or 11-HSD2. The reporter 
activation was illustrated as fold change over the  
inverse agonist SR2211. Data represent the mean ± SD 
from at least three independent experiments.
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differentiation is severely disturbed after transfection and 
that 11-HSD1 expression is abolished, making these cell 
lines inapplicable to efficiently study ROR regulation.

With respect to 11-HSD2, we had used, in a series of 
preliminary experiments, SW-620 cells that express endog-
enous ROR and also ROR and observed activation of a 
previously reported glucose-6-phosphatase luciferase con-
struct (33). The potent ROR inverse agonist, GSK2981278, 
was able to inhibit the reporter gene, although at high con-
centrations (IC50 of 10 M); in contrast, the less potent in-
verse agonist, SR2211, failed to do so. Because endogenous 
expression of ROR and/or Rev-Erb may interfere with 
ROR activity, we then overexpressed ROR in SW-620 
cells, which resulted in a more pronounced response and a 
concentration-dependent decrease of the reporter gene 
activity by both GSK2981278 and SR2211 (with an IC50 of 
approximately 0.5 M for the latter). Our preliminary data 
showed that inhibition of 11-HSD2 in these cells by GA 
resulted in a trend toward enhanced ROR activity (ap-
proximately 10% increase) compared with cells treated 
with 727OHC only. This suggests that the conversion of 
727OHC to 7k27OHC by 11-HSD2 partially protected 
ROR from 727OHC but that the experimental setting 
was not suitable to detect 11-HSD2-dependent protection 
of 727OHC-mediated ROR activation. In addition, 
knockdown of 11-HSD2 by siRNA instead of pharmaco-
logical inhibition did not result in a more pronounced ef-
fect. The following reasons might explain the failure to 
detect 11-HSD2-dependent regulation of ROR in our 
experimental setting: a) autoxidation (thereby inactivation 
of 727OHC and insufficient competition with the ROR 
inverse agonist); b) further metabolism of the oxysterols 
during the experiment; c) generation of other ROR ago-
nists by the cell (for example, formation of 27OHC from 
cholesterol by CYP27A1); d) inappropriate timing (result-
ing in reporter gene activation before 727OHC is inacti-
vated by 11-HSD2); and e) insufficient competition with 
the inverse agonist (not reaching intracellular concentra-
tions successfully competing with the inverse agonist). 
Thus, the SW-620 cell line has proven useful to study the 

enzymatic conversion of 7OHC to 7k27OHC; however, it 
seems unsuitable to study the 11-HSD2-mediated prere-
ceptor regulation of ROR.

Future efforts should focus on the identification of suit-
able cell models, including co-culture models to address 
possible paracrine effects, to investigate the control of 
ROR activity by 11-HSDs. Moreover, the role of 11-
HSDs on tissue-specific control of 727OHC levels should 
be studied in vivo in situations where the activities of these 
enzymes are impaired.

In conclusion, the present study demonstrated the 
stereospecific oxoreduction of 7k27OHC to 727OHC by 
11-HSD1 and the reverse oxidation reaction from 727OHC 
to 7k27OHC catalyzed by human 11-HSD2 (Fig. 9). 
The apparent affinities of 11-HSD1 and 11-HSD2 for the 
7-oxygenated oxysterols were equal or higher than for the
glucocorticoids, indicating that they are preferred substrates.
Furthermore, by supplying either 727OHC, the active
ligand of ROR, or inactivating 727OHC to 7k27OHC, a
novel glucocorticoid-independent prereceptor regulation
mechanism by 11-HSDs could be shown. Future research
to identify suitable cell models to characterize the control
of ROR activity by 11-HSDs and to assess the relevance of
11-HSDs in the metabolism of 7-oxygenated oxysterols is
warranted.
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Supplemental Figure S1. Extracted chromatograms of standards for 7k27OHC (black peak) and 

the stereoisomers 7β27OHC and 7α27OHC (blue peaks). 

Supplemental Figure S2. Extracted sample chromatograms for 7k27OHC (black peaks) and 

7β27OHC (blue peaks). The left panel displays the chromatograms for the 11β-HSD1-dependent 

oxoreduction of 7k27OHC to 7β27OHC in intact HEK293 cells at time point 0 min, 60 min, and 60 min 

in the presence of the specific 11β-HSD1 inhibitor T0504. The right panel shows the 11β-HSD2-

dependent oxidation of 7β27OHC to 7k27OHC in intact HEK293 cells at 0 min and 30 min incubation 

time with or without the 11β-HSD2 inhibitor glycyrrhetinic acid (GA).  
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Supplemental Figure S3. 7k27OHC-dependent inhibition of mouse 11β-hsd2 enzyme activity. 

Mouse kidney homogenates were incubated with 50 nM radiolabeled corticosterone, 500 µM NAD+ and 

increasing concentrations of 7k27OHC for 20 min at 37°C. The enzymatic conversion was determined 

and compared to the activity in the control samples (0.1% DMSO). Data represent mean ± SD from 

three independent experiments. 

Supplemental Figure S4. Cortisol-dependent MR transactivation in the presence of 11β-HSD2 and 

different concentrations of 7β27OHC (A) and 7k27OHC (B). HEK-293 stably expressing 11β-HSD2 

were transiently transfected with MR, a MR-sensitive luciferase reporter gene and a galactosidase 

transfection control. Data were normalized to 50 nM cortisol control and represent mean ± SD from 

three independent experiments. 
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5.2. Discussion 

For a long time, oxysterols were considered as intermediates in bile acid and steroid hormone 

formation without further functions. However, in the past decade, research emphasized 

important new roles of oxysterols in different physiological situations and various diseases 

(reviewed in (Zarrouk et al., 2014; Guillemot-Legris et al., 2016; Kloudova et al., 2017)). To 

unravel (patho-)physiological situations involving oxysterols, it is essential to understand the 

metabolic pathways underlying their formation and degradation and to localize tissues that 

are important sites of metabolism. 11β-HSDs have already been described to metabolize 

oxysterols, as 11β-HSD1 reduces 7kC to 7βOHC, and 11β-HSD2 was suggested to catalyze the 

reverse oxidation (Figure 3) (Hult et al., 2004; Schweizer et al., 2004; Raleigh et al., 2018). We 

now uncovered that 11β-HSD1 and 2 also metabolize dihydroxylated oxysterols: 7β27OHC and 

7k27OHC are interconverted by the 11β-HSDs (Beck et al., 2019a). The oxysterol 7β27OHC has 

been described as an agonist of RORγt, driving the differentiation of CD4+ Th17 cells into IL-17 

producing cells (Soroosh et al., 2014). Importantly, we demonstrate a novel glucocorticoid-

independent 11β-HSD-mediated pre-receptor control of RORγ(t) (Figure 6).  

Figure 6. Control of RORγ(t) ligand 7β27OHC availability by 11β-HSDs. 

The analogous metabolic pathway for C25-hydroxylated oxysterols was also recently 

described by our research group. Beck et al. (2019b) showed that 7β25OHC is oxidized to the 

corresponding keto form by 11β-HSD2 and 11β-HSD1 catalyzes the reverse reaction. 11β-HSD-

dependent conversion of C25-hydroxylated oxysterols was proposed to be a potential pre-

receptor control mechanism of EBI2, a receptor facilitating chemoattraction of immune cells. 
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Soroosh et al. (2014) tested C27-hydroxylated oxysterols for activity at several nuclear 

receptors and detected variability between 7β27OHC/7k27OHC-dependent inhibition of ERβ 

and activation of liver X receptor β. This implies that additional to RORγ(t) and EBI2, C25/C27-

hydroxylated oxysterol metabolism by 11β-HSDs may serve as a pre-receptor control for 

further nuclear receptors.  

Notably, C27- as well as C25-hydroxylation of 7kC increased the affinity towards human 11β-

HSD1: The apparent KM for 7k27OHC and 7k25OHC were 39 ± 12 and 29 ± 12, respectively, in 

comparison to 487 ± 50 nM for 7kC (Schweizer et al., 2004; Beck et al., 2019a; Beck et al., 

2019b). For human 11β-HSD2, the detected apparent KM for 7β27OHC and 7β25OHC were 56 

± 11 and 556 ± 161 nM, respectively. Whereas 11β-HSD2-dependent oxidation of 7βOHC was 

proposed; however, enzyme kinetics are not yet determined (Raleigh et al., 2018; Beck et al., 

2019a; Beck et al., 2019b). Importantly, the described apparent KM of C27- and C25-

(di-)hydroxylated oxysterols for the 11β-HSDs are in the same range as reported enzyme 

affinities for glucocorticoids (Schweizer et al., 2003; Schweizer et al., 2004), suggesting high 

physiological relevance of this metabolic pathway. 

In the present study, we discussed inflammatory bowel disease as a pathophysiological 

situation, potentially associated with deregulation of oxysterol homeostasis and enhanced 

7β27OHC-mediated RORγt activation in IL3 immune cells. However, 11β-HSD-dependent 

control of 7β27OHC-mediated RORγ(t) activation needs to be considered in further situations. 

Given the fact that the role of RORγ in cancer biology has recently emerged, this 11β-HSD-

dependent oxysterol metabolism should also be considered in this context (Fan et al., 2018). 

RORγ expression was detected in many breast cancer cell lines and tumor tissue, while greater 

expression was detected in ER-positive than in ER-negative cell lines and tissue (Cadenas et 

al., 2014). Interestingly, higher RORγ expression was related to a higher probability of survival 

of breast cancer patients (Cadenas et al., 2014; Oh et al., 2014). In a follow-up study, Oh et al. 

(2016) described the positive effects of a RORγ agonist in ER-negative cell lines, leading to 

suppressed breast cancer cell migration. Independent of the hormone receptor status of the 

breast cancer type, Voisin et al. (2017) reported increased 11β-HSD2 expression when 

compared to healthy tissue. In contrast, 11β-HSD1 and H6PDH expression were reported in 

low levels in breast cancer tissue, with no significant difference to healthy tissue (Voisin et al., 

2017). The findings from tissue were also confirmed in breast cancer cell lines (Voisin et al., 

2017). It needs to be further investigated whether increased 11β-HSD2 expression in ER-
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negative breast cancer types results in reduced 7β27OHC-dependent RORγ activation, 

contributing to the pathology of this cancer type. If this is the case, inhibition of local 11β-

HSD2 activity may be considered as a therapeutic approach to restore 7β27OHC-dependent 

RORγ activation.  

In contrast to the findings described above, another study reported RORγ as an essential 

activator of the hyper-activated cholesterol biosynthesis pathway in triple-negative but not 

ER-positive breast cancer, contributing to the progression of this disease (Cai et al., 2019). 

Suppression of RORγ activity resulted in tumor regression in cellular in vitro and patient-

derived xenograft models (Cai et al., 2019). Thus, enhanced 11β-HSD2 expression removing 

the RORγ-activating 7β27OHC would be assumed to be beneficial in this situation. Overall, the 

role of RORγ in breast cancer might be dependent on the molecular subtype; however, current 

publications are conflicting, and further research is needed to uncover the function of RORγ 

in breast cancer physiology.  

Besides breast cancer, RORγ is also considered a potential target in other cancer types (Fan et 

al., 2018). Two studies presented RORγ as a regulator of the AR expression, contributing to 

the mechanism of castration-resistant prostate cancer, and presented inhibition of RORγ as a 

novel therapeutic concept for the treatment of this prostate cancer type (Wang et al., 2016b; 

Zhang et al., 2019). Enzalutamide is an AR antagonist in therapy for castration-resistant 

prostate cancer; unfortunately, resistance to enzalutamide has been reported, leading to 

disease progression and eventually death. Interestingly, enzalutamide resistance is 

accompanied by loss of 11β-HSD2 expression in prostate, a subsequent increase in cortisol-

dependent GR activation, and expression of disease-promoting genes (Li et al., 2017). It 

remains unclear whether this effect is only caused by altered glucocorticoid levels or whether 

7β27OHC-mediated RORγ activation might contribute to this result.  

Altered 11β-HSD2 expression levels are also reported in other cancer types such as colon 

carcinoma, ovarian cancer, osteosarcoma, and squamous cell as well as basal cell carcinoma 

(Temkin et al., 2006; Zhang et al., 2009; Patel et al., 2012; Terao et al., 2013). Further 

investigations are needed in order to understand whether the role of 11β-HSD2 in these types 

of cancer is due to its function as an oxysterol-metabolizing enzyme, e.g., removing the active 

ligand from RORγ, or whether its purpose is mainly to metabolize glucocorticoids (Rabbitt et 

al., 2003).  
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In addition to 7β27OHC, RORγ(t) activity was reported to be affected by other oxysterols. 

RORγ reporter gene assays revealed that 27-hydroxycholesterol (27-OHC) activates RORγ as 

potently as 7β27OHC (Soroosh et al., 2014). Further 7-hydroxylated oxysterols (7αOHC, 

7βOHC, 7kC) and 24S-hydroxycholesterol were reported to inhibit RORγ activity at high 

micromolar concentrations (Wang et al., 2010b; Wang et al., 2010c). Additionally, the bile acid 

3-oxoLCA was described to inhibit RORγ activity, indicating that oxysterols carrying a keto

group at position 3 of the steroid scaffold may also interfere with RORγ (Hang et al., 2019).  

So far, there are no studies available describing the concentrations of 7β27OHC or its keto 

form in human tissue or circulation. In comparison, 27-OHC, the primary oxysterol metabolite 

of cholesterol synthesized by 27-hydroxylase (CYP27A1), was already investigated in the 

situation of breast cancer and was detected in circulation and tissue (Le Cornet et al., 2020). 

A study reported elevated 27-OHC concentrations in breast tumors of patients with ER-

positive breast cancer compared to control patients (Wu et al., 2013). To date, mainly ER and 

liver X receptor were described as nuclear receptor targets of this oxysterol in breast cancer 

(Nelson et al., 2013). As described above, RORγ is highly expressed in ER-positive breast cancer 

cell lines and tissue (Lin et al., 2015). Given this fact, 27-OHC-dependent RORγ activation might 

contribute to the progression of this molecular breast cancer subtype. 

To achieve a deeper understanding of the relevance of 11β-HSD-dependent metabolism in 

pre-receptor control of RORγ(t), it is essential to improve analytical methods for determining 

concentrations of RORγ(t)-activating oxysterols in circulation, and even more importantly in 

local tissues. Due to the lipophilic properties of oxysterols and the tissue and cell-specific 

localization of oxysterol-metabolizing enzymes, there may occur discrepancies between 

concentrations detected in the circulation and locally reached concentrations in tissue. This is 

exemplified in situations of inflammation and oxidative stress, where local accumulations of 

oxysterols may occur. For example, 7kC can accumulate in macrophage-derived foam cells in 

atherosclerotic plaques and reach concentrations of up to 10 µM (Brown et al., 1997). 

Importantly, species-specific differences for the 11β-HSD-mediated metabolism of oxysterols 

were detected and indicate that results from animal experiments need to be interpreted 

carefully when comparing them to humans (Arampatzis et al., 2005; Beck et al., 2019a; Beck 

et al., 2019b). Additional aspects make oxysterol research particularly complex and 

challenging, such as simultaneous exposure to various bioactive oxysterols in an in vivo 

situation, complex metabolic pathways involving a variety of enzymes (reviewed in (Griffiths 

123



and Wang, 2020)), and their susceptibility to autoxidation (Schroepfer, 2000). Further 

research is needed to extend the understanding of C27-hydroxylated oxysterols, 11β-HSDs, 

and RORγ(t) in (patho-)physiological situations. Results of such studies could help unravel 

situations in which pharmacological intervention in the 11β-HSD-dependent oxysterol 

metabolism and/or RORγ(t) might be useful as a therapeutic principle.  
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