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“If you are sure you understand 
everything that is going on, 

 you are hopelessly confused.” 
 

Walter F. Mondale 
US Vice President 1977-1981 
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Introduction 

The adrenal cortex produces a variety of steroid hormones, many of which 
are essential for survival. However, the enzymes that participate in steroid 
hormone biosynthesis can in some cases render xenobiotic substances (more) 
toxic, a process called bioactivation. This is the case for 
3-methylsulfonyl-DDE (3-MeSO2-DDE), a derivative of the well-known 
insecticide DDT. 

My thesis work has revolved around the effects of 3-MeSO2-DDE on cell 
viability and steroid hormone biosynthesis in cells from the adrenal cortex, 
the outer part of the adrenal gland. 3-MeSO2-DDE has been proposed as a 
lead compound for new and improved drugs to treat cancers and/or hormone 
hypersecretion in the adrenal cortex. The overall objectives of my thesis 
work were to develop in vitro test systems using adrenocortical cell lines and 
to use these systems to learn more about the mechanisms of action of 
3-MeSO2-DDE.  

The adrenal gland 
The adrenal glands are small, pyramid-shaped organs, situated one on top of 
each kidney. They consist of an inner medulla, an outer cortex, and a 
surrounding capsule. The adrenal medulla is derived from the ectodermal 
embryonic layer (same layer as the nervous system) and secretes 
catecholamines like adrenalin and noradrenalin, while the adrenal cortex 
originates from the mesodermal embryonic layer (same as bone, muscle, 
heart and kidneys) and produces steroid hormones from cholesterol 
(corticosteroids). 

The cortex is further composed of three histologically and functionally 
distinct layers, or zonae: the inner zona reticularis (ZR), the large middle 
zona fasciculata (ZF), and the outer zona glomerulosa (ZG). The ZF cells 
contain large lipid droplets and synthesise glucocorticoids. The ZG, which in 
humans appears as cell clusters beneath the capsule, synthesises 
mineralocorticoids. Finally, the ZR, which does not fully develop until 
puberty, produces androgens. The functional zonation is a consequence of 
layer-specific expression of steroidogenic genes; the resulting enzymatic 
repertoire determines the fate of cholesterol in a given zona (Nishimoto et al. 
2010). 
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Steroid hormone biosynthesis 
Steroidogenesis engages a number of enzymes and regulatory proteins, most 
of which belong to the cytochrome P450 (CYP) family, and involves both 
the mitochondria and the endoplasmatic reticulum (Figure 1). 

 
Figure 1. Subcellular localisation of enzymatic reactions in steroid hormone 
biosynthesis in the human adrenal cortex. Note that all enzymes are not expressed in 
all cells. 

The transfer of cholesterol across the mitochondrial membranes is the first, 
and rate-limiting, step in steroidogenesis. The transfer is facilitated by 
steroidogenic acute regulatory (StAR) protein. 

At the inner mitochondrial membrane, the cholesterol side chain is 
cleaved off by CYP11A1, yielding pregnenolone. Pregnenolone is further 
converted by CYP17A1, 3�-hydroxysteroid dehydrogenase type 2 
(HSD3B2), and CYP21A2 in the endoplasmatic reticulum. Depending on the 
expression of CYP17A1 and HSD3B2, pregnenolone may be converted into 
deoxycortisol, deoxycorticosterone, dehydroepiandrosterone (DHEA), or 
androstenedione. DHEA and androstenedione are weak androgens. 
Deoxycortisol and deoxycorticosterone are hydroxylated in the 11� position 
by CYP11B1 to form the glucocorticoids cortisol and corticosterone, 
respectively. Deoxycorticosterone may also be converted into the 
mineralocorticoid aldosterone by consecutive 11�-hydroxylation, 
18-hydroxylation and 18-oxidation, all performed by CYP11B2. 

The steroid hormone biosynthesis pathways with enzymes and chemical 
structures are shown in Figure 2. In humans, cortisol and aldosterone are the 
physiologically most important hormones, while DHEA is the most 
abundant. 
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Figure 2. Steroid hormone biosynthesis in the human adrenal cortex. Modifications 
by CYPs are shown in bold black font, modifications by HSD3B2 are shown in bold 
grey font. 
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Effects and regulation of corticosteroids 
The effects of adrenocortical steroid hormones are both vital and variegated. 
The lipophilic steroid hormones diffuse through the plasma membrane and 
bind to intracellular receptors. The receptor-hormone complexes then bind to 
DNA and change the transcription levels of target genes. 

Glucocorticoids mainly act to degrade fats and proteins for use in 
gluconeogenesis with the aim to maintain blood glucose levels. 
Glucocorticoids are also involved in regulating blood volume and blood 
pressure. In higher amounts, cortisol has anti-inflammatory and 
immunosuppressive effects. Excess glucocorticoids, Cushing’s syndrome, 
may be caused by endocrine and/or pituitary tumours or by prolonged and/or 
high-dose treatment with glucocorticoids. Symptoms include 
hyperglycaemia, loss of muscle and bone mass, hypertension, oedema, and 
immunosuppression. 

Cortisol production is regulated through the hypothalamic-pituitary-
adrenal (HPA) axis. In response to physical and/or emotional stress, the 
hypothalamus secretes corticotrophin-releasing hormone (CRH), which, as 
the name implies, causes the release of corticotrophin (ACTH) from the 
pituitary gland. ACTH binds to G-protein-coupled receptors at the surface of 
adrenocortical cells and increases intracellular concentrations of cyclic 
adenosine monophosphate (cAMP). cAMP increases transcription of several 
steroidogenic genes by binding to cAMP-responsive elements (CREs) in 
DNA. Secreted cortisol acts through inhibitory feed-back loops to reduce 
ACTH and CRH release. 

Mineralocorticoids regulate the water and electrolyte balance by reducing 
Na+ excretion from the body, mainly by stimulating Na+ reabsorption in the 
kidney. Na+ levels affect body water levels and hence influence blood 
volume and blood pressure. Hypersecretion of aldosterone causes 
hypertension and oedema due to excess Na+ and water retention, and 
neuromuscular dysfunction due to K+ loss. 

Aldosterone secretion is mainly regulated by the renin-angiotensin 
system. Renin is an enzyme released by the kidneys in response to low blood 
pressure or low Na+. Renin cleaves angiotensinogen in the plasma to 
angiotensin I, which is further converted by angiotensin converting enzyme 
(ACE) to angiotensin II. Angiotensin II binds to receptors on zona 
glomerulosa cells and acts to increase intracellular Ca2+ concentrations, 
which eventually leads to increased CYP11B2 expression. 

Adrenal androgens cause the prepubertal growth of pubic and axillary hair, 
and are possibly involved in the onset of puberty, but are of low importance 
in adults. 
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The adrenal in toxicology 
A great variety of drugs and non-drug chemicals have been reported to cause 
adrenal lesions or dysfunction (compiled in e.g. Harvey et al. 2007; Ribelin 
1984; and Rosol et al. 2001). Indeed, of the endocrine organs, the adrenal 
gland is most commonly affected by toxic compounds (Ribelin 1984). The 
cortex is more often targeted than the medulla, and even the cortical zonae 
differ in susceptibility to drugs and chemicals (Ribelin 1984). 

A number of factors that predispose the adrenal gland to toxic insult have 
been identified (Hinson and Raven 1996). These include: 

• The adrenal gland receives an unusually large blood supply per mass 
unit. It is therefore vastly exposed to potential toxicants in the blood 
stream. 

• The adrenal has high lipid content, in the form of cholesterol esters, 
steroids, and unsaturated fatty acids in the membranes. Lipids facilitate 
the accumulation of lipophilic xenobiotics and are also vulnerable to 
peroxidation. 

• The adrenal cortex is rich in CYPs, which may bioactivate xenobiotics to 
reactive intermediates. In addition, CYPs may be toxicological targets 
due to their critical function in steroidogenesis, and are also important 
mediators of toxicity due to their potential to produce and/or leak 
reactive oxygen species. 

Endocrine toxicity may be classified as (1) primary, (2) secondary, and (3) 
indirect, as described by e.g. Harvey (1996): 

1. A compound directly damages a gland. 

2. The damage seen in a gland is secondary to damage elsewhere in the 
endocrine axis or system. 

3. A gland is affected by toxicity in a non-endocrine organ, or the activity 
of a gland modulates toxicity in a non-endocrine organ. 

Since I have worked in vitro, my work has concerned primary toxic effects. 
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3-methylsulfonyl-DDE 
An adrenocortical toxicant 
3-MeSO2-DDE (Figure 4, p. 18), a DDT derivative, selectively accumulates 
in the adrenal cortex of mice and several other animal species (Brandt et al. 
1992; Cantillana et al. 2009a; Lindström et al. 2008; Lund et al. 1988). The 
adrenotoxic effects of 3-MeSO2-DDE were first discovered during a 
disposition study in mice. Tape-section autoradiography of solvent-extracted 
sections revealed that 3-MeSO2-DDE binds irreversibly in the adrenocortical 
ZF and causes localised cell death in a dose-dependent manner (Figure 3) 
(Lund et al. 1988). 3-MeSO2-DDE also decreases corticosterone secretion in 
mice (Brandt et al. 1992). 

     
Figure 3. Histological sections of the adrenal cortex of mice 24 h after a single 
injection of corn oil (left panel) and 100 mg/kg 3-MeSO2-DDE (right panel). Note 
the selective cellular vacuolisation and disorganisation in the ZF after 
3-MeSO2-DDE injection. Pictures by Veronica Lindström. 

The earliest observable detrimental changes in target ZF cells involve the 
mitochondria. Transmission electron microscopy studies of mice after a 
single intraperitoneal dose of 3 mg/kg 3-MeSO2-DDE, an environmentally 
relevant dose, showed the disappearance of mitochondrial christae as soon as 
six hours post-injection, with mitochondrial vacuolisation at later time-points 
(Jönsson et al. 1991). 

In vitro studies using mouse adrenal homogenates and murine 
adrenocortical cell lines showed that 3-MeSO2-DDE binds irreversibly to 
cellular proteins, predominantly in the mitochondria, as a result of CYP-
dependent bioactivation (Jönsson et al. 1991; Lund et al. 1988). The binding 
is inhibited by the addition of reduced glutathione, suggesting that 
glutathione can inactivate the reactive metabolite resulting from the 
bioactivation (Lund et al. 1988), while the addition of forskolin, which 
induces the expression of several steroidogenic CYPs, increases binding 
(Lund and Lund 1995). 
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Eventually, it was shown that expression of the murine Cyp11b1 gene, but 
not the murine Cyp11b2 or Cyp11a1 genes, is sufficient to generate 
irreversibly bound protein adducts in the green monkey COS cell line (Lund 
and Lund 1995). 3-MeSO2-DDE also inhibits CYP11B1 activity in a 
competitive manner, thus decreasing corticosterone secretion, in the murine 
adrenocortical cell line Y-1 (Johansson et al. 1998; Lund and Lund 1995). 
3-MeSO2-DDE was also shown to decrease the protein content in Y-1 cells 
(Johansson et al. 1998). 

Since CYP11B1 is a mitochondrial enzyme, and reactive metabolites 
commonly attack nearby structures, it seems logical that mitochondria are 
the earliest targeted structures. However, mitochondrial damage is often 
associated with apoptotic cell death, while the cell death induced in the 
mouse ZF by 3-MeSO2-DDE appears mainly necrotic. A recent study from 
our group suggests that 3-MeSO2-DDE indeed induces apoptotic signalling, 
but that the apoptotic programme is interrupted due to ATP depletion 
(Lindström et al.). It thus seems likely that the initial targeting of 
mitochondria disrupts the cellular energy metabolism, leading to energy 
crisis and subsequent necrosis. 

The adrenocorticolytic effects of 3-MeSO2-DDE exhibit considerable 
species variation, possibly due to amino acid sequence variation in the 
catalytic site of CYP11B1 (Lindström et al. 2008). For example, the mouse 
is the most sensitive species studied so far (Jönsson et al. 1991), while the rat 
adrenal cortex is not affected by 3-MeSO2-DDE (Lindhe et al. 2001). 

There are strong indications that the human adrenal cortex is sensitive to 
the adrenocorticolytic effects of 3-MeSO2-DDE. Irreversible CYP-dependent 
binding has been demonstrated in human adrenal homogenates (Jönsson and 
Lund 1994) and in the ZF and ZR of human adrenal tissue slices (Lindhe et 
al. 2002). Moreover, 3-MeSO2-DDE alters glucocorticoid synthesis both in 
human adrenal tissue slices (Lindhe et al. 2002) and in the human 
adrenocortical cell line H295R (Johansson et al. 2002). 

A persistent organic pollutant 
p,p�-DDT (DDT), one of the classic organochlorine environmental 
pollutants, was widely used in agriculture and to combat malaria all over the 
world during the 1940s-1960s. Although both cheap and efficient, the use of 
DDT was banned in most industrial countries, starting with Sweden, during 
the 1970s due to its significant toxicity to wildlife. Nonetheless, DDT is still 
used in malaria-struck areas of the world because of its excellent insecticidal 
properties. 

In living organisms, DDT is degraded to DDD and DDE (Figure 4). DDD 
may be further degraded to DDA, which is excreted in the urine. DDE, on 
the other hand, is extremely persistent and although environmental levels are 



 18 

decreasing, it is still one of the predominant contaminants found in blood 
and adipose tissue of humans and wildlife (Jörundsdottir et al. 2006; Norén 
and Meironyte 2000; Verreault et al. 2005). 

 
Figure 4. Chemical structures of p,p�-DDT and some of its metabolites. 

3-MeSO2-DDE (Figure 4) is slowly formed from p,p�-DDE in several steps 
involving CYP oxidation, glutathione conjugation, and transformation by 
intestinal bacteria (Bakke et al. 1982; Brandt et al. 1982; Mio and Sumino 
1985). It accumulates in adipose tissue and is biomagnified in the food web 
(Letcher et al. 1998). Moreover, 3-MeSO2-DDE is transferred to offspring 
both via the placenta and during lactation (Jönsson et al. 1992; Jönsson et al. 
1995; Linderholm et al. 2007; Norén et al. 1996). 

3-MeSO2-DDE was originally isolated at 4 ppm (μg/g lipids) from the 
blubber of Baltic gray seals, a population that declined massively during the 
1960s and 1970s (Jensen and Jansson 1976). 3-MeSO2-DDE has since then 
been isolated in ppb (ng/g lipids)-ppm amounts from other marine animals 
(Bergman et al. 1994; Jörundsdottir et al. 2006; Verreault et al. 2005) and in 
ppb amounts from human fat, liver, brain, lung, serum, cord blood, and milk 
(Chu et al. 2003; Linderholm et al. 2007; Norén et al. 1996). Using human 
breast milk concentrations, the biological half-life of 3-MeSO2-DDE has 
been calculated to six years (Norén and Meironyte 2000). 

A lead compound 
3-MeSO2-DDE has been proposed as a lead compound in designing 
improved drugs against adrenocortical carcinoma (ACC) and Cushing’s 
syndrome (Lindhe et al. 2002), since 3-MeSO2-DDE alters the steroid 
secretion profile of human adrenal tissue slices and generates irreversibly 
bound protein adducts in human adrenal homogenates at lower 
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concentrations than the current ACC drug, o,p�-DDD (Jönsson and Lund 
1994; Lindhe et al. 2002). 

A recent pharmacokinetic study from our group showed that 
3-MeSO2-DDE reaches high plasma concentrations in minipigs after a single 
oral dose, but that the clearance from plasma and fat is very slow 
(Hermansson et al. 2008). During the entire 6 months study period, 
3-MeSO2-DDE levels in plasma and fat were higher than for o,p�-DDD, 
although o,p�-DDD displayed a higher relative accumulation in fat vs. 
plasma than 3-MeSO2-DDE (Hermansson et al. 2008). 3-MeSO2-DDE might 
thus be more efficient than o,p�-DDD in exposing target cells, but the 
chemical structure needs to be optimised with respect to its pharmacokinetic 
properties. 

Adrenocortical carcinoma 
Adrenocortical carcinoma (ACC) is a rare and highly malignant disease with 
poor prognosis and a high risk of recurrence after surgery. The incidence is 
approximately 0.5-2.0 per million population per year (Ahlman et al. 2001). 
ACCs are slightly more common in women than in men (Icard et al. 2001; 
Terzolo et al. 2007; Wooten and King 1993) and show a bimodal age 
distribution with peaks during the first and fourth-fifth decades 
(Wajchenberg et al. 2000; Wooten and King 1993). 

ACCs are diagnosed using thorough hormonal work-up and advanced 
imaging techniques, such as positron emission tomography (PET) using e.g. 
11C-labelled metomidate as tracer (Fassnacht and Allolio 2009; Hennings et 
al. 2006). More than 60% of tumours overproduce adrenocortical hormones, 
most commonly corticosteroids and often in combination with androgens 
(Icard et al. 2001; Tauchmanova et al. 2004; Terzolo et al. 2007). Besides 
the functional classification, tumours are also categorised using staging 
systems based on tumour size, degree of invasion of adjacent organs, lymph 
node status and presence of metastases (Dackiw et al. 2001; Fassnacht and 
Allolio 2009). Overall 5-year survival rates usually lie in the 32-58% range 
(Dackiw et al. 2001) but vary considerably depending on tumour stage at 
diagnosis (Icard et al. 2001). 

Complete surgical removal of the tumour is the only potentially curative 
treatment (Dackiw et al. 2001). When complete surgical removal is not 
possible, as adjuvant therapy after surgery, and/or in the case of metastatic 
disease, the main pharmacological choice is mitotane (o,p�-DDD). In the 
case of metastatic disease, mitotane is usually combined with cytotoxic 
agents. The two most common treatment regimens: mitotane + streptozocin 
(Khan et al. 2000) and mitotane + etoposide, doxorubicin and cisplatin 
(Berruti et al. 2005) are currently being compared in a large prospective 
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study with respect to their ability to improve overall survival (the FIRM-
ACT study). 

Mitotane (o,p�-DDD) 
Mitotane (o,p�-DDD, Figure 5) has been used in ACC treatment since 1960 
(Bergenstal et al. 1960). Numerous studies regarding the treatment efficacy 
have been published, and numerous treatment regimens are in circulation, 
but although mitotane clearly reduces cortisol hypersecretion, its ability to 
reduce tumour growth and ultimately prolong patient survival is unclear and 
still under debate (Ahlman et al. 2001; Dackiw et al. 2001; Huang and Fojo 
2008; Icard et al. 2001; Terzolo et al. 2007; Terzolo and Berruti 2008; 
Veytsman et al. 2009; Wooten and King 1993). Mitotane is also used to treat 
cortisol hypersecretion in Cushing’s syndrome (Newell-Price et al. 2006). 

Mitotane is given as tablets and daily doses range from one to several 
grams. However, the therapeutic window is narrow, and careful monitoring 
of serum levels is necessary: the lowest therapeutic serum level is 14 μg/ml, 
while serum levels above 20 μg/ml increase the risk for adverse effects 
(Baudin et al. 2001; Haak et al. 1994; van Slooten et al. 1984). Adverse 
effects are frequent, often dose-limiting, and affect many organs (Fassnacht 
and Allolio 2009). Symptoms from the gastrointestinal tract and from the 
central nervous system are most common (Fassnacht and Allolio 2009). 

 
Figure 5. Chemical structure of o,p�-DDD (mitotane). 

o,p�-DDD is bioactivated to a reactive acyl chloride in a CYP-dependent 
process and generates irreversibly bound protein adducts, mainly in the 
mitochondria, in adrenal homogenates from e.g. dogs, minks, and humans 
(Cai et al. 1995b; Jönsson et al. 1993; Martz and Straw 1977; Martz and 
Straw 1980). Moreover, o,p�-DDD inhibits steroid hormone secretion and 
causes cell death in the adrenocortical ZF and ZR of dogs and minks (Hart et 
al. 1973; Jönsson et al. 1993; Nelson and Woodard 1949). Glucocorticoid 
secretion is decreased through CYP11A1 and CYP11B1 inhibition (Hart and 
Straw 1971; Hart et al. 1971). 

With respect to the fact that o,p�-DDD has been used as a drug for 50 
years, surprisingly little is known about its mechanism of action. A role has 
been proposed for oxidative damage (Schteingart 2000) and one attempt has 
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been made to identify bound proteins by one-dimensional gel electrophoresis 
(Cai et al. 1997). The most pronounced binding was to a presumably 
mitochondrial protein of 49.5 kDA, possibly a CYP, and to a presumably 
cytosolic protein of 11.5 kDa (Cai et al. 1997). 

Toxicological testing 
The toxicity of any compound may be studied at different levels/tiers: in 
vitro in e.g. tissue homogenates or cells; ex vivo in intact tissue outside the 
animal, such as adrenal tissue slices; and in vivo using whole animals. Every 
level has its proper advantages and disadvantages, but, more importantly, all 
three levels are able to provide vital information. 

Toxicological research has historically relied heavily on in vivo 
experiments. Current research, however, aims to Refine, Reduce, and 
Replace animal experiments, creating a need for adequate in vitro test 
systems. In vitro studies are cheaper, quicker, easier to perform, and often 
superior for mechanistic studies than in vivo studies. However, in vitro 
studies can never provide the “full picture”, since the actions of a xenobiotic 
in an organism depends on the interaction of a multitude of different cell 
types, interconnected by neuronal and humoral signalling networks. 

A wise approach to toxicological testing and risk assessment is thus a 
tiered system (Figure 6), where the bulk of experiments are performed at the 
lowest level/tier (in vitro), a smaller number of assays are performed at the 
second tier (ex vivo), and only carefully selected and designed studies are 
performed at the third tier (in vivo). We have previously proposed such a 
tiered test system for the adrenal cortex (Asp et al. 2005). 

 
Figure 6. A tiered test system for assessing adrenocortical toxicity. 
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The starting point – Aims 

Since the 3-MeSO2-DDE project started from an in vivo observation, we 
enjoyed the major advantage of already knowing the results when we moved 
into cell lines. When I joined the project in 2004, the mouse in vivo results 
had already been reproduced in mouse adrenal tissue slices (Lindhe et al. 
2001) and to some extent in murine and human cell lines (Johansson et al. 
1998; Johansson et al. 2002). Initial experiments had also been performed on 
human adrenal tissue slices (Lindhe et al. 2002). 

To move from in vivo to in vitro studies might seem like a backward step, 
but was necessary in order to allow more detailed mechanistic studies and 
larger-scale experiments. Moreover, since there is substantial species 
variation in the effects of 3-MeSO2-DDE, it was necessary to first calibrate 
the in vitro effects in murine cells before proceeding to studies on human 
cells. Results from human cell lines could later be verified in human adrenal 
tissue slices and used for human risk assessment and drug development. 

The outline of the overall project, “The methylsulfonyl research 
movement”, is presented in Figure 7, with a rectangle around the part of the 
project where I have been involved. 

The overall objectives of my thesis work were to: 

• Develop methods and protocols for in vitro testing of possible 
adrenotoxicants using adrenocortical cell lines with 3-MeSO2-DDE as a 
model compound. 

• Further investigate the mechanisms behind 3-MeSO2-DDE toxicity in 
adrenocortical cells. 

Further knowledge about the mechanisms behind the adrenotoxicity of 
3-MeSO2-DDE was necessary in order to proceed with the evaluation of 
3-MeSO2-DDE as a lead compound in drug development. The in vitro test 
systems would be used to screen for structurally similar compounds with 
adrenotoxic effects that might possess superior pharmacokinetic and/or 
pharmacodynamic properties. 
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Figure 7. The methylsulfonyl research movement. 

As time went on, my thesis work came to focus around the following more 
specific objectives: 

• Compare the adrenocorticolytic effects of 3-MeSO2-DDE and o,p�-DDD 
in murine and human cell lines (papers I, II and III). 

• Investigate the impact of 3-MeSO2-DDE on steroid hormone secretion 
and steroidogenic gene expression (papers I and III). 

• Compare the adrenocorticolytic effects of 3-MeSO2-DDE and some 
structurally similar compounds in murine cells and mouse adrenal tissue 
(papers I and II). 

• Investigate the respective contribution of the two o,p�-DDD enantiomers 
on o,p�-DDD adrenocorticolytic effects in human cells (paper IV). 
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Methods 

The methods that have been used in this thesis are listed in Table 1. The 
reader is referred to the Material and Methods sections of the respective 
papers for details. 

Table 1. Methods used in this thesis.  

Method Paper(s) 

Toxicity assays  
MTT cell viability/cytotoxicity assay I, II, III and IV 
Irreversible binding assay II and III 
Non-protein sulfhydryl (NP-SH) determination II 
Histopathology II 

Steroid hormone quantification methods  
Extraction and thin layer chromatography (TLC) of 
3H-labelled corticosterone 

I 

Cortisol enzyme-linked immunosorbent assay (ELISA) III and IV 
Aldosterone ELISA  III 
DHEA ELISA IV 

Gene expression analyses  
Total RNA extraction I and III 
cDNA synthesis I and III 
Real-time reverse-transcriptase polymerase chain reaction 
(RT-PCR) 

I and III 

Comments on some of the methods used 
MTT cell viability/cytotoxicity assay 
The MTT cell viability/cytotoxicity assay, originally developed by Mosmann 
(1983), makes use of the bright yellow water soluble 3-(4,5-dimethyl-
2-thiazylol)-2,5-diphenyl-2H-tetrazolium bromide (MTT) salt. When added 
to cell medium, MTT enters the cells and is reduced by cellular enzymes to 
blue insoluble formazan. After solubilisation of the formazan crystals, the 
amount of blue colour is determined by spectrophotometry. 

Originally, MTT reduction was considered to take place exclusively in 
mitochondria, and the MTT assay was hence regarded as a tool for 
measuring mitochondrial function. In time, however, it was realised that a 
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number of cellular enzymes participate in MTT reduction (Berridge and Tan 
1993) and that the MTT assay thus measures the total metabolic 
activity/reducing capacity of the cells, which in turn may be interpreted as a 
crude measure of cell viability. In this thesis, I use the term cytotoxicity to 
describe a decrease in MTT reduction/cell viability although the terms are 
not necessarily interchangeable. 

In order to eliminate the need for formazan crystal solubilisation and thus 
allow real-time assays, tetrazolium salts that produce water soluble formazan 
have been developed, one of the most common being the 2,3-bis(2-methoxy-
4-nitro-5-sulfophenyl)-5-phenylaminocarbonyl-2H-tetrazolium hydroxide 
(XTT). These second generation tetrazolium salts are largely unable to enter 
cells and are instead reduced at the plasma membrane (Berridge and Tan 
1993). To my knowledge, MTT and XTT produce comparable results. I 
have, however, preferred to use the cell-permeable MTT. 

In the original protocol, formazan crystals were dissolved using 
isopropanol (Mosmann 1983). However, in order to avoid the protein 
precipitation caused by isopropanol, and thus obtain a more homogenous 
reading, I have employed a modified protocol (Tada et al. 1986) that uses 
sodium dodecyl sulfate (SDS) to dissolve both formazan crystals and cellular 
proteins. 

Steroid hormone quantification methods 
The human H295R cell line has preserved all the enzymes necessary to 
synthesise the full range of adrenocortical steroid hormones (Gazdar et al. 
1990; Rainey et al. 1993). Moreover, H295R cells secrete cortisol, 
aldosterone and DHEA in high enough levels to allow quantification without 
the need for precursor addition. These hormones were therefore quantified 
using commercial ELISA kits. 

In contrast, the murine Y-1 cell line has lost the ability to express 
CYP21A2 (Parker et al. 1985), and hence does not produce any endogenous 
glucocorticoid hormones unless the appropriate precursor is added. 
However, the addition of excess 11-deoxycorticosterone made it impossible 
to use commercial ELISA kits for corticosterone quantification, since the 
cross-reactivity of the anti-corticosterone antibodies with 
11-deoxycorticosterone was much too high. Instead, steroid hormones were 
extracted from the cell medium with diethyl ether and separated by TLC, in 
a protocol modified from Bureik et al. (2002). A portion of the added 
precursor was labelled with tritium to allow quantification of labelled 
corticosterone by liquid scintillation. 

The choice of different quantification methods for murine and human 
steroid hormones produces an important distinction in the results – in the 
murine cells we were able to isolate the 11�-hydroxylation event, which is 
likely to mirror CYP11B1 activity, while in the human cells we measured 
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the final output of cortisol, aldosterone, and DHEA, which is influenced by 
the activities of all the enzymes in the respective pathways. 

Both the Y-1 and the H295R cell line have lost the ability to respond to 
ACTH (Rainey et al. 2004). Glucocorticoid secretion can instead be 
stimulated by the diterpene forskolin, which raises intracellular cAMP 
concentrations (Seamon et al. 1981). However, the H295R cell line has 
retained its ability to respond to angiotensin II with increased aldosterone 
secretion (Rainey et al. 2004). 

CYP inhibitors 
Previous studies on 3-MeSO2-DDE have employed metyrapone to inhibit 
bioactivation in adrenal tissue homogenates and adrenal tissue slices. 
Metyrapone was originally proposed to be a specific 11�-hydroxylation 
(CYP11B1) inhibitor (Liddle et al. 1958), but has subsequently been shown 
to interfere with various adrenal CYP-catalysed reactions, including 18- and 
19-hydroxylation (CYP11B2 and CYP19, respectively) and cholesterol side 
chain cleavage (CYP11A1) (Cheng et al. 1974; Gower 1974). 

However, we found that etomidate was about ten times more potent than 
metyrapone in inhibiting corticosterone formation and decreasing 
3-MeSO2-DDE irreversible binding and cytotoxicity in the Y-1 cell line 
(paper II and unpublished results). Etomidate had at that time been shown to 
inhibit CYP11B1 and CYP11A1 (Dörr et al. 1984; Vanden Bossche et al. 
1984; Varga et al. 1993), and was recently shown to also inhibit CYP11B2 
(Hahner et al. 2010). Further, we found that etomidate was considerably 
more potent than metyrapone also in decreasing cortisol secretion by the 
H295R cell line (unpublished results). Similar results have been published 
by Ullerås et al (2008). We have therefore consistently used etomidate when 
aiming to inhibit 3-MeSO2-DDE bioactivation in vitro. 
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Results and Discussion 

Cytotoxicity and irreversible binding of 3-MeSO2-DDE 
and o,p�-DDD 
Summary 
We studied the adrenocorticolytic effects of 3-MeSO2-DDE and o,p�-DDD 
(Figure 8) in cultured cells from mouse and human adrenal cortex. 
3-MeSO2-DDE was cytotoxic in both murine and human cells, whereas 
o,p�-DDD was cytotoxic only in human cells. However, both compounds 
generated irreversibly bound protein adducts in murine as well as in human 
cells. 

 
Figure 8. Chemical structures of 3-MeSO2-DDE and o,p�-DDD. 

In murine cells, both cytotoxicity and binding of 3-MeSO2-DDE could be 
counteracted by the CYP11B1 inhibitor etomidate, supporting the role of 
CYP11B1 as the bioactivating enzyme. In human cells, however, neither 
cytotoxicity nor binding of 3-MeSO2-DDE was affected by etomidate. This 
raises the question whether bioactivation in human cells can be performed by 
some additional enzyme(s), or if bioactivation is at all necessary for toxic 
effects of 3-MeSO2-DDE in human cells. 

Murine adrenocortical cells (papers I and II) 
In the murine Y-1 cell line, 3-MeSO2-DDE caused cytotoxicity in a 
concentration-dependent manner after 72 h (paper I). Preincubation with the 
CYP11B1 inhibitor etomidate decreased cytotoxicity, supporting a role for 
CYP11B1 in 3-MeSO2-DDE bioactivation (Figure 9, right panel). 
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In line with this observation, 3-MeSO2-DDE generated irreversibly bound 
protein adducts in a time- and concentration-dependent manner (paper II). 
Binding was increased by forskolin, which induces several steroidogenic 
genes including Cyp11b1, and decreased by the CYP-inhibitors etomidate, 
ketokonazole, and metyrapone. Glutathione depletion by buthionine 
sulfoximine approximately doubled binding levels, emphasising the 
important role for glutathione in detoxifying the reactive metabolite of 
3-MeSO2-DDE. 

The adrenocorticolytic effects seen in mice in vivo, and in mouse adrenal 
tissue slices ex vivo, were thus reproduced in the Y-1 cell line. Our results 
confirmed that 3-MeSO2-DDE bioactivation was needed in order to induce 
cytotoxicity, and that CYP11B1 was most likely the bioactivating enzyme. 

 
Figure 9. Irreversible binding and cytotoxicity of 3-MeSO2-DDE and o,p�-DDD in 
Y-1 cells. Binding profiles over time (left panel) and the influence of the CYP11B1 
inhibitor etomidate (right panel). All compounds were used at 10 μM. 

As expected from previous in vivo studies, o,p�-DDD was not cytotoxic in 
the Y-1 cell line after 72 h (paper I). However, o,p�-DDD surprisingly 
generated irreversibly bound protein adducts at similar levels to 
3-MeSO2-DDE (paper II). o,p�-DDD binding was also increased by forskolin 
and decreased by CYP inhibitors, although the inhibitory profile differed 
from that of 3-MeSO2-DDE, indicating that o,p�-DDD and 3-MeSO2-DDE 
were bioactivated by different enzymes. Glutathione depletion did not affect 
o,p�-DDD binding levels, consistent with in vivo data (Lund et al. 1986). 

Interestingly, although the o,p�-DDD binding was also time- and 
concentration-dependent, 3-MeSO2-DDE and o,p�-DDD presented highly 
different binding profiles over time (Figure 9, left panel): although the 
binding of both compounds seemed more or less saturated at time-points 
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beyond 6 h, the binding of 3-MeSO2-DDE had reached its half-maximum 
already after 15 mins incubation, while o,p�-DDD took 2 h to reach 40% of 
its maximum binding. 

The fact that 3-MeSO2-DDE but not o,p�-DDD was cytotoxic in the Y-1 
cell line, mimicking the in vivo situation, suggests a high predictive potential 
of the cell line and renders it a useful system for activity screening. The 
inhibition of cytotoxicity and binding seen with etomidate indicates that 
bioactivation of 3-MeSO2-DDE occurs also in the Y-1 cell line, further 
adding to the value of the cell line for mechanistic studies. 

The CYP-dependent irreversible binding observed with o,p�-DDD in the Y-1 
cells is interesting, since o,p�-DDD does not bind to the mouse adrenal in 
vivo (Lund et al. 1986). However, a weak yet selective ZF/ZR binding of 
o,p�-DDD was observed in mouse adrenal tissue slices (Lindhe et al. 2001). 
Our data thus suggest that although o,p�-DDD is able to interact with murine 
adrenocortical CYP(s), this interaction probably is of low, if any, importance 
in vivo. 

Human adrenocortical cells (paper III) 
In the human H295R cell line, both 3-MeSO2-DDE and o,p�-DDD caused 
cytotoxicity in a concentration-dependent manner after 72 h, although 
3-MeSO2-DDE was slightly more potent than o,p�-DDD. Moreover, the 
H295R cells seemed slightly more sensitive to low concentrations of 
3-MeSO2-DDE than the Y-1 cells. Both 3-MeSO2-DDE and o,p�-DDD also 
generated irreversibly bound protein adducts, however in the H295R cells 
both compounds presented similar binding profiles over time as 
3-MeSO2-DDE did in the Y-1 cells (Figure 10, left panel). Surprisingly, 
forskolin treatment did not seem to affect the binding of either compound. 

Preincubation with etomidate markedly decreased protein binding by 
o,p�-DDD and decreased cytotoxicity by shifting the o,p�-DDD 
concentration-response curve to the right. It should be noted that etomidate 
in the concentration used (10 μM) inhibits CYP11B2 and CYP11A1 in 
addition to CYP11B1 (Dörr et al. 1984; Hahner et al. 2010; Vanden Bossche 
et al. 1984; Varga et al. 1993). o,p�-DDD has been shown to interact with 
both CYP11B1 and CYP11A1 (Hart and Straw 1971; Hart et al. 1971), and 
our results hence imply that one or several of CYP11B1, CYP11B2, and 
CYP11A1 may participate in o,p�-DDD bioactivation in human cells. 

However, in contrast to the results in the murine cell line, although 
etomidate greatly diminished cortisol secretion by H295R cells, etomidate 
had no effect on either binding or cytotoxicity by 3-MeSO2-DDE (Figure 10, 
right panel). Moreover, in a pilot study with different CYP inhibitors, neither 
metyrapone nor ketokonazole affected 3-MeSO2-DDE cytotoxicity at 
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concentrations that markedly inhibited cortisol secretion. This is in contrast 
to previous studies on human adrenal tissue slices and human adrenal 
homogenates, where metyrapone greatly decreased binding levels (Jönsson 
and Lund 1994; Lindhe et al. 2002). Our results may suggest that CYP11B1 
is not involved in bioactivation of 3-MeSO2-DDE in human cells; that 
bioactivation may also be performed by another enzyme, not inhibited by 
etomidate; or that bioactivation is not necessary for 3-MeSO2-DDE binding 
and cytotoxicity in human cells. 

 
Figure 10. Irreversible binding and cytotoxicity of 3-MeSO2-DDE and o,p�-DDD in 
H295R cells. Binding profiles over time (left panel) and the influence of the 
CYP11B1 inhibitor etomidate (right panel). All compounds were used at 10 μM. 

To date, the evidence linking human CYP11B1 to 3-MeSO2-DDE 
bioactivation consist of (i) the localisation of irreversibly bound adducts to 
the ZF and ZR of human adrenal tissue slices (Lindhe et al. 2002), and (ii) 
the increased presence of protein adducts in the mitochondrial fraction 
compared to the microsomal fraction of human adrenal homogenates 
(Jönsson and Lund 1994). The zonal and organellar localisation of bound 
compound would implicate CYP11B1, since it is selectively expressed in 
mitochondria in the ZF and ZR (Erdmann et al. 1995a; Erdmann et al. 
1995b; Ishimura and Fujita 1997). 

However, the microsomal CYP17A1 is also expressed in both the ZF and 
ZR in humans (Sasano et al. 1989), but is not expressed in the mouse adrenal 
(Perkins and Payne 1988). Moreover, while the mitochondrial/microsomal 
bioactivation rate ratio for 3-MeSO2-DDE was almost 50 in mouse adrenal 
homogenates (Jönsson et al. 1991), it was only 2 in human adrenal 
homogenates (Jönsson and Lund 1994), leaving a window of opportunity for 
mitochondrial AND microsomal bioactivation in human cells. It should be 
noted, however, that the different textures of mouse and human adrenals 
might hamper a direct comparison of these ratios. Taken together, these 
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circumstances warrant further studies on the respective involvement of 
CYP11B1 and CYP17A1 in human 3-MeSO2-DDE bioactivation. 

In murine cells, the non-cytotoxic o,p�-DDD displayed a virtually linear 
irreversible binding pattern over time, while the cytotoxic 3-MeSO2-DDE 
generated irreversibly bound adducts very rapidly. However, in human cells, 
both compounds were cytotoxic and both compounds displayed a rapid, 
steep binding profile (left panels of Figure 9 and Figure 10, respectively). It 
may thus be important to assess not only the presence of irreversibly bound 
protein adducts during compound activity screening studies but also the 
time-dependent binding profile in order to predict the potential cytotoxicity 
of a compound. 

Protein adduct formation by xenobiotics may or may not be 
mechanistically related to toxicity, although irreversible protein binding 
often correlates with toxicity (Gillette 1974). Adduct formation may disrupt 
the endogenous function of critical target proteins and thereby directly cause 
toxicity, but reactive metabolites may also bind to non-essential proteins and 
thus constitute an exposure biomarker rather than a mechanistic link (Cohen 
et al. 1997). In addition, protein binding may serve as a quenching 
mechanism to protect more vulnerable cellular targets from reactive 
molecules. However, recent comparisons of metabolic activation of 18 well-
studied drugs in human liver microsomes, liver S-9 fractions and hepatocytes 
largely failed to discriminate between hepatotoxic and non-hepatotoxic 
compounds (Bauman et al. 2009; Obach et al. 2008). 

Impact of 3-MeSO2-DDE and o,p�-DDD on steroid 
hormone secretion and steroidogenic gene expression 
Summary 
The effects of 3-MeSO2-DDE and o,p�-DDD on steroid hormone secretion 
were examined in murine and human adrenocortical cell lines. In murine 
cells, both 3-MeSO2-DDE and o,p�-DDD inhibited the formation of 
corticosterone from its precursor 11-deoxycorticosterone. There was no 
effect on Cyp11b1 mRNA expression levels by either compound. 

In human cells, however, low concentrations of 3-MeSO2-DDE actually 
increased cortisol and aldosterone secretion, while high concentrations 
decreased both hormones. This biphasic hormonal response was mirrored in 
the expression levels of the steroidogenic genes CYP11B1, CYP11B2, and 
StAR. In comparison, o,p�-DDD decreased cortisol and aldosterone secretion 
in human cells without any major effects on steroidogenic gene expression. 
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11�-hydroxylation and Cyp11b1 expression in murine cells 
(paper I) 
We determined the apparent CYP11B1 activity in the murine Y-1 cell line as 
the 11�-hydroxylation of 11-deoxycorticosterone to corticosterone. 
3-MeSO2-DDE inhibited corticosterone formation in a concentration-
dependent manner after 24 h, both with and without prior forskolin 
stimulation of the cells (Figure 11). Forskolin stimulation increased 
corticosterone formation over sevenfold. The highest concentration tested, 
20 μM, reduced corticosterone synthesis in both stimulated and unstimulated 
cells to only about one-third of the respective amount secreted by non-
exposed cells (Figure 11). However, 3-MeSO2-DDE did not significantly 
affect Cyp11b1 expression levels, as measured by real-time RT-PCR. 

Taken together, these results indicate that 3-MeSO2-DDE interacts with 
CYP11B1 at the protein level. This is in line with the findings from 
Johansson et al. that 3-MeSO2-DDE is a competitive inhibitor of CYP11B1 
activity in forskolin-stimulated Y-1 cells (Johansson et al. 1998). 

 
Figure 11. Decreased corticosterone formation by 3-MeSO2-DDE and o,p�-DDD in 
stimulated (left panel) and unstimulated (right panel) Y-1 cells after 24 h. Cells were 
stimulated with 10 μM forskolin for 24 h prior to addition of test compounds. 

o,p�-DDD decreased forskolin-stimulated corticosterone formation in a 
concentration-dependent manner, and with similar potency as 
3-MeSO2-DDE. Unstimulated corticosterone secretion was significantly 
decreased only at the highest concentration, 20 μM. Like 3-MeSO2-DDE, 
o,p�-DDD did not significantly affect Cyp11b1 gene expression levels. 

These results indicate that o,p�-DDD interacts with murine CYP11B1, and 
are thus in line with the irreversible binding results in paper II. 
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Cortisol and aldosterone formation in human cells (paper III) 
We measured the output of cortisol and aldosterone in the human H295R 
cell line both with and without prior cell stimulation with forskolin (cortisol) 
and angiotensin II (aldosterone). Stimulation increased secretion of both 
hormones about threefold. 

o,p�-DDD decreased both cortisol and aldosterone secretion in a 
concentration-dependent manner in stimulated (Figure 12, upper panels) as 
well as in unstimulated cells (Figure 12, lower panels) after 24 h. 

 
Figure 12. Changes in cortisol (left panels) and aldosterone (right panels) formation 
by 3-MeSO2-DDE and o,p�-DDD in H295R cells after 24 h. Cells were stimulated 
with 10 μM forskolin (upper left panel) or 10 nM angiotensin II (upper right panel) 
for 48 h prior to addition of test compounds, or left unstimulated (lower panels). 
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In stimulated cells, 3-MeSO2-DDE decreased both cortisol and aldosterone 
secretion in a concentration-dependent manner (Figure 12, upper panels). At 
0.625, 1.25, and 2.5 μM, 3-MeSO2-DDE was more potent in decreasing 
cortisol secretion than o,p�-DDD. These results are in agreement with 
Johansson et al., who found that 3-MeSO2-DDE inhibits cortisol formation 
in forskolin-stimulated H295R cells (Johansson et al. 2002). 

However, the effects of 3-MeSO2-DDE on steroid secretion in 
unstimulated cells were surprising: the lower concentrations of 
3-MeSO2-DDE markedly increased steroid hormone secretion (Figure 12, 
lower panels). At 1.25 μM 3-MeSO2-DDE, cortisol and aldosterone levels 
were increased to 189% and 163% of control, respectively. At higher 
concentrations, steroid hormone secretion was decreased: at 10 μM 
3-MeSO2-DDE, cortisol and aldosterone secretion were 26% and 40% of 
control, respectively. 

Steroidogenic gene expression in human cells (paper III) 
We analysed the expression levels of seven steroidogenic genes by real-time 
RT-PCR. The steroidogenic gene expression pattern in H295R cells is 
comparable to the expression pattern in the normal human adrenal 
(Oskarsson et al. 2006). 

 
Figure 13. Relative expression levels of CYP11B1 and CYP11B2 in H295R cells 
after exposure to 3-MeSO2-DDE for 24 h. Note that expression levels are plotted on 
a logarithmic scale. 

We found that the biphasic response pattern to 3-MeSO2-DDE in steroid 
hormone secretion was mirrored in the expression levels of CYP11B1, 
CYP11B2 (Figure 13), and, to a lesser extent, StAR. Interestingly, a biphasic 
pattern was seen in CYP11B1 and CYP11B2 levels also in stimulated cells, 
although this response was not apparent from the final cortisol and 
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aldosterone output. In contrast, o,p�-DDD did not generate any distinct 
patterns in steroidogenic gene expression. 

Biphasic response patterns similar to those we have identified in human 
steroid hormone secretion and steroidogenic gene expression have been 
reported for a large variety of compounds, test systems, and biological 
endpoints, and are referred to as hormesis (Calabrese and Blain 2005). 
Hormesis is a dose-response relationship characterised by low-dose 
stimulation and high-dose inhibition, often seen in integrated biological 
responses (Calabrese 2008). 

The low-dose stimulation, usually in the 130-160% range compared to 
control levels, may be described as a rebound or overshoot effect and is 
thought to represent a slight overcompensation in the response to an initial 
disruption in homeostasis (Calabrese 2008). The modest stimulation 
magnitude might represent a ceiling effect, determined by the plasticity of 
the test system (Calabrese 2008). Such reasoning helps explain why the 
hormetic response pattern in hormone secretion is only observed in 
unstimulated cells: stimulated cells already work at maximum power and are 
hence unable to further increase corticosteroid secretion. 

Structural analogues of 3-MeSO2-DDE: a starting point 
for lead optimisation 
Summary 
3-MeSO2-DDE has been proposed as a lead compound in the pursuit of new 
and improved drugs against ACC and Cushing’s syndrome. However, it will 
be necessary to modify the molecule in order to obtain a compound with 
suitable cytotoxic, endocrine-modulating, and pharmacokinetic properties. 

As a first step towards lead optimisation, we assessed the effects of 
several newly synthesised structural analogues of 3-MeSO2-DDE on the 
mouse adrenal in vivo and on irreversible binding in murine adrenocortical 
cells. A subset of structural analogues were also used in cytotoxicity and 
corticosterone formation assays. 

None of the structural analogues produced any histological changes in the 
mouse adrenal in vivo. Two of them were able to compete with 
3-MeSO2-DDE for protein adduct formation. One compound in the subset 
was cytotoxic and decreased corticosterone formation. 

We conclude that bioactivation and toxicity of 3-MeSO2-DDE in the 
mouse adrenal cortex is highly structure-dependent. However, the structural 
selectivity appears to be lower in human cells than in murine cells. 
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Screening of 3-MeSO2-DDE structural analogues in mice in vivo 
and in vitro (papers I and II) 
While 3-MeSO2-DDE is a potent adrenocortical toxicant in mice, the closely 
related 2-MeSO2-DDE and 3,3�-(bis)MeSO2-DDE neither bind irreversibly 
nor induce necrosis in the mouse adrenal cortex in vivo (Lindhe 2001; Lund 
et al. 1988). 

Moreover, the methylsulfonyl moiety of 3-MeSO2-DDE seems vital for 
bioactivation and toxicity, since the parent compound p,p�-DDE neither 
forms irreversibly bound protein adducts in mouse adrenal homogenates nor 
affects cell viability or CYP11B1 activity in the murine Y-1 cell line (Lund 
et al. 1988; Lund and Lund 1995). 

The detrimental effects of 3-MeSO2-DDE are thus highly structure-
specific, most probably as a result of narrow substrate specificity of the 
bioactivating enzyme. 

We tested the ability of eight compounds with structural similarity to 
3-MeSO2-DDE to induce necrosis in the mouse adrenal cortex in vivo (paper 
II). The structural analogues were 2-MeSO2-DDE, 3,3�-(bis)MeSO2-DDE, 
3-SO2OH-DDE, 3-SO2NH2-DDE, 3-NH2-DDE, 3-NO2-DDE, 
3-MeSO2-o,p�-DDE, and 3-MeSO2-DDMU. None of the compounds 
produced any histological changes 24 h or 72 h after intraperitoneal injection 
with 100 mg compound/kg. 

Since we did not have access to 14C-labelled structural analogues, we 
screened for their ability to alter irreversible binding of 3-MeSO2-DDE in 
Y-1 cells instead of assessing the protein adduct formation directly 
(paper II). 3-MeSO2-DDE binding was significantly reduced by 
2-MeSO2-DDE and by 3-MeSO2-o,p�-DDE, indicating that these compounds 
compete with 3-MeSO2-DDE for bioactivating enzyme and/or for target 
protein(s). 3,3�-(bis)MeSO2-DDE was not tested. 

However, the structural analogues might be bioactivated by other 
enzymes and/or target different protein(s) than 3-MeSO2-DDE. The 
unavoidable experimental limitations could thus produce false negative 
results. 

The effects of 3-MeSO2-DDE on cell viability and corticosterone formation 
in the Y-1 cell line were compared to those of 2-MeSO2-DDE, 
3,3�-(bis)MeSO2-DDE, and p,p�-DDE (paper I). Consistent with in vivo data, 
2-MeSO2-DDE and p,p�-DDE were not cytotoxic and hardly affected 
corticosterone formation. 

In contrast, 3,3�-(bis)MeSO2-DDE, which is not toxic in vivo, displayed 
concentration-dependent cytotoxicity and decreased corticosterone 
formation, although it was less potent than 3-MeSO2-DDE. Moreover, 
3,3�-(bis)MeSO2-DDE cytotoxicity was inhibited by etomidate, suggesting 
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CYP11B1-dependent bioactivation. However, in view of the lower potency 
of 3,3�-(bis)MeSO2-DDE compared to 3-MeSO2-DDE, which may reflect 
steric hindrance at the catalytic site, the affinity of 3,3�-(bis)MeSO2-DDE for 
CYP11B1 is probably not high enough to produce any major effects in vivo. 

In summary, these screening experiments emphasise the importance of the 
presence and position of the methylsulfonyl group for toxicity, and further 
demonstrate the strict structural specificity of 3-MeSO2-DDE bioactivation 
and toxicity in the mouse adrenal cortex. 

Structure-specific effects of 3-MeSO2-DDE in human 
adrenocortical cells (paper III) 
There is limited information on the structural requirements for bioactivation 
and toxicity of 3-MeSO2-DDE and related compounds in the human adrenal 
cortex. In our experimental setting, p,p�-DDE was cytotoxic in the human 
H295R cell line, although it was considerably less potent than 
3-MeSO2-DDE. Preincubation with etomidate did not affect p,p�-DDE 
cytotoxicity. 

Further, p,p�-DDE decreased aldosterone secretion in angiotensin II-
stimulated cells but affected neither forskolin-stimulated cortisol secretion 
nor the secretion of cortisol or aldosterone in unstimulated cells. 

The results do not indicate whether p,p�-DDE is bioactivated to some extent 
in the H295R cells, if p,p�-DDE cytotoxicity is independent of bioactivation, 
or if the cytotoxicity represents an unspecific toxic effect such as narcosis. It 
is also possible that p,p�-DDE acts via pathways not shared with 
3-MeSO2-DDE: p,p�-DDE has for example been shown to alter intracellular 
Ca2+ concentrations in primary human granulosa cells (Younglai et al. 2004). 

In addition, we have preliminary data indicating that 2-MeSO2-DDE, which 
is inactive in murine adrenocortical cells and in mice in vivo, is cytotoxic in 
H295R cells and generates a biphasic response in cortisol secretion in 
unstimulated cells. It is thus possible that the human CYP11B1 enzyme, or 
other/additional enzyme(s) involved in 3-MeSO2-DDE bioactivation, 
exhibit(s) less substrate selectivity than the murine CYP11B1. 



 38 

DDD isomers and o,p�-DDD enantiomers: implications 
for mitotane treatment 
Summary 
o,p�-DDD is a chiral molecule, i.e. it exists in two forms, enantiomers, with 
the same chemical structure but whose three-dimensional structures are 
mirror images of each other. It is not rare for enantiomers to have different 
pharmacokinetic and/or pharmacodynamic properties, as in the infamous 
example of thalidomide (Neurosedyn), where one of the enantiomers was 
responsible for most of the adverse effects on embryonic development. 

In view of the limited efficacy and severe adverse effects in 
mitotane/o,p�-DDD treatment, we wanted to investigate the respective 
contribution of each enantiomer to the adrenocorticolytic effects of 
o,p�-DDD. We also compared the cytotoxic and endocrine-modulating 
properties of the DDD isomers o,p�-DDD (racemic mixture), m,p�-DDD, and 
p,p�-DDD. 

We found small differences in potency between the o,p�-DDD enantiomers, 
while the DDD isomers largely produced identical results. However, the 
small chiral differences in direct effects on target cells might reach 
importance if pharmacokinetic properties such as distribution are also stereo-
sensitive. 

o,p�-DDD enantiomers (paper IV) 
The two o,p�-DDD enantiomers, (R)-(+)-o,p�-DDD and (S)-(-)-o,p�-DDD 
(Figure 14), caused concentration-dependent cytotoxicity in the human 
adrenocortical cell line H295R after 72 h (Figure 15). The concentration-
response curves were significantly different, and although the two 
enantiomers had similar potency at the highest concentration tested, 20 μM, 
the (S)-(-)-o,p�-DDD curve displayed a steeper decrease and a lower EC50 
value than (R)-(+)-o,p�-DDD. 

 
Figure 14. Three-dimensional structures of the two o,p�-DDD enantiomers. 
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(R)-(+)-o,p�-DDD and (S)-(-)-o,p�-DDD also generated significantly different 
concentration-response curves for inhibition of cortisol and DHEA secretion 
in H295R cells (Figure 15). In these cases, (R)-(+)-o,p�-DDD was more 
potent than (S)-(-)-o,p�-DDD, especially for cortisol secretion, implying 
stereo-sensitive inhibition of enzymes involved in steroid hormone 
biosynthesis. 

 
Figure 15. Impact of o,p�-DDD enantiomers on cell viability and hormone secretion 
in H295R cells. 

The respective contribution of (R)-(+)-o,p�-DDD and (S)-(-)-o,p�-DDD to the 
effects on cell viability and hormone secretion by the racemic o,p�-DDD 
mixture seemed to differ for the studied parameters. While the impact of the 
racemic o,p�-DDD mixture on hormone secretion was largely the sum of the 
enantiomer effects, the racemic mixture produced higher cytotoxicity than 
the sum of the enantiomer effects at corresponding total concentrations. This 
would imply that (R)-(+)-o,p�-DDD and (S)-(-)-o,p�-DDD are cytotoxic 
through partially different mechanisms. 

Due to the limited solubility of DDD in cell medium, and since we wanted to 
assess effects on hormone secretion under sub-toxic conditions, all tested 
concentrations were well below the lowest therapeutic serum concentration, 
44 μM. Since the observed differences in potency were small, and since 
cytotoxicity and DHEA secretion concentration-response curves converged 
at the higher concentrations, it seems unlikely that the administration of a 
single enantiomer would greatly affect the efficacy of mitotane treatment. 

However, our study concerns differences in direct effects on target cells, 
and does not address the influence of stereochemistry on the generation of 
adverse effects. Moreover, we recently observed interindividual variation in 
o,p�-DDD enantiomer disposition in minipigs, manifested as different 
enantiomeric ratios in blood plasma and in adipose tissue (Cantillana et al. 
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2009b). If such interindividual differences/polymorphisms exist also in man, 
single enantiomer administration might become an attractive treatment 
option. 

DDD isomers (paper IV) 
The three DDD isomers o,p�-DDD, m,p�-DDD and p,p�-DDD were all 
cytotoxic in the human adrenocortical cell line H295R after 72 h. The 
concentration-response curves for the three compounds could not be 
separated using statistical analysis. The aryl-chlorine substitution pattern was 
thus not important for DDD cytotoxicity in the H295R cell line. 

A similar lack of structure specificity was found for the four DDD 
isomers o,p�-DDD, m,p�-DDD, p,p�-DDD and o,m�-DDD regarding 
irreversible binding in the mouse lung (Lund et al. 1989; Lund et al. 1986), 
and most probably reflects the fact that the CYP-catalysed bioactivation 
takes place at the dichloroethane side-chain (Lund et al. 1989; Lund et al. 
1986). 

All three DDD isomers also decreased cortisol and DHEA secretion in a 
concentration-dependent manner. o,p�-DDD and m,p�-DDD displayed equal 
potency, but p,p�-DDD was slightly less potent in decreasing cortisol 
secretion. p,p�-DDD also seemed slightly less potent in decreasing DHEA 
secretion, although the statistical software was unable to fit a concentration-
response curve to the p,p�-DDD DHEA data. 

There thus seems to be some structural influence on the steroid hormone 
biosynthesis inhibition by DDD isomers at low concentrations, although the 
curves converged at the highest concentration, 12.5 μM. 

A previous report on the effects of DDD isomers on cell viability and 
cortisol secretion in NCI H295 cells (the suspension parent cell line of the 
adherent H295R) reported an o,p�- > m,p�- > p,p�-DDD rank order, which is 
in slight contrast to our results (Cai et al. 1995a). However, Cai et al. used 
compound concentrations as high as 50 μM, where DDD solubility in cell 
medium is an important issue, and the cells were exposed for seven days – 
more than double the length of our experiments. 
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Concluding remarks and future directions 

I have studied the cytotoxic and endocrine-modulating effects of 
3-MeSO2-DDE in adrenocortical cells in vitro. For this purpose, I have 
developed in vitro test systems for screening potential adrenocorticolytic 
compounds with respect to irreversible protein binding, cell death, hormone 
secretion, and steroidogenic gene expression. The experimental conditions 
were calibrated in the murine adrenocortical Y-1 cell line by reproducing 
3-MeSO2-DDE in vivo effects. The test parameters were then transferred to 
and adapted to the human H295R cell line. The parallel use of murine and 
human test systems permits the analysis of interspecies differences. 

A slightly modified version of my H295R test system is now used in 
medium-throughput compound activity screening in collaboration with 
OncoTargeting AB, Uppsala. 

The results presented in this thesis can be concluded as follows: 

• 3-MeSO2-DDE bioactivation and cytotoxicity proceeds in a similar 
manner in murine Y-1 cells as in mice in vivo (papers I and II). The 
effects are highly structure-specific. 

• o,p�-DDD interacts with the murine CYP11B1 to form irreversibly 
bound protein adducts and decrease corticosterone formation (papers I 
and II). 

• 3-MeSO2-DDE is cytotoxic in human H295R cells and slightly more 
potent than o,p�-DDD (paper III). 

• 3-MeSO2-DDE induces biphasic responses in steroid hormone secretion 
and in expression levels of steroidogenic genes in human cells. Such 
hormetic responses are not seen for o,p�-DDD or p,p�-DDE (paper III). 

• The role of the human CYP11B1 in 3-MeSO2-DDE bioactivation is 
unclear (paper III). 

• (R)-(+)-o,p�-DDD and (S)-(-)-o,p�-DDD exhibit slight differences in 
cytotoxic and endocrine-modulating activity in H295R cells (paper IV). 
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Of mice and men 
Our results from the murine Y-1 cell line are in accordance with previous 
studies regarding the role of CYP11B1 as the bioactivating enzyme in mice. 

However, our data from the human H295R cell line question the 
designation of CYP11B1 as the (only) bioactivating enzyme in humans. 
RNA interference studies are ongoing, aiming to examine the effects of 
3-MeSO2-DDE in H295R cells after CYP11B1 knock-down. The 
involvement of other CYPs should also be examined, starting with 
CYP17A1. 

It is important to keep in mind, however, that our results have been 
generated in vitro. The H295R cell line expresses all the enzymes involved 
in steroidogenesis, i.e. it does not represent any single adrenocortical zona. It 
is thus possible that the etomidate-insensitive bioactivation of 
3-MeSO2-DDE is executed by a combination of enzymes that is normally 
not expressed in the same cell. Detailed studies should thus be performed in 
human adrenal tissue slices in order to verify these in vitro findings. 

A lead(er) in the making 
The work presented in this thesis supports the assumption that humans are 
sensitive to the adrenocorticolytic effects of 3-MeSO2-DDE, and further 
studies of 3-MeSO2-DDE as a lead compound in ACC drug design are thus 
warranted. However, we have also identified several challenging factors for 
the drug development process: 

• The bioactivating enzyme(s) may be different in mice and humans. A 
more ubiquitously expressed bioactivating enzyme than CYP11B1 might 
render 3-MeSO2-DDE cytotoxicity less cell- and tissue-specific. 

• Although our data on human cells are limited, the results indicate that 
the effects of 3-MeSO2-DDE on human cells might be less structure-
specific than in mice. This means that animal studies in mice could lead 
to unnecessary dismissal of promising drug candidates. 

• The hormesis-like endocrine responses induced by 3-MeSO2-DDE in 
H295R cells need to be considered in activity screening studies, since 
the results might be misleading or misinterpreted if too few 
concentrations are tested. 
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Mechanisms of war 
The working title of my thesis was “Mechanisms of adrenocortical 
bioactivation and cytotoxicity of 3-MeSO2-DDE”. However, although my 
work has significantly increased the knowledge about the adrenocorticolytic 
actions of 3-MeSO2-DDE and other DDT metabolites, many mechanistic 
questions remain. This section is thus a wish list for the future of the 
methylsulfonyl research movement. 

• An obvious research area is the identification of the proteins bound by 
the reactive metabolite of 3-MeSO2-DDE. Are specific proteins targeted 
or does the metabolite attack any protein in the area with suitable 
functional groups? Do adducts form on the bioactivating enzyme? 

• What is the identity of the “warhead”, i.e. which part(s) of the 
molecule is/are critical for bioactivation? 

• What is the mechanistic relationship between irreversible protein 
binding, cytotoxicity, and altered steroid hormone secretion? Is 
bioactivation required for all effects? 

• Is oxidative damage involved? CYPs are abundant sources of reactive 
oxygen species, and if mitochondrial CYPs are targeted by 
3-MeSO2-DDE, they might “leak” reactive oxygen species. Moreover, 
glutathione depletion by 3-MeSO2-DDE would aggravate any initial 
oxidative stress. 

• How are gene expression levels altered by 3-MeSO2-DDE? Does 
3-MeSO2-DDE induce/repress second messengers such as cAMP? 

But these questions I leave to the ones who follow me... 
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Sammanfattning på svenska 

Bekämpningsmedel förknippas oftast med allvarliga risker för människa och 
miljö, men det finns omständigheter då giftiga ämnen paradoxalt nog kan 
användas för att förbättra hälsan. Mitt avhandlingsarbete har handlat om hur 
toxiciteten hos en nedbrytningsprodukt av DDT, 3-metylsulfonyl-DDE 
(3-MeSO2-DDE) skulle kunna utnyttjas för att behandla cancer i 
binjurebarken (Figur 16). 

 
Figur 16. Till vänster binjurens anatomiska och funktionella indelning. Till höger 
den kemiska strukturen för 3-MeSO2-DDE. 

Binjurarna, som sitter ovanpå njurarna, producerar livsnödvändiga 
hormoner. Den inre märgen tillverkar adrenalin och noradrenalin, medan den 
yttre barken tillverkar steroidhormoner som kortisol, aldosteron och 
könshormoner. Hormonsyntesen i binjurebarken utgår från kolesterol och 
involverar ett flertal cytokrom P450 (CYP)-enzymer. Kortisol är ett 
stresshormon och påverkar bland annat glukosomsättningen och 
immunförsvaret, medan aldosteron reglerar vatten- och elektrolytbalansen 
och därigenom blodtrycket. 

Binjuren är också det endokrina organ som oftast påverkas negativt av 
läkemedel och kemikalier. Utsattheten antas bero på binjurens rikliga 
blodflöde, höga fetthalt och rikliga förekomst av CYP-enzymer. 

Cancer i binjurebarken är ovanligt och drabbar ca 16 personer per år i 
Sverige. Sjukdomen är mycket aggressiv med dålig prognos för patienterna. 
Det enda botemedlet är kirurgi, men i de fall tumören hunnit metastasera 
eller inte går att ta bort helt krävs läkemedelsbehandling, vilken i dagsläget 
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är ineffektiv och orsakar svåra biverkningar. Nya och förbättrade läkemedel 
mot binjurebarkscancer behövs. 

3-MeSO2-DDE binds upp i binjurebarken hos möss och orsakar lokal celldöd 
i kortisolproducerande celler (se Figur 3, sid 16). Toxiciteten hos möss 
kommer av att 3-MeSO2-DDE bioaktiveras till en reaktiv metabolit av 
CYP11B1, det enzym som utför det sista steget i kortisolsyntesen. Den 
reaktiva metaboliten bildar irreversibelt bundna proteinaddukter i 
målcellernas mitokondrier, men det är ännu okänt hur metaboliten ser ut och 
vilka proteiner den binder till. Celldödsmekanismerna är inte heller 
fullständigt kända, men de tidigaste skadorna ses i mitokondrierna. 
Inledningsvis ses tecken på apoptotisk signalering, men därefter verkar ATP-
brist istället driva cellerna i nekros. 

3-MeSO2-DDE bildas ur p,p�-DDE, den mest långlivade 
nedbrytningsprodukten av DDT, och har hittats i bland annat fett och 
bröstmjölk hos människa och i fett, lever, muskler m.m. hos marina däggdjur 
som säl och isbjörn. I västvärlden minskar halterna sakta men säkert, men i 
andra delar av världen används DDT fortfarande för att bekämpa 
malariamyggan, och där antas halterna istället öka. 

Jag har använt cellinjer från murin och human binjurebark för att mäta 
effekterna av 3-MeSO2-DDE och andra DDT-metaboliter på bland annat 
cellviabilitet och hormonsekretion. Den murina cellinjen Y-1 svarade på 
3-MeSO2-DDE på samma sätt som musbinjure in vivo, d.v.s. med 
proteinaddukter, minskad kortikosteronproduktion och celldöd, vilket visar 
att cellinjen är användbar för att studera toxiciteten hos 3-MeSO2-DDE. 
Förbehandling med CYP11B1-hämmaren etomidat minskade både 
adduktbildningen och celldöden, vilket bekräftar att CYP11B1 bioaktiverar 
3-MeSO2-DDE hos möss. 

3-MeSO2-DDE orsakade celldöd och bildade proteinaddukter även i den 
humana cellinjen H295R, men här påverkades varken toxicitet eller 
adduktbildning av etomidat, vilket tyder på att fler/andra enzymer än 
CYP11B1 bioaktiverar 3-MeSO2-DDE, eller att det är den ometaboliserade 
molekylen som är toxisk hos människa. Ett enzym som skulle kunna vara 
inblandat i bioaktiveringen är det mikrosomala CYP17A1, eftersom det 
uttrycks i samma celler som CYP11B1. 

Även hormonsekretionen påverkades annorlunda i H295R än i Y-1: låga 
koncentrationer av 3-MeSO2-DDE ökade produktionen av kortisol och 
aldosteron i de humana cellerna, medan högre koncentrationer sänkte 
produktionen. Ett liknande bifasiskt förlopp sågs i uttrycket av de 
steroidogena generna CYP11B1, CYP11B2 och StAR. Dylika koncentration-
responsförhållanden kallas hormesis och antas bero på att cellerna 
överkompenserar för att åtgärda en smärre funktionsstörning eller skada. 
Celler som stimulerats för att öka produktionen uppvisade däremot bara det 
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bifasiska förloppet på mRNA-nivå och inte på hormonnivå, förmodligen 
eftersom de redan arbetade för högtryck och inte kunde öka 
hormonsekretionen ytterligare. 

Sedan 1960-talet används en annan binjuretoxisk DDT-metabolit, o,p�-DDD 
(mitotan), för att behandla binjurebarkscancer. Dessvärre svarar långt ifrån 
alla patienter på mitotanbehandling och det krävs höga doser för att uppnå 
effekt. Biverkningar, oftast från mag-tarmkanalen och/eller det centrala 
nervsystemet, är mycket vanligt förekommande och leder i många fall till att 
behandlingen avbryts. 3-MeSO2-DDE har visat sig vara mer potent än 
o,p�-DDD i studier på humana binjurehomogenat och humana binjuresnitt, 
och skulle således kunna användas för att utveckla bättre läkemedel mot 
binjurebarkscancer. 

För att jämföra 3-MeSO2-DDE och o,p�-DDD ytterligare testades även 
o,p�-DDD i binjurebarkscellinjerna. o,p�-DDD orsakar inte celldöd i 
musbinjure in vivo, och gjorde inte heller så i muscellerna. Däremot 
hämmade o,p�-DDD överraskande nog kortikosteronproduktionen och 
bildade proteinaddukter i liknande utsträckning som 3-MeSO2-DDE, även 
om tidsförloppet för adduktbildningen skilde sig mellan substanserna. 

I den humana cellinjen bildade o,p�-DDD som väntat proteinaddukter och 
orsakade celldöd, och båda dessa effekter motverkades av etomidat. 
o,p�-DDD sänkte också produktionen av både kortisol och aldosteron i 
H295R-celler, men gav inte upphov till något bifasiskt förlopp. 

Vår grupp visade nyligen i en kinetikstudie på minigrisar att 3-MeSO2-DDE 
är oerhört långlivad: sex månader efter en dos fanns substansen kvar i 
grisarnas fett och blod. Det är alltså nödvändigt att optimera 
molekylstrukturen för att få fram ett läkemedel med lämpliga 
farmakokinetiska och –dynamiska egenskaper. 

Vi har därför testat ett antal strukturanaloger till 3-MeSO2-DDE med 
avseende på binjurebarkstoxicitet hos möss in vivo och adduktbildning in 
vitro. Några strukturanaloger testades också för toxicitet och effekter på 
kortikosteronproduktion i Y-1-cellinjen. Resultaten visade på en betydande 
strukturspecificitet för bioaktivering och toxicitet av 3-MeSO2-DDE hos 
möss, som förmodligen bestäms av substratspecificiteten hos CYP11B1. 

Vi har också uppmätt små men statistiskt signifikanta skillnader i 
cytotoxicitet och hormonpåverkan mellan de två molekylära spegelbilder, 
enantiomerer, som ingår i o,p�-DDD. Interindividuella skillnader i 
dispositionen av o,p�-DDD har setts hos minigrisar, och det finns därför en 
möjlighet att monoenantiomerterapi skulle kunna leda till bättre 
behandlingsresultat trots att skillnaderna i primärtoxisk effekt var små. 
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Sammanfattningsvis har jag utvecklat metoder för att studera binjuretoxiska 
ämnen i cellkultur och använt dessa för att närmare studera cytotoxiciteten 
hos 3-MeSO2-DDE och besläktade ämnen. Jag har visat på relevansen i att 
använda cellinjerna och identifierat skillnader i hur murina och humana 
celler påverkas av 3-MeSO2-DDE, framförallt med avseende på vilket/vilka 
enzym som utför bioaktiveringen. Resultaten stöder tidigare antaganden att 
3-MeSO2-DDE är toxisk i human binjure samt något mer potent än 
o,p�-DDD, som i dagsläget används för att behandla binjurebarkscancer. De 
presenterade testsystemen används i pågående optimeringsstudier av 
3-MeSO2-DDE som läkemedelskandidat mot binjurebarkscancer.  
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