
 
From the Department of Woman and Child Health,  

Pediatric Endocrinology Unit 
Karolinska Institutet, Stockholm, Sweden 

 

HORMONAL AND 
PARACRINE INFLUENCES 

ON LEYDIG CELL 
STEROIDOGENESIS 

Nina Renlund 

 

 
Stockholm 2006 

 
 
 
  
 



All previously published papers were reproduced with permission from the publisher. 
 
Published and printed by Karolinska University Press 
Box 200, SE-171 77 Stockholm, Sweden 
© Nina Renlund, 2006 
ISBN 91-7140-842-8 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     To Markus 
 





 

 

ABSTRACT 
Androgen production by Leydig cells is critical for development of the male 
reproductive organs and for maintaining normal body homeostasis and fertility later in 
life. Biosynthesis of testosterone is driven by secretion of the gonadotropin, luteinizing 
hormone (LH) from the pituitary. In addition to this endocrine control of 
steroidogenesis there are numerous locally produced factors that interfere with steroid 
production in a paracrine manner. This thesis evaluates the paracrine effects on the 
hormonal function of Leydig cells of several factors that are locally produced in the 
testis under normal physiological conditions. Further, signaling pathways and 
mechanisms that triggers activation of steroidogenesis induced by human chorionic 
gonadotropin (hCG) and interleukin-1α (IL-1α) are also investigated. 
 
Müllerian inhibiting substance (MIS) is produced by Sertoli cells and causes regression 
of the Müllerian ducts during male development. Moreover, it is produced at high 
levels until puberty and has been shown to inhibit Leydig cell steroidogenesis at the 
level of cytochrome P450c17α-hydroxylase/C17-20 lyase (Cyp17). Here, the results show 
that MIS reverses the cAMP-induced conversion of progesterone to androstendione by 
Cyp17, while increasing the production of 5α-reduced forms of progesterone without 
affecting 5α-reductase in microsomes from MA-10 Leydig tumor cells. We speculate 
that MIS does this by inhibiting the lyase activity of Cyp17. At the same time, MIS up-
regulates cAMP induced expression of steroidogenic acute regulatory protein (StAR), a 
key-regulator of steroidogenesis. The findings in this thesis show that this is a 
secondary effect due to the lack of local feedback inhibition of androgens on StAR 
expression. Furthermore, it is shown that androgens can inhibit the expression of StAR 
both in vitro and in vivo, suggesting an autocrine mechanism for regulation of 
steroidogenesis. In addition to the inhibitory effects of MIS on steroidogenesis, the 
signaling pathways evoked by two stimulators of steroidogenesis, hCG and the pro-
inflammatory cytokine IL-1α were investigated. Both hCG and IL-1α activated the 
extracellular signal-regulated kinases 1 and 2 (ERK1/2) in primary cultures of 
immature rat Leydig cells. After acute stimulation by hCG, inhibition of ERK1/2 with 
UO126 resulted in decreased de novo synthesis of StAR and protein phosphatase 2 
activity together with a decrease in androgen production. These factors have previously 
proven to be important for the activity of StAR, suggesting that the ERK1/2 cascade is 
an important part of hCG-induced signaling that is involved in the acute stimulation of 
steroidogenesis in immature Leydig cells. In contrast, ERK1/2 seems to play another 
role in IL-1α induced steroidogenesis where UO126 increases both StAR expression 
and phosphorylation, but still attenuates androgen production. Further experiments 
showed that UO126 decreased the mitochondrial membrane potential in the cells 
indicating a site of action for attenuation of androgen synthesis.  
 
In conclusion, this thesis reveals several new ways for the Leydig cell to regulate 
androgen production. The importance of the ERK pathway in immature Leydig cell 
steroidogenesis and an autocrine mechanism for regulation of StAR expression and 
androgen production are demonstrated. In addition, these results indicate the 
importance of timing, duration and combination of stimuli.  
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1 INTRODUCTION 
A multicellular organism is dependent on cellular ability to communicate in order to 
regulate reproduction, growth, differentiation and metabolism. Communication is based 
on different signaling molecules (e.g. hormones, peptides and small molecules) with 
specified structures that bind to their receptors on target cells and thereby coordinate a 
response. The extracellular products that are synthesized and released by a specialized 
cell can either affect a neighboring cell within a tissue or organ (paracrine signaling); 
the signal producing cell itself (autocrine signaling) or by being released into the 
circulation and acting on cells in distant target tissues (endocrine signaling).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Different mechanisms for cell communication 
 
Steroid hormones are derived from cholesterol and synthesized in specialized 
steroidogenic cells found in the adrenals, ovaries, testes, placenta and brain. The 
production of steroids is essential to maintain normal body homeostasis and 
reproductive function. Their biosynthesis is stimulated by trophic hormone stimulation 
via the hypothalamic-pituitary-axis and they are subject to the classical negative 
feedback system where secretion of the steroid by the target tissue acts back on the 
hypothalamus and pituitary to suppress the release of trophic hormone. In addition to 
this regulation several paracrine factors have been shown to influence and play a role in 
steroid production. 
  
In this thesis, some aspects of paracrine, autocrine and endocrine regulation of steroid 
synthesis by Leydig cells will be discussed. 
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1.1 SEX DIFFERENTIATION 

During embryonic development the bipotential gonad has the capacity to develop into 
ovaries or testes. Many genes are involved in the process of sex determination whereas 
one of the more important ones is SRY (Sex-determining region on the Y 
chromosome). Two hormones produced by the testis are necessary for development of 
the male reproductive tract, Müllerian inhibiting substance (MIS) and testosterone 
produced by Sertoli and Leydig cells respectively. Figure 2 shows a brief overview of 
the steps in sex differentiation and development of the male reproductive organs 
(Hughes 2001). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Schematic representation of mammalian sex differentiation  
(Abbreviations: DAX1, Dosage-sensitive sex reversal adrenal hypoplasia congenital, critical region on 
the X-chromosome gene-1; DHT, Dihydrotestosterone; DMRT1/2, Doublesex and mab3 related 
transcript; MIS, Mullerian inhibiting substance; SOX9, SRY-box9; SRY, Sex-determining region on the 
Y chromosome; Wnt4, wingless type MMV integration family type 4) 
 
1.2 THE TESTIS 

The main functions of the testis are the production of sperm (spermatogenesis) and the 
synthesis of sex steroids (steroidogenesis). These processes are localized in two 
separate compartments of the testis. The interstitium contains Leydig cells that produce 
steroid hormones, resident macrophages, and blood and lymph vessels. 
Spermatogenesis takes place in the seminiferous tubules and the maturing germ cells 
are separated from the interstitium by Sertoli cells, the basal lamina and peritubular 
myoid cells. Sertoli cells acts as nursing cells for the maturing germ cells, providing 
nutrition and growth factors. Since most of the germ cells are separated from the 
interstitium, factors affecting spermatogenesis are acting through receptors on the 
Sertoli cells. 
 
The testis is under endocrine control via the hypothalamus-pituitary-gonadal axis, 
where secretion of gonadotropin releasing hormone (GnRH) stimulates the anterior 
pituitary to release luteinizing hormone (LH) and Follicle stimulating hormone (FSH). 
LH stimulates the Leydig cells to produce testosterone; FSH and testosterone transduce 
their signals to the germ cells via Sertoli cells. A negative feedback regulation controls 
the process and testosterone acts on the pituitary to down-regulate LH secretion, while 
inhibin secreted by Sertoli cells has the same effect for FSH. 
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1.3 THE LEYDIG CELL 

The Leydig cell was first discovered by Franz Leydig in the 1850s. Situated in the 
interstitial compartment of the testis; it produces the testosterone needed for 
spermatogenesis and male development. Two different populations of Leydig cells can 
be recognized in the testis, the fetal and the adult Leydig cells. Both of these cell-types 
produce androgens, but they are active during different periods and their origin differs. 
 
Fetal Leydig cells 
Fetal Leydig cells develop prenatally and produce androgens necessary for fetal 
masculinization. The main metabolite secreted at this time is testosterone, which is 
driven by human chorionic gonadotropin (hCG) (in humans) produced by the placenta 
and in the end of prenatal development by LH secreted by the pituitary. In rodents, the 
androgen production is LH-independent until late fetal life as shown by the hpg-mouse 
(hypogonadal, that lack GnRH) (O'Shaughnessy, Baker et al. 1998) and the LuRKO 
mouse (LH-receptor knock-out) (Zhang, Poutanen et al. 2001). In the later fetal stage 
there is an increase in the number of fetal Leydig cells (Migrenne, Pairault et al. 2001) 
(Kerr and Knell 1988). However, the regression of fetal Leydig cells starts before birth 
although these cells can still be found at least until 90 days post partum in rat 
(Ariyaratne and Chamindrani Mendis-Handagama 2000). 
 
Progenitor-immature Leydig cells 
The origin of the adult type Leydig cell is a well debated subject. Several studies have 
suggested peritubular mesenchymal-like cell types as the precursors of Leydig cells 
(Benton, Shan et al. 1995; Siril Ariyaratne, Chamindrani Mendis-Handagama et al. 
2000; Habert, Lejeune et al. 2001). In contrast, one recent study by Davidoff et al 
showed that vascular smooth muscle cells and pericytes acts as progenitors for Leydig 
cell development in ethane dimethane sulphonate (EDS) treated rats (Davidoff, 
Middendorff et al. 2004). 
 
In rat, the proliferation of progenitors of Leydig cells ceases after day 14 as they 
undergo differentiation. Progenitor Leydig cells may proliferate before they 
differentiate into immature Leydig cells while immature cells divide only once before 
committing to adult type cells (Hardy, Zirkin et al. 1989). The progenitors are spindle-
shaped and identified by their expression of steroidogenic enzymes such as 3β-
hydroxysteroid dehydrogenase (3β-HSD), cytochrome P450 side-chain cleavage 
enzyme (P450scc), 17α-hydroxylase/c17-20lyase (P450c17), LH-receptor and by the 
production of androgens (Hardy, Kelce et al. 1990; Shan and Hardy 1992). By day 28 
the progenitor cells have differentiated into immature Leydig cells, which have a round 
shape, contain more lipid droplets and have a higher expression of steroidogenic 
enzymes. Immature Leydig cells express high levels of testosterone metabolizing 
enzymes such as 5α-reductase and 3α-hydroxysteroid dehydrogenase (3α-HSD), and 
as a result, they secrete more 5α-androstane-3α,17β-diol (3α-DIOL) than testosterone 
(Ge and Hardy 1998). 
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Adult Leydig cells 
In the rat the immature Leydig cells differentiate into adult Leydig cells by day 56. This 
progress results in an increase in cell size and smooth endoplasmic reticulum and a 
decrease in lipid droplets in the cytoplasm. In addition they have higher levels of LH-
receptor expression and decreased levels of testosterone metabolizing enzymes (Shan, 
Phillips et al. 1993) and are therefore producing more testosterone than immature 
Leydig cells. 
 
1.4 STEROIDOGENESIS 

The main-function of the Leydig cell is production and secretion of androgens. Figure 3 
summarizes the important steps needed for Leydig cells to convert cholesterol into 
testosterone and its metabolites.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Diagram showing the steroidogenic pathways involved in biosynthesis of androgens by 
the Leydig cell 
(Abbreviations: DHEA, Dedydroepiandrosterone; DHT, Dihydrotestosterone; HSD, Hydroxysteroid 
dehydrogenase; P450scc, Cytochrome P450 side-chain cleavage enzyme; StAR, Steroidogenic acute 
regulatory protein) 
 
Cholesterol serves as a common precursor for all steroids. The source of cholesterol for 
androgen synthesis in rodents is derived from plasma lipoproteins in the form of 
cholesteryl esthers (CE). These CEs enter the cells and are stored in lipid droplets for 
subsequent hydrolysis and mobilization by cholesteryl ester hydrolase (CEH) or 
hormone sensitive lipase (HSL) (Hui 1996). Under normal conditions most of the 
cholesterol used by rat Leydig cells comes from intracellular sources but under trophic 
hormone desensitization the cells increase their CE uptake (Reaven, Zhan et al. 2000). 
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In addition, it has been proposed that scavenger receptor-type B class 1 (SR-B1), an 
HDL-receptor that binds different lipoproteins and facilitates transport of CE into the 
cell, and HSL is up-regulated in the constitutively steroidogenic rat Leydig tumor cell 
line R2C, suggesting that these are important mechanisms to maintain high levels of 
cholesterol (Rao, Jo et al. 2003). 
 
The initial step in steroid synthesis is the translocation of cholesterol from the outer 
mitochondrial membrane (OMM) to the inner mitochondrial membrane (IMM) where 
it acts as a substrate for the P450scc enzyme, which converts cholesterol to 
pregnenolone. Several different proteins have been suggested to play a role in this 
transport. Studies of the acute stimulation of steroidogenesis showed accumulation of a 
30-kDa mitochondrial phosphoprotein (Epstein and Orme-Johnson 1991) (Stocco 
1992) suggesting a role for this protein in steroid synthesis. In 1994 this new protein 
was cloned and named the steroidogenic acute regulatory protein (StAR) and this is 
now considered to be the most important protein in cholesterol transport (Clark, Wells 
et al. 1994). StAR is synthesized as a 37-kDa precursor-form including an N-terminal 
mitochondrial leader sequence that is cleaved off yielding a mature 30-kDa protein 
(King, Ronen-Fuhrmann et al. 1995). StAR is a phosphoprotein which activity might be 
regulated by post-translational modifications (Pon, Hartigan et al. 1986). 
Phosphorylation of serine residue 194/195 in mouse and human respectively is thought 
to positively modulate the activity of StAR (Arakane, King et al. 1997). The exact 
mechanism for StAR action is still poorly understood. N-62 StAR lacking its 62 amino-
terminal residues has full steroidogenic activity but stays in the cytoplasm (Arakane, 
Sugawara et al. 1996).  Further studies support the action of StAR on the outer 
membrane of the mitochondria (Arakane, Kallen et al. 1998). Moreover, one study 
indicated that StAR is more active when localized to the outer mitochondrial membrane 
than the inner and that longer residency at this location results in more activity (Bose, 
Lingappa et al. 2002). A pH-dependent molten globule structure for StAR has been 
suggested which might affect its possibility to deliver cholesterol to the mitochondria 
(Bose, Whittal et al. 1999; Christensen, Bose et al. 2001; Yaworsky, Baker et al. 2005). 
 
Another protein that is believed to have a role in the intramitochondrial transport of 
cholesterol is the 18-kDa peripheral-type benzodiazepine receptor (PBR) located in the 
outer mitochondrial membrane. Targeted disruption of PBR in R2C Leydig cells 
interrupted cholesterol transport and formation of steroids an effect that was abolished 
by transfection of intact PBR (Papadopoulos, Amri et al. 1997). In addition, it has been 
suggested that PBR is closely associated with StAR at the mitochondrial membrane and 
that they may interact during the transportation of cholesterol (West, Horvat et al. 
2001). Recently it was demonstrated that there is a functional interaction needed 
between StAR and PBR for delivery of cholesterol into the mitochondria and therefore 
steroid synthesis (Hauet, Yao et al. 2005). 
 
Cytochrome P450scc, situated on the matrix side of the inner mitochondrial membrane 
is the first enzyme in the steroidogenic pathway. This enzyme performs several 
hydroxylations of cholesterol at 22R and 20S-positions and subsequent cleavage 
between C20-C22 to produce pregnenolone. All these reactions take place in a single 
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active site of the P450scc enzyme (Lambeth 1986). Pregnenolone is then converted by 
3β-HSD to progesterone. This enzyme is found in both the smooth endoplasmatic 
reticulum and the mitochondria (Pelletier, Li et al. 2001).  
 
The bifunctional enzyme cytochrome P450 17α-hydroxylase/c17-20 lyase (P450c17 or 
Cyp17) is a microsomal protein found in the endoplasmatic reticulum. This enzyme 
metabolizes both progesterone to androstendione and pregnenolone to 
dehydroepiandrosterone (DHEA). Both the 17α-hydroxylation and cleavage of the 
17,20 carbon-carbon bond is catalyzed by a single active site of this enzyme that is 
encoded by one gene. Its activity might be regulated by cAMP-dependent 
phosphorylation at serine/threonine residues (Zhang, Rodriguez et al. 1995; Pandey, 
Mellon et al. 2003). In addition, this enzyme is part of both the ∆5- and the ∆4-
pathways using either pregnenolone or progesterone as substrate, respectively. The ∆5-
pathway is the main pathway in human Leydig cells (Fluck, Miller et al. 2003) while 
rat can use both pathways, but the ∆4 is preferred (Fevold, Lorence et al. 1989). 
 
Androstendione is reduced by 17β-hydroxysteroid dehydrogenase (17β-HSD) (also 
called 17-ketosteroid reductase (KSR)) type 3, to form testosterone (Sha, Baker et al. 
1996; Andersson and Moghrabi 1997; Tsai-Morris, Khanum et al. 1999). 
 
The ability of Leydig cells to metabolize testosterone varies with age. Immature Leydig 
cells have high levels of 5α-reductase and 3α-hydroxysteroid dehydrogenase (3α-HSD) 
to convert testosterone to dihydrotestosterone (DHT) and 3α-DIOL, respectively (Ge 
and Hardy 1998). Similarly, 5α-reductase type I is expressed at higher levels and is 
more active in immature Leydig cells (Viger and Robaire 1995) and 3α-HSD shows an 
age-dependent variation in its activity (Ge, Hardy et al. 1999). 
 
1.5 HORMONAL AND PARACRINE REGULATION OF LEYDIG CELLS 

Leydig cell function is regulated by gonadotropins, which are secreted by the pituitary. 
Additionally, there is paracrine regulation of steroidogenesis by factors locally 
produced in the testis. Numerous substances have been ascribed a role in this 
regulation, a few of which were studied in this thesis.  
 
The criteria for a regulating factor would be 1) presence of receptors on the cell of 
interest 2) local (or endocrine) secretion of the ligand 3) biological effect on the 
function of the cells that is modified by receptor-specific signal transduction pathway 
after binding by the ligand. 
 
Several signaling pathways might be involved for the ligand to exert its effect on a cell. 
The classical cell signaling paradigm involves a ligand binding to its receptor, initiating 
a cascade of events involving second messenger and kinase activation with the end 
result of altering cellular activity. However, in order for the cells to be able to fine-tune 
its responses, this process must be regulated at several levels. For example, one 
receptor can activate several different signaling pathways and the same response might 
be mediated by various pathways. In addition, the cells can alter their signaling capacity 
by up- or down-regulating the number or activity of the receptors on the cell surface.  
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1.5.1 Human Chorionic gonadotropin/Luteinizing hormone 

The main hormone that controls Leydig cell development is LH, which is secreted by 
the pituitary in response to stimulation by GnRH from the hypothalamus. Human 
chorionic gonadotropin is an analogue of LH and binds to the same receptor, the LH-
receptor (LHR). This hormone is only secreted by the placenta during pregnancy and is 
of importance for sexual development of the male fetus. LHR is coupled to both 
adenylate cyclase and phospholipase C pathways (Gudermann, Birnbaumer et al. 1992) 
(Nishimura, Shibaya et al. 2004). However, the signaling in Leydig cells occurs 
predominantly via the cAMP-mediated pathway under physiological conditions. 
Binding of LH or hCG to the receptor results in two different responses; the first one is 
an acute response within minutes resulting in an increase in cAMP levels and increased 
steroid production. The rate-limiting step in this acute response is the translocation of 
cholesterol from the cytosol to the inner-mitochondrial membrane where it acts as 
substrate for P450scc. One key player in this transport of cholesterol is the 
steroidogenic acute regulatory protein (StAR) (Clark, Soo et al. 1995). The second 
effect of LH/hCG stimulation is the long-term trophic response resulting in up-
regulation of mRNA and protein expression as well as activity of the steroidogenic 
enzymes (Lejeune, Sanchez et al. 1998). However, longterm treatment with LH/hCG at 
high concentrations down-regulates its own receptors (Tsuruhara, Dufau et al. 1977; 
Mombrial, Bommelaer et al. 1985). This desensitization is essential for prevention of 
over stimulation of the gonadal cells and results in internalization and degradation of 
the receptors (Amsterdam, Nimrod et al. 1979). 
 
Transgenic mice overexpressing both α- and β-subunit of hCG have high circulating 
levels of hCG and are infertile (mainly due to the inability to copulate although normal 
sperms were observed in the epididymis). Additionally, these mice show 
hyperplasia/hypertrophy of their Leydig cells and elevated intratesticular levels of 
testosterone (Rulli, Ahtiainen et al. 2003; Huhtaniemi, Rulli et al. 2005). 
 
Luteinizing hormone receptor knock-out mice (LurKO) are born phenotypically 
normal. However, testicular growth, descent and sexual maturation fail postnatally. The 
number and size of Leydig cells are also reduced as is androgen production (Zhang, 
Poutanen et al. 2001; Zhang, Pakarainen et al. 2004). 
 
In humans, both activating and inactivating mutations of the LHR have been found 
(Huhtaniemi 2000). Activating mutations often results in precocious puberty in males 
(Latronico 2000) and they have also been found in testicular tumors, such as Leydig 
cell tumors (Liu, Duranteau et al. 1999; Canto, Soderlund et al. 2002). Inactivating 
mutations of the receptor can lead to Leydig cell hypoplasia, male hypogonadism (Wu, 
Leschek et al. 2000) and pseudohermaphroditism, in which the XY male has external 
female genitalia due to a lack of testosterone production during fetal life (Themmen 
and Huhtaniemi 2000).  
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1.5.2 LH-receptor signaling 

The LH-receptor is a seven-transmembrane G-protein coupled receptor (GPCR). The 
aminoacid sequence identity between the human and rat LH/hCG receptor are 88% in 
the extracellular part, 92% in the transmembrane region and 69% in the C-terminal 
cytoplasmic tail (Ascoli, Fanelli et al. 2002). Both the receptor and its ligand are 
glycoproteins and binding of LH to its receptor has been shown to independently 
activate two different subfamilies of heterotrimeric G-proteins leading to activation of 
separate pathways (Gudermann, Kalkbrenner et al. 1996; Herrlich, Kuhn et al. 1996). 
In the classical scenario, LH binding initiates a conformational change of the receptor 
that activates the G-proteins. GDP that is bound to the α-subunit of G stimulatory 
protein (αGs) is exchanged for GTP and the complex is able to dissociate from the β-
subunit. The αGs-GTP complex interacts with the hormone sensitive adenylate cyclase 
(AC) that induces hydrolysis of ATP to form cAMP. cAMP binds to the regulatory (R) 
subunits of protein kinase A (PKA) causing dissociation of a R2 dimer and two free 
catalytic (C) subunits. These C subunits are able to phosphorylate serine and threonine 
residues of the cAMP responsive element binding protein (CREB) and cAMP 
responsive element modulator protein (CREM) that will go into the nucleus and bind 
cAMP responsive elements (CRE) of DNA and thereby modulate gene activity (Figure 
4). These cellular events trigger activation of two transcription factors that are known to 
be involved in the regulation of StAR gene expression (Manna, Dyson et al. 2002). 
Steroidogenic factor-1 (SF-1) up-regulates the expression of StAR protein and several 
other steroidogenic enzymes, while dosage-sensitive sex reversal adrenal hypoplasia 
congenital, critical region on the X-chromosome gene-1 (DAX-1) downregulates StAR 
expression (Hirsh, Ben-Ami et al. 2005).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. LH signaling. This figure shows some of the important steps in the signaling pathways 
activated in Leydig cells upon interaction with LH. (Abbreviations: see text)  
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In addition to activation of Gs, supraphysiological levels of LH/hCG have been shown 
to stimulate phospholipase C (PLC) and further activate inositol 1,4,5 triphosphate (IP3) 
and diacylglycerol (DAG) (Gudermann, Birnbaumer et al. 1992). The physiological 
role for activation of this pathway is less understood and the G-protein subunits 
involved in this activation are less clear. Other cascades that are activated by LHR are 
mitogen activated protein kinase (MAPK) (Cameron, Foster et al. 1996) and Janus 
kinase signaling pathway (Carvalho, Carvalheira et al. 2003). Extracellular signal-
regulated kinase (ERK) is one MAPK involved in processes such as mitogenesis and 
cellular differentiation, which have been shown to be activated by gonadotropin-
stimulation in several steroidogenic cells. However, its regulatory role have been 
contradictory showing stimulatory effects on steroidogenesis in ovarian cells (Cameron, 
Foster et al. 1996; Das, Maizels et al. 1996) but inhibition in granulosa derived cell-
lines (Seger, Hanoch et al. 2001; Tajima, Dantes et al. 2003). LH stimulation of 
cultures of primary Leydig cells as well as Leydig cell lines also induces ERK-
activation (Hirakawa and Ascoli 2003; Martinat, Crepieux et al. 2005).  
 
1.5.3 Müllerian inhibiting substance 

Müllerian inhibiting substance (MIS) is also known as anti-Müllerian hormone (AMH) 
and is the hormone that together with testosterone is necessary for normal male sexual 
development. MIS is secreted by the Sertoli cells of the testis and is responsible for 
regression of the Müllerian ducts, the structures that would normally differentiate into 
the female internal reproductive tract (Josso, Picard et al. 1977). 
 
MIS is a member of the Transforming growth factor β (TGF-β)-family (Cate, 
Mattaliano et al. 1986) and signals through the same set of receptors. The ligand 
specificity of this family is determined by its type II receptors whereas signaling occurs 
in concert with a set of type I receptors that are shared by several ligands of the group. 
MIS binds to the MIS type II receptor (MISRII) which have been located to Sertoli and 
Leydig cells of the testis (Racine, Rey et al. 1998; Lee, Seah et al. 1999). The type I 
receptor for MIS has been more difficult to discern and several of the activin receptor-
like kinases (ALKs) have been proposed (see below). 
 
The important role for MIS during sexual differentiation is well established. However, 
MIS is expressed in males at high levels until puberty where it slowly declines to the 
same level as in females where MIS starts to be expressed neonatally. (Lee, Donahoe et 
al. 1996). The purpose of this continuous expression of MIS is not clear. Male 
transgenic mice overexpressing MIS have feminized genitalia, fewer Leydig cells and 
reduced serum levels of testosterone (Behringer, Cate et al. 1990; Lyet, Louis et al. 
1995). In addition, it has been shown that MIS blocks differentiation of Leydig cells 
precursors and inhibits steroidogenic enzymes in transgenic mice overexpressing MIS 
(Racine, Rey et al. 1998). Targeted deletions of MIS or its receptor (MISRII) in mice 
result in development of Müllerian structures, Leydig cell hyperplasia, focal Leydig 
cell tumors and infertility (Behringer, Finegold et al. 1994; Mishina, Rey et al. 1996). A 
study of the differences between pubertal and adult Leydig cell function in MIS-KO 
mice suggested that the absence of MIS keeps the cells in a less differentiated state, 
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indicated by lower expression levels of StAR and higher levels of 5α-reductase and 
17β-hydrxysteroid dehydrogenase in pubertal MIS-KO compared to WT (Wu, 
Arumugam et al. 2005). As shown by the transgenic and deletion studies in mice, MIS 
appears to play an important role in Leydig cell regulation. Moreover, it has been 
shown that MIS inhibits Leydig cell steroidogenesis in the MA-10 mouse tumor Leydig 
cell line, at the level of cytochrome P450 17α-hydroxylase/c17-20 lyase (Teixeira, 
Fynn-Thompson et al. 1999; Fynn-Thompson, Cheng et al. 2003) by interfering with 
PKA signaling (Laurich, Trbovich et al. 2002). 
 
Mutations in the gene for MIS or its receptor lead to persistence of the Müllerian ducts 
in the affected males (Imbeaud, Belville et al. 1996; Hoshiya, Christian et al. 2003). 
These conditions are due to autosomal recessive mutations in 85% of the cases whereas 
15% of cases have unknown causes (Josso, Belville et al. 2005). 
 
1.5.4 MIS-receptor signaling 

As a member of the TGFβ-family (Grootegoed, Baarends et al. 1994), MIS signals 
through a heteromeric receptor complex consisting of two types of transmembrane 
serine/threonine-kinase receptors, the type I and type II (Josso, di Clemente et al. 2001). 
Binding of the ligand to the type II receptor recruits the type I receptor that is 
consequently phosphorylated by the type II receptor and therefore activated 
(Kretzschmar and Massague 1998). The activated type I receptor can now 
phosphorylate the C-terminus of the receptor-regulated smads (R-smads), which upon 
activation form complexes with the common smad4 and translocates into the nucleus 
where it regulates transcription of target genes (Figure 5). In addition to the R-smads 
there are inhibitory smads that prevents the R-smads from activation  by competing for 
receptor binding and marking them for degradation (Moustakas, Souchelnytskyi et al. 
2001). The type II receptor for MIS has been identified  (Baarends, van Helmond et al. 
1994; di Clemente, Wilson et al. 1994; Teixeira, He et al. 1996; Mishina, Tizard et al. 
1997) however which type I receptor that is used is not yet clear. MISRII is considered 
to interact with the type I receptors of the BMP-family rather than the activin/TGFβ-
family namely the alk2, alk3 and alk6 followed by smad1, smad5 and/or smad8 
activation. Targeted disruption of alk3 in mesenchymal cells surrounding the Mullerian 
duct where MISRII is expressed results in retention of the Müllerian ducts suggesting 
alk3 is the type I receptor for MIS signaling (Jamin, Arango et al. 2002). In addition, it 
was recently shown by kinase deficient type 1 receptors that alk3 mediate MIS effects 
on smad1 and P450scc in a Sertoli cell-line. However, they also showed that alk2 might 
work in concert with alk3 when the concentration of MIS is high (Belville, Jamin et al. 
2005). Other in vitro studies have suggested alk2 to be the type I receptor where 
dominant negative constructs of alk2 inhibits MIS mediated activation of Tlx2 
promoter in P19 cells transfected with MISRII and a truncated form of alk2 (Clarke, 
Hoshiya et al. 2001). Confirmatory studies with alk2 antisense oligos also inhibited 
Mullerian duct regression in organ culture (Visser, Olaso et al. 2001). 
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Figure 5. Signal transduction pathways involved in MIS signaling. 
 
1.5.5 Androgens 

The main androgen produced by adult Leydig cells is testosterone. In the circulation 
most of the androgens are in a complex with sex hormone binding globulin (SHBG) 
and albumin and only 0.5-4% of the testosterone in serum is unbound (Mendel 1989). 
Testosterone and the more potent androgen dihydrotestosterone (DHT), bind to the 
androgen receptor (AR) which is expressed in Sertoli cells, Leydig cells and peritubular 
cells of the testis of mouse (Zhou, Nie et al. 2002), human (Suarez-Quian, Martinez-
Garcia et al. 1999) and rat (Bremner, Millar et al. 1994). During sexual differentiation 
in the embryo, the conversion of testosterone to DHT by 5α-reductase by the Leydig 
cells of the testis is necessary for development of the external male genitalia (Imperato-
McGinley, Guerrero et al. 1974; Peterson, Imperato-McGinley et al. 1977). 
 
The importance of the AR in Leydig cell development has been established by knock-
out studies. In AR knock-out mice there is no increase in Leydig cell size past day 12 
and the Leydig cell numbers were ~75% lower compared to controls. In addition they 
have severely increased levels of LH due to lack of feedback inhibition. On the other 
hand, mice with a selective knock-out of the AR in Sertoli cells had only 50% reduction 
of Leydig cells and the Leydig cells were increased in size compared to controls (De 
Gendt, Atanassova et al. 2005). In the absence of a functional AR fetal Leydig cell 
development is normal, but there is a failure in the maturation of adult Leydig cells 
giving cells only partial characteristics of the adult population. (O'Shaughnessy, 
Johnston et al. 2002). 
 
The role of AR receptor in male sex differentiation has been demonstrated by the 
androgen insensitivity syndrome (AIS), which can have a complete (CAIS) or a partial 
(PAIS) manifestation. Males with CAIS have testes but have external female genitalia 
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and they lack internal female genital ducts due to expression of MIS by Sertoli cells 
(Quigley, De Bellis et al. 1995). AIS is caused by various mutations in the androgen 
receptor (Deeb, Mason et al. 2005; Holterhus, Werner et al. 2005). The sequence for 
the AR contains polyglutamine and polyglycine repeats, which varies in length among 
the population. The length of these repeats have also been suggested to correlate with 
conditions, such as male infertility (Tut, Ghadessy et al. 1997) and a neuromuscular 
disorder named Kennedy’s disease (Lee and Chang 2003; Buchanan, Yang et al. 2004). 
Androgens and the AR play an important role in the development of benign prostatic 
hypertrophy and prostate cancer as well (Heinlein and Chang 2004). 
 
1.5.6 Androgen receptor signaling 

The AR is a member of the nuclear receptor superfamily that includes receptors for 
other steroid hormones such as the progesterone and estrogen receptors as well as 
orphan receptors for which the ligand is unknown such as SF-1. In its inactivated state 
the AR is in an oligomeric complex bound to heat shock proteins (Hsp) and located in 
the cytoplasm of the cell. Upon ligand binding there is a conformational change and 
dissociation of the hsp. The receptor homodimerizes and translocates into the cell 
nucleus where it binds to DNA hormone response elements (Figure 6). The nuclear 
receptor/ligand-complex acts directly on DNA as a transcription factor to initiate 
transcription of target genes. In addition to the classical signaling by the androgen 
receptor a non-genomic signaling pathway has also been indicated. This involves a 
rapid response independent of transcription and may involve signaling pathways such 
as ERK (Zhu, Li et al. 1999; Kousteni, Bellido et al. 2001) and phosphatidyl inositol-3 
kinase (PI3-K) (Baron, Manin et al. 2004). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Schematic picture of the transduction pathways involved in the cellular response to 
androgens 
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1.5.7 Interleukin-1α 

The pro-inflammatory cytokine, interleukin-1alpha (IL-1α) was originally described as 
a product secreted by activated mononuclear phagocytes (di Giovine and Duff 1990). 
Other members of the interleukin-1 family are the interleukin-1beta (IL-1β) and the 
interleukin-1 receptor antagonist (IL-1Ra). There are two receptors identified for IL-1, 
the type I receptor IL-1RI, which acts as the signaling receptor, and a type II receptor 
IL-1RII, which is a “decoy” receptor unable of signal transduction (Dinarello 1991). 
IL-1α is produced as a 32 kDa immature precursor form, pro-IL-1α, which is post-
translationally modified by calpain and cleaved to the mature 17 kDa IL-1α 
(Kobayashi, Yamamoto et al. 1990). In addition to the 32 kDa pro-form, a 24 kDa 
splice variant is constitutively expressed in the testis of rat (24proIL-1α). This form 
lacks exon five, which includes the calpain cleavage site. It exerts bioactivity in a 
thymocyte assay and can stimulate the immature Leydig cell steroidogenesis, although 
with less potency than the mature 17 kDa form of IL-1α (Sultana, Svechnikov et al. 
2000; Svechnikov, Sultana et al. 2001). 
 
IL-1α is a multi-functional protein which is expressed in many tissues including the 
testis. In the rat testis it is constitutively produced by Sertoli cells (Jonsson, Zetterström 
et al. 1999). The paracrine role for IL-1α in the testis has been supported by several 
investigations (Svechnikov, Petersen et al. 2004). For example, IL-1α can stimulate 
DNA synthesis in Leydig cells from 10 day old rats, although not as efficiently as IL-1β 
(Khan, Khan et al. 1992). In addition it has been shown to be a potent growth factor for 
Sertoli cells in culture (Petersen, Boitani et al. 2002). 
 
Both IL-1RI and IL-1RII are expressed by Leydig cells although both mRNA and 
protein for IL-1RI is expressed at higher levels in immature rat Leydig cells than adult 
and mRNA for IL-1RII was not detectable in adult Leydig cells (Svechnikov, Sultana 
et al. 2001; Svechnikov, Stocco et al. 2003). 
 
The effect of IL-1α on Leydig cell steroidogenesis has been conflicting. However, the 
general consensus is that IL-1α inhibits LH/hCG or cAMP induced androgen synthesis 
by Leydig cells. On the other hand, it is not clear at what level this inhibition might 
occur. IL-1α inhibits cAMP induced testosterone synthesis and P450c17 mRNA 
expression in mouse Leydig cell culture in a concentration dependent manner (Hales 
1992). Other studies have shown that IL-1α inhibits rat Leydig cell steroidogenesis at 
the level of P450scc mRNA expression and that pregnenolone, but not 22R-
hydroxycholesterol (22R-OHC), a cell-permeable form of cholesterol,  could restore 
testosterone synthesis in combination with IL-1α (Lin, Wang et al. 1998). Studies 
regarding the effects of IL-1α on basal Leydig cell steroidogenesis have also been 
conflicting. Moore and Moger showed that androgen release from adult rat Leydig cells 
in culture is stimulated by IL-1α and that LH-stimulated synthesis was inhibited 
(Moore and Moger 1991). Similar results indicate that low doses of IL-1α stimulate 
steroidogenesis while higher doses are inhibitory (Calkins, Sigel et al. 1988). While 
other studies have shown no effect on the basal steroidogenesis (Sun, Hedger et al. 
1993). Recently, it was discovered that Leydig cells respond to IL-1α in an age-



Nina Renlund 
 

14 

dependent manner, revealing stimulation of immature rat Leydig cells but no effect on 
adult Leydig cells (Svechnikov, Sultana et al. 2001). 
 
IL-1RI null-mutant male mouse that lacks the functional receptor for IL-1 signaling has 
normal serum levels of testosterone. In addition, their expression of steroidogenic 
enzymes; P450scc, 3β-HSD and P45017α and their epididymal sperm number are also 
normal (Cohen and Pollard 1998). These results suggest that IL-1 is not essential for 
maintenance of steroidogenic activity in mice.  
 
1.5.8 IL-1-receptor signaling 

IL-1α signals through the IL-1RI, a member of an expanding superfamily of receptors 
that includes the IL-18 receptor and the Toll-like receptors. The family is defined by a 
cytosolic domain termed the Toll-IL-1R domain (TIR), which is found in all receptors 
of the family. Four protein kinase cascades activated by IL-1 have been identified, 
where the best characterized is NF-κB and the others involve the MAPKs: p38MAPK, 
ERK1/2 and c-Jun amino-terminal kinase (JNK). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Signal transduction pathways induced by interleukin-1 activation (Abbreviations: see text) 
 
The type I receptor for IL-1, IL-1RI, forms a heterodimer with the IL-1 receptor 
accessory protein (IL-1RAcP) this enables the receptor to signal upon binding of IL-1 
(Greenfeder, Nunes et al. 1995). MyD88, an adaptor protein, is recruited to the complex 
and mediates its association with IL-1R associated kinases (IRAKs)  (Wesche, Henzel 
et al. 1997).  IRAK-1 therefore undergoes rapid autophosphorylation and dissociates 
from the receptor complex  (Kollewe, Mackensen et al. 2004) to recruit and activate the 
soluble tumor necrosis factor-α receptor associated factor-6 (TRAF-6). TRAF-6 
interacts with TAB-2 and the complex activates TGF-β activated kinase-1 (TAK-1) 
(Takaesu, Kishida et al. 2000). TAK-1 acts as a branching point in activation of 
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IκB/NF-κB (Figure 7) and the upstream kinases for p38MAPK and JNK. Exactly how 
the activation of MAPK occurs is not clear. However, small GTPases might be 
involved. For example, Ras is involved in activation of p38MAPK by IL-1 as shown by 
studies using overexpression and dominant negative constructs (McDermott and 
O'Neill 2002) and activation of Rap has a negative effect on the activation (Palsson, 
Popoff et al. 2000).  In addition, inhibition of Rho A and Rac-2 prevented IL-1 induced 
activation of JNK and p38MAPK as well as ERK and NF-κB (Dreikhausen, Varga et 
al. 2001). Further, IL-1α can activate transcription via a Src-dependent Raf-MEK-
ERK-pathway (Moon, Lee et al. 2002). 
 
1.6 COMMON SIGNALING PATHWAYS 
1.6.1 Mitogen activated protein kinases (MAPK) 

MAPKs are a common signaling pathway known to be involved in diverse cellular 
processes such as motility, apoptosis, carcinogenesis, growth and differentiation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. ERK1/2 is an example of a MAPK signaling pathways. ERK1/2 activates MAPK activated 
kinases: ribosomal S6 kinase (RSKs), mitogen- and stress-activated kinase (MSKs) and MAPK 
interacting kinase (MNKs) in addition to substrates such as transcription factors, cytoskeletal proteins and 
phospholipases. 
 
Several groups belong to this family where the ERK1/2, p38MAPK and JNKs are the 
best studied. MAPKs might be activated by a wide variety of stimuli although in 
general ERK1/2 is often activated by growth factors while JNKs and p38MAPK are 
activated by stress responses and cytokines. The structure of these pathways is similar 
and includes activation of MAPKs via MAPK kinase (MAPKK) and MAPKK kinase 
(MAPKKK). MAPKKK a serine/threonine kinase is activated by phosphorylation 
and/or interaction with small GTP binding proteins of the Ras/Rho family when 
stimulated by an extracellular signal. MAPKKK phosphorylates the MAPKK, which 
becomes active and able to activate the MAPK by phosphorylation on threonine and 
tyrosine residues of its activation loop. Once the MAPK is activated, it can 
phosphorylate target substrates (Roux and Blenis 2004). 
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2 AIMS 
Regulation of Leydig cell steroidogenesis is achieved upon many levels that change 
during the course of development. The general aim of this thesis was to increase the 
knowledge and understanding of the role played by different paracrine factors and 
androgens in regulating the hormonal function of Leydig cells. 
 
The specific hypotheses for the papers included in this thesis were as follow: 
 

• First we hypothesized that the increased expression of StAR seen in Leydig 
cells that had been subjected to MIS postnatally was a secondary effect of 
inhibition of steroidogenesis. 

 
• In addition we intended to take a closer look at some aspects that affect the 

expression and activity of this key-regulator of steroidogenesis, StAR. 
 

• Furthermore, we hypothesized that MIS could alter the activities of 
steroidogenic enzymes and therefore inhibit steroidogenesis. 

 
• Another hypothesis was that ERK1/2, a common signaling pathway involved in 

growth and differentiation of cells, play a role in hCG-induced steroidogenesis 
in immature Leydig cells. 

 
• We also hypothesized that the ERK cascade is part of IL-1α-induced signaling 

and is involved in the control of steroidogenesis induced by the interleukin in 
immature Leydig cells. 
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3 MATERIALS AND METHODS 
This is a brief discussion of the methods used in the thesis. Detailed information about 
the methods is described in each paper. 
 
3.1 ANIMALS AND CELLS 
3.1.1 Animals 

Male Sprague Dawley rats (B & K Laboratories, Sollentuna, Sweden) at 40-days of age 
were used as a source for immature Leydig cells in paper III & IV. For paper I, the rats 
used were 60-75 days-old at the time of sacrifice, yielding adult Leydig cells. 
 
3.1.2 Cell culture (paper I-IV) 

There are different approaches available to study androgen production and regulation in 
vitro, and each of them has its advantages and disadvantages. In this thesis I have used 
a mouse Leydig tumor cell line called MA-10 and primary cultures of Leydig cells 
isolated from rats have been used to study regulation of steroidogenesis. 
 
MA-10 cells (paper I & II) 
The advantage in using a cell-line is that it is an “endless” source of cells, meaning that 
you are able to do experiments where a lot of material is needed. In addition, you do 
not need to sacrifice any animals making it a more humane method. Furthermore, it is a 
homogenous population of cells making the variability less. The disadvantage is that a 
tumor cell-line might be modified in its responses and expression of proteins making it 
less suitable for certain studies. MA-10 cells differ from “normal” adult Leydig cell in 
the aspect that its steroid-metabolism has been modified. The main metabolite 
produced by these cells is progesterone instead of testosterone although other 
metabolites are formed as well (further described in paper II). However, this cell-line 
has proven to be a good model for studying the upstream events in activation of 
steroidogenesis. 
 
Primary cultures of Leydig cells (paper I, III & IV) 
Compared to MA-10 cells; primary cultures of Leydig cells have native steroidogenic 
machinery and signaling pathways involved in its activation giving reliable data on 
intracellular events taken place in the Leydig cell in vivo. However, the problem in 
preparing primary Leydig cell culture is that this approach is time and animal 
consuming and the amount of cells isolated is limited. Moreover, the cells obtained are 
not purified to 100% and some other types of cells, e.g., macrophages and germ cells 
could contaminate the culture. However, in the present study a method of double 
purification of Leydig cells were used, reaching a purity and viability of 90% of the 
cells that allow getting reliable data on the regulation of the Leydig cell steroidogenic 
machinery. 
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3.1.3 Treatment of cells (paper I-IV) 

To study the effect of different compounds on intracellular signaling pathways and 
steroidogenic activities MA-10 cells and primary cultures of Leydig cells were 
differently treated. The factors of interest were MIS (I & II), cAMP (I & II), DHT (I), 
hCG (III) and IL-1α (IV). The concentrations that were chosen were 35 nM MIS, a 
concentration proven to be effective in silencing Cyp17 expression induced by 50 µM 
8Br-cAMP (Laurich, Trbovich et al. 2002). This is also the standard concentration of 
MIS used to elicit complete regression of the Mullerian ducts of urogenital fetal ridges 
in an organ culture assay (Donahoe, Swann et al. 1979). Dibutyryl cAMP, a cell 
permeable derivative of the second messenger cAMP was used to stimulate 
steroidogenesis in Leydig cells. This approach allows you to bypass the receptor-
mediated effects on steroidogenesis, e.g. up-or down-regulation of the receptor or its 
desensitization. In paper III primary Leydig cells were stimulated with 10 ng/ml hCG 
an analogue of LH. This dose has been shown to be optimal to stimulate steroid 
synthesis (Svechnikov, Sultana et al. 2001). IL-1α mRNA is constitutively expressed in 
the rat testis at high levels from day 25 and the concentration in testicular extracts is 
around 200 pM (Wahab-Wahlgren, Holst et al. 2000). Several studies from our 
laboratory have demonstrated that IL-1α at concentration 1 ng/ml  activated several 
signaling pathways and significantly stimulated steroidogenesis in Leydig cells 
(Svechnikov, Sultana et al. 2001; Svechnikov, Stocco et al. 2003). Therefore, this 
concentration was chosen to assay IL-1α-mediated effects on steroid synthesis. 
  
3.2 RNA EXPRESSION 

There are a lot of different methods to study mRNA expression. The method you 
choose might be dependent on the amount of material you have and what you want to 
show. In this thesis two different methods for visualization and quantification of 
mRNA expression, Northern blot and real-time PCR, have been used. The method of 
choice was in this case dependent on the amount of RNA that was isolated.  
 
3.2.1 Northern blot (paper I & II) 

Northern blot is a standard method for detection and quantification of RNA. The 
denatured RNA is separated on an agarose gel and transferred to a nylon membrane 
that is hybridized with a labeled probe for the sequence of interest. The drawbacks of 
the method are that it is sensitive to degradation of RNA and requires a lot of starting 
material. 
 
3.2.2 Quantitative Real-time RT-PCR (paper I) 

The development of Q real-time PCR has made it possible to use the sensitive reverse 
transcriptase PCR (RT-PCR) for quantification of RNA. The principle behind the 
method is based on that a specific fluorescent dye that binds double-stranded DNA (e.g. 
SYBR Green) or a labeled gene-specific probe. The instrument will record the 
fluorescence in each cycle and therefore provide a measurement of the amount of 
product in each sample. By using a “housekeeping gene”, whose expression does not 
vary with treatments, you can determine a relative expression level of your gene of 
interest. 
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3.3 PROTEIN EXPRESSION AND ACTIVITY 

To investigate the signaling pathways activated by hCG and IL-1α in Leydig cells and 
the expression of steroidogenic enzymes at the protein level Western blot analysis was 
used. Western blot only shows the level of expression of the protein, however, the 
activity of many proteins is dependent on their phosphorylation/dephosphorylation 
state. Therefore, we also assayed the activities of two phosphatases, PP2A and PP1, 
which could be involved in the regulation of steroidogenesis in Leydig cells. 
 
3.3.1 Western blot (paper II, III & IV) 

Western blotting was performed according to standard protocols described in the 
materials and methods section of each paper.  
 
3.3.2 Phosphatase activity (paper III & IV) 

Phosphorylation and dephosphorylation is a common way for regulating the activity of 
proteins. Phosphatase activity was measured with 6,8-difluoro-4-methylumbelliferyl 
phosphate (DiFMUP) as substrate. This substrate is useful for measuring both alkaline 
and acid phosphatase activity and have been shown to be the most sensitive substrate to 
detect PP2A activity (Pastula, Johnson et al. 2003). 
 
3.4 STEROIDOGENESIS 

The main function of the Leydig cell is to produce androgens. Therefore, it is of interest 
to measure the outcome of stimulation or inhibition of steroidogenesis. In this thesis, 
different methods have been used to visualize steroidogenic capacity of these cells and 
the effects of different stimuli. 
 
3.4.1 Steroid assay with microsomes (paper II) 

P450c17α-hydroxylase/c17-20 lyase is a bifunctional microsomal protein (Payne and 
Youngblood 1995) that have been shown to be inhibited by MIS at the transcriptional 
level by blocking PKA signaling in MA-10 Leydig cells (Laurich, Trbovich et al. 
2002). The microsomal activities of MA-10 Leydig cells treated with different 
substances were evaluated in an in vitro assay with different steroidogenic substrates. 
To separate the steroids produced in the assay they were subjected to Thin Layer 
Chromatography (TLC). 
 
3.4.2 Thin Layer Chromatography (paper II) 

TLC is a fast and easy method to qualitatively separate the composition of substances 
in a mixture. Depending on the composition of the solvent used (mobile phase) the 
separation between the different steroids will vary depending on their solubility and 
their strength of adsorption to the silica plate (solid phase). In our experiments, the mix 
that gave the best separation of our steroids of interest was chloroform:ethylacetate 
(3:1). This method is especially useful if RIA is not possible if the antibody to a given 
steroid is not available or the exact identity of the steroid is unknown. 
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3.4.3 Radioimmunoassay (paper III & IV) 

The method used to measure the steroid production from the Leydig cells is radio 
immunoassay (RIA) this method is based on competitive binding to the antibody for the 
steroid of interest and is specific and sensitive to measure steroid concentration at high 
accuracy. There are several ready-use kits available on the market and in this work the 
Coat-a-Count RIA kit for testosterone and DHEA assay (Diagnostic Products Corp., 
Los Angeles, CA, USA) was used. For measurement of 3α-DIOL and pregnenolone we 
have set up assays using specific antisera (Cosmo Bio Co. LTD., Tokyo, Japan and 
Fitzgerald Industries Inc., MA, USA) and tracers; 5α-[9,11,-3H(N)]Androstane-3α,17β-
Diol and [7-3H(N)]-pregnenolone (NEN Life science Products, Boston, MA, USA). 
 
3.4.4 Activity of P450scc (paper IV) 

After cholesterol is imported into the mitochondria the first step in steroidogenesis is 
the conversion of cholesterol to pregnenolone by P450scc. To measure the activity of 
P450scc the whole cells or their homogenates were incubated with cholesterol as 
substrate in the presence of trilostane, an inhibitor of 3β-HSD. Since part of the 
pregnenolone formed might be converted to DHEA by P450c17 through the ∆5-
pathway, formation of DHEA was also measured and the sum of above steroids was 
considered as an index of P450scc activity. 
 
3.4.5 Mitochondrial membrane potential 

It has been suggested that an electrical potential in the mitochondrial membranes is 
needed for transport of cholesterol from OMM to IMM by StAR (King, Liu et al. 
1999). This can be measured by JC-1 (5,5’, 6,6’-tetrachloro-1,1',3,3' 
tetraethylbenzimidazolylcarbocyanine iodide/chloride), a fluorescence dye which 
detects the mitochondrial membrane potential in cells. When the electrochemical 
potential is intact, the negative charge established by the intact mitochondrial 
membrane potential allows the dye to enter the mitochondrial matrix where it 
accumulates forming J-aggregates which become fluorescent red (Reers, Smiley et al. 
1995). If the electrochemical potential is lost, JC-1 exists in a monomeric form and 
stains the cytosol green. The mitochondrial membrane potential, Ψm was estimated as 
the ratio of red/green JC-1 fluorescence.  
  
 
 
 
 
 
 
 
 
 
 
 



Hormonal and paracrine influences on Leydig cell steroidogenesis 
 

  21 

4 RESULTS AND DISCUSSION 
 
4.1 THE ERK CASCADE AND STEROIDOGENESIS 
4.1.1 Role of ERK1/2 in the regulation of steroidogenesis by hCG and 

IL-1α in Leydig cells (paper III & IV) 

The cAMP-PKA signaling cascade is a common pathway activated by gonadotropins 
and is responsible for quick activation of steroidogenesis in Leydig cells. LH, a 
physiological activator of the Leydig cell steroidogenic machinery binds to the LHR 
and activates G proteins that stimulate adenylate cyclase activity and produce increased 
intracellular levels of cAMP and activation of protein kinase A. PKA action results in 
the phosphorylation of proteins such as cholesteryl ester hydrolase as well as the 
phosphorylation of transcription factors including SF-1, GATA-4 and CREB/CREM 
that function to activate genes involved in steroidogenesis, including StAR (Manna, 
Wang et al. 2003). However, while the cAMP/PKA pathway is undoubtedly the major 
signaling cascade activated by gonadotropins and regulating steroidogenesis, many 
recent studies have indicated that additional pathways are involved in this process as 
well. Thus, the hypothesis that the ERK signaling cascade is part of the hCG-activated 
signal transduction machinery and is involved in the control of androgen production by 
hCG was tested. Several recent reports have indicated that ERK1/2 participate in the 
regulation of steroidogenesis in steroid producing cells (Gyles, Burns et al. 2001; 
Seger, Hanoch et al. 2001), but virtually nothing is known concerning its role in Leydig 
cell function.  
 
The findings demonstrated that the ERK cascade participates in the signaling pathways 
initiated by hCG in the maturing Leydig cell. Further, it was observed that PKA and 
PKC function as upstream kinases in transduction of the signal from the gonadotropin 
receptor to the ERK cascade. The results also provided evidence that the inhibition of 
ERK1/2 attenuates induction of testosterone production by immature Leydig cells in 
response to hCG and dbcAMP, a process that was restored by 22R-OHC, suggesting 
that ERK1/2 are involved in regulation of the trafficking of cholesterol into 
mitochondria. Together, these findings led us to propose that expression of the StAR 
protein, in response to stimulation by hCG might be regulated by the ERK 
cascade. Since only newly synthesized and processed StAR is required for this transfer 
of cholesterol (Artemenko, Zhao et al. 2001) we examined whether these MAPKs are 
involved in de novo StAR synthesis by activated Leydig cells. Inhibition of the ERK 
cascade was seen to significantly attenuate de novo StAR synthesis stimulated by hCG 
in primary cultures of immature rat Leydig cells (Figure 9). 
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Figure 9. Stimulation of de novo synthesis of StAR and increased testosterone production by hCG 
are inhibited by UO126 in immature rat Leydig cells.  (Martinelle, N., Holst, M., Söder, O. and 

Svechnikov, K. (2004) Extracellular-signal-regulated kinases are involved in the acute activation of steroidogenesisin 

immature rat Leydig cells by human chorionic gonadotropin Endocrinology 145(10):4629-34 © Society for 

Endocrinology (2004). Reproduced by permission.) 
 
This result suggests that the ERK cascade is a necessary part in the acute activation of 
steroidogenesis in immature Leydig cells by hCG. In addition, the phosphorylation-
state of StAR is important for its activity (Jones, Sayed et al. 2000; Maciel, Poderoso et 
al. 2001) and it has been shown that serine/threonine phosphatases might be involved in 
the regulation of StAR activity and steroid production (Jones, Sayed et al. 2000). 
Investigation of the activity of serine/threonine phosphatase PP2A revealed that this 
activity was stimulated by hCG and inhibited by UO126. Thus, these results conclude 
that the ERKs play an important role(s) in regulation of the rapid hormonal responses 
of Leydig cells to gonadotropins. 
 
Growing body of evidence demonstrate that apart from gonadotropins several growth 
factors can stimulate steroidogenesis and StAR expression in Leydig cells (Saez 1994). 
Recently, we have found that IL-1α stimulates androgen production by immature, but 
not adult Leydig cells (Svechnikov, Sultana et al. 2001). Subsequent investigations in 
our laboratory revealed that IL-1α is a potent inducer of the StAR protein in immature, 
but not adult Leydig cells (Svechnikov, Stocco et al. 2003). This up-regulation involves 
activation of p38 MAPK by IL-1α, indicating that this kinase is an important 
component of the signaling pathway(s) induced by this cytokine and, moreover, may be 
involved in the regulation of steroidogenesis by immature Leydig cells. However, no 
data were available concerning the possible role of the ERK cascade in IL-1α- mediated 
stimulation of steroidogenesis in immature rat Leydig cells.  
 
Similarly to hCG, we observed that the ERK cascade participates in the regulation of 
steroidogenesis and is a component of the signaling pathways initiated by IL-1α in the 
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immature Leydig cell. The findings indicated that protein kinase C functions as an 
upstream mediator of signal transduction from the IL-1RI to the ERK cascade. Further, 
selective inhibition of the ERKs by UO126 was found to attenuate IL-1α -induced 
steroidogenesis in immature rat Leydig cells. In contrast, steroidogenesis was not 
affected by UO126 when 22R-OHC, a membrane-permeable form of cholesterol was 
used as substrate in these cells both in the absence and presence of IL-1α. Since the 
phosphorylation of StAR regulates its activity, the status of phosphorylation of StAR 
was investigated using a phospho-StAR antibody recognizing phosphorylation at 
serine-194, a site known to modulate the activity of StAR (Arakane, King et al. 1997). 
Our experiments demonstrated that IL-1α alone detectably enhanced the level of 
phosphorylated StAR and co-treatment with UO126 resulted in a further 18-fold 
elevation in the level of its phosphorylated form. UO126 alone also markedly 
stimulated StAR expression but not StAR phosphorylation (Figure 10). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. Effects of UO126 on the expression and phosphorylation of StAR and on androgen 
production by immature Leydig cells after stimulation with IL-1α (Renlund N, Jo Y, Svechnikova I, 

Holst M, Stocco D, Soder O & Svechnikov K 2006 Induction of steroidogenesis in immature rat Leydig cells by 

interleukin-1α is dependent on extracellular signal-regulated kinases J Mol Endocrinology 36: 327-336 © Society for 

Endocrinology (2006). Reproduced by permission.) 

 

Thus, selective inhibition of the ERKs attenuated IL-1α -induced steroidogenesis in 
immature rat Leydig cells despite enhanced expression and phosphorylation of the 
StAR protein. To explain these finding, a water-soluble form of cholesterol that can 
transfer across the mitochondrial membrane and bypass StAR function and thereby 
stimulate steroidogenesis was used. This demonstrated that unlike with 22R-OHC, 
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UO126 suppressed steroidogenesis stimulated by the water-soluble form of cholesterol. 
To exclude the possible effects of UO126 on the hydroxylation of cholesterol at the C22 
position by mitochondrial cytochrome P450scc, the activity of cytochrome P450scc 
was measured both in intact Leydig cells and in homogenates using water-soluble 
cholesterol as substrate. Inhibition of ERK activity by UO126 had no effect on the 
activity of P450scc in the cell homogenates, a condition in which the integrity of the 
mitochondrial membranes was in all probability altered, whereas this process was 
inhibited in whole cells. Together, these findings indicate that the ERKs are involved in 
the regulation of cholesterol trafficking from the OMM to the IMM and do not 
influence the activities of downstream steroidogenic enzymes. 
 
It has been shown that the mitochondrial membrane potential is important for 
translocation of StAR (King, Liu et al. 1999; Granot, Geiss-Friedlander et al. 2003). 
Therefore, we investigated whether UO126 affected the mitochondrial membrane 
electrochemical potential (Ψm) in immature Leydig cells and discovered that UO126 
inhibited the Ψm in both control and IL-1α-treated cells (Figure 11). This finding can 
partly explain why StAR protein was not functional in UO126-treated cells. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11. Effect of UO126 on mitochondrial membrane potential in immature Leydig cells 
(Renlund N, Jo Y, Svechnikova I, Holst M, Stocco D, Soder O & Svechnikov K 2006 Induction of steroidogenesis in 

immature rat Leydig cells by interleukin-1α is dependent on extracellular signal-regulated kinases J Mol 

Endocrinology 36: 327-336 © Society for Endocrinology (2006). Reproduced by permission.) 
 
The results concluded that activation of the ERK cascade by IL-1α plays a dual role in 
the regulation of steroidogenesis in immature Leydig cells. These MAPKs down-
regulate the expression and phosphorylation of StAR, while at the same time positively 
regulate an intact Ψm across the IMM. Similarly, the ERK cascade is part of the signal 
transduction pathway activated by hCG in immature Leydig cells. However, these 
MAPKs up-regulate acute StAR expression and steroidogenesis in response to hCG. 
Based on these results it was hypothesized that the ERK cascade plays an important 
role(s) in regulation of the rapid hormonal responses of Leydig cells to gonadotropins. 
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4.2 THE ROLE OF MIS AND CAMP IN STEROIDOGENESIS 
4.2.1 Androgens and StAR expression (paper I) 

Since StAR is one of the key-regulators of steroidogenesis its expression has been an 
interesting marker to visualize stimulation or down-regulation of steroid synthesis. 
Previous results have indicated that MIS is able to increase the cAMP induced mRNA 
expression of StAR in MA-10 Leydig cells (Laurich, Trbovich et al. 2002). Since MIS 
alone had no effect on StAR expression and the fact that MIS is inhibiting cAMP 
induced androgen synthesis indicated that the increased StAR expression observed after 
MIS treatment might be a secondary effect to the decrease in androgen production. 
 
Northern blot analysis confirmed that overnight treatment with 8Br-cAMP induced 
both the 3.4-kB and 1.6-kB transcript of StAR mRNA in MA-10 cells and this was 
further augmented by co-treatment with MIS. To test the hypothesis of a negative 
feedback inhibition by androgens, the antiandrogen flutamide was used to inhibit the 
AR and increasing concentration of DHT was used to stimulate the receptor. 
Subsequently, this result showed that flutamide mimicked the effect of MIS while pre-
treatment with 
 
 DHT dose-dependently decreased StAR mRNA expression. Further, pre-treatment of 
the cells with DHT (prior to MIS and 8Br-cAMP) abolished the inductive effect of MIS 
in StAR expression indicating that MIS effect is through inhibition of steroidogenesis. 
 
 
 
 
 
 
 

 
 
Figure 12. Northern blot showing the up- and downregulation of StAR mRNA expression in MA-
10 cells in response to different treatments (Houk, C.P., Pearson, E.J., Martinelle, N., Donahoe, P.K. and 

Teixeira, J. 2004 Feedback inhibition of steroidogenic acute regulatory protein expression in vitro and in vivo by 

androgens. Endocrinology 145(3):1269-1275 © Society for Endocrinology (2004). Reproduced by permission.) 

  
DHT was also able to reduce cAMP induced StAR expression in primary cultures of 
adult rat Leydig cells as assessed by Real-Time RT-PCR. Finally, In vivo studies of 
hypophysectomized mice and mice treated with GnRH analog and antagonist, acyline 
was performed where testosterone where given 1 day before treatment with hCG for 1 
h before sacrifice. Testes were analyzed by Northern blot for StAR expression and the 
results agreed with the in vitro data, showing an induction of StAR with hCG alone, an 
effect that is inhibited by testosterone treatment.  
 
What mechanism involved in this feedback regulation is not all clear. However, our 
results from the luciferase assay with androgen responsive elements in the StAR 
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promoter region indicate that DHT inhibits the StAR promoter at the transcriptional 
level. 
 
4.2.2 The effect of MIS and cAMP on MA-10 cells (paper II) 

MA-10 Leydig cells produce progesterone as their major steroid metabolite however a 
small but detectable amount of testosterone is also secreted by these cells (Teixeira, 
Fynn-Thompson et al. 1999). It has been shown that MIS inhibits Cyp17 expression at 
the transcriptional level. However, the production of testosterone seems to be more 
effectively suppressed than the production of 17-hydroxyprogesterone (17-OHP). 
Possible reasons for this could be that MIS might interfere with the lyase activity of 
Cyp17, or inhibits 17β-HSD, the enzyme that converts androstendione to testosterone, 
or increase the expression of testosterone metabolizing enzymes, thereby decreasing 
testosterone levels.  
 
This study was performed by investigating the steroidogenic activities of microsomes 
from MA-10 cells treated with cAMP and MIS. The most abundant product from 
untreated MA-10 cells using progesterone as substrate was the 5α-reduced form of 
progesterone, 5α-pregnan-3α-ol-20-one (5α,3α-P or allopregnanolone). This result was 
in line with previous studies that have shown that 3α/β-HSD and 5α-reductase to be 
active in MA-10 cells (Rommerts, King et al. 2001). Inhibition of 5α-reductase type 1 
with the specific inhibitor MK386 resulted in less conversion of progesterone, 
indicating that this enzyme metabolizes progesterone in the untreated state. Further, 
treatment with cAMP lead to a shift in the steroidogenic activities resulting in more 
androstendione and its 5α,3β-reduced form, epiandrosterone. This conversion was also 
diminished by addition of MK386. Treatment with MIS alone or in combination with 
cAMP resulted in higher levels of unused progesterone compared to cells that were 
untreated or with cAMP alone. 5α,3α-P was the greatest metabolite in both these 
groups. 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
Figure 13. Steroidogenic pathways of MA-10 cells (Reprinted from J. Steroid Biochemistry and Molecular 
Biology 92(3) Trbovich, A.M., Martinelle, N., O’Neill, F.H., Pearson, E.J., Donahoe, P.K., Sluss, P.M. and Teixeira J. 
Steroidogenic Activities in MA-10 Leydig Cells Are Differentially Altered by cAMP and Müllerian Inhibiting 
Substance, 199-208 © (2004) with permission from Elsevier) 
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Testosterone, androstendione and 17-OHP were also tested as substrates in this 
microsomal assay; however none of these were shown to be good microsomal 
substrates. Additionally, it was concluded that MIS does not interfere with 
steroidogenic activities by altering the mRNA or protein expression of 5α-reductase 
type 1 as visualized by Northern and Western blot respectively. 
 
The qualitatively produced results from TLC were reproducible by HPLC, which also 
was the method used to study differences in Cyp17 activities as indicated by the TLC 
results. Hydroxylase activity was determined by combining the amount 17-OHP, 
androstendione and testosterone that was formed from a progesterone substrate and the 
lyase activity by combining androstendione and testosterone. Cells treated with cAMP 
showed a 6-fold increase in hydroxylase activity compared to untreated cells a 
stimulation that was abolished by addition of MIS. Measurement of lyase activity 
showed similar results. The ratio 17-OHP:(17-OHP + androstendione + testosterone) 
indicates the lyase activity of P450c17 and showed that cAMP induces this activity 
compared to untreated cells an effect that is inhibited when cells are treated in 
combination with cAMP and MIS. Additional in vivo experiments with microsomes 
from rat testicular extracts confirmed the decreased lyase activity by the increased 
amount of 17-OHP shown by TLC after MIS-treatment. In contrast, the major 
metabolites of rat steroidogenesis are androstendione, testosterone and DHT in the 
untreated rat. 
 
4.3 GENERAL DISCUSSION 

Leydig cell steroidogenesis is an important process during sexual differentiation and for 
maintaining fertility and male characteristics later in life. The principal regulation of 
androgen synthesis occurs through endocrine control via LH from the pituitary; 
However as shown in this thesis paracrine control play a role in this regulation as well. 
The physiological significance for all factors able to affect the steroidogenic machinery 
is not clarified. Since the systems studied are cell-cultures using one or two factors at a 
time the overall effects in vivo may be difficult to predict and further studies are 
needed. 
 
The importance of StAR in regulation of steroidogenesis was established when it was 
realized that mutations in the StAR gene were a cause of congenital lipoid adrenal 
hyperplasia (CAH). This condition is manifested by large adrenals with accumulation 
of cholesterol and cholesterol esters in steroidogenic cells together with an almost 
complete inability to synthesize steroids. Without proper hormone replacement 
treatment this condition lead to an early death (Stocco 2002). Knock-out studies in mice 
demonstrated a phenotype similar to the human condition (Caron, Soo et al. 1997). 
Several factors have been shown to be of importance in the regulation of StAR activity. 
First it has been suggested that only newly synthesized StAR is active (Artemenko, 
Zhao et al. 2001) and we show that hCG increases de novo synthesis of StAR protein. 
Second, post-translational modifications of StAR are important for its activity. Several 
studies have demonstrated a role of phosphorylation in StAR activity. PKA-dependent 
phosphorylation might increase the stability of the protein (Clark, Ranganathan et al. 
2001). Phosphorylation of Serine 194/195 regulates StAR activity positively (Arakane, 
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King et al. 1997) and in paper IV it was shown that IL-1α induces phosphorylation of 
StAR at this position in addition to androgen synthesis in immature Leydig cells. 
Furthermore, a role for protein phosphatases in regulation of StAR has been suggested 
by several researchers (Burns, Gyles et al. 2000; Jones, Sayed et al. 2000; Paz, Cornejo 
Maciel et al. 2002; Poderoso, Paz et al. 2002). Exactly how these phosphatases regulate 
the activity of StAR is not at all clear, however. Phosphatases might have dual roles in 
steroidogenic cells, one study shows that inhibition of PP1/PP2A leads to 
morphological changes in Y1 adrenocortical cells accompanied with a decrease in 
steroidogenic capacity, indicating a role for these phosphatases in facilitating access of 
cholesterol for the mitochondria (Whitehouse, Gyles et al. 2002). In addition, protein 
tyrosine phosphatase is needed for LH induced StAR expression and steroidogenesis in 
MA-10 Leydig cells (Paz, Cornejo Maciel et al. 2002) and PP1/PP2A regulates StAR 
in Y1 cells (Jones, Sayed et al. 2000). This is in line with our data from paper III that 
show stimulation of PP2A activity by hCG. In contrast to our results it has been 
demonstrated that PP2A activity is inhibited by cAMP in MA-10 cells (Poderoso, Paz 
et al. 2002). 
 
Although the classical activation of Leydig cell steroidogenesis is mediated via the 
LH/cAMP/PKA signaling cascade, several other pathways have been implicated in 
steroid hormone biosynthesis (Stocco, Wang et al. 2005). All eukaryotic cells possess 
MAPK-dependent signaling pathways and the stimuli needed for activation of these 
pathways vary greatly. The ERK signaling cascade is commonly activated by a variety 
of growth factors and hormones and are involved in the regulation of a number of 
important biological functions, including cell proliferation, differentiation, apoptosis, as 
well as carcinogenesis (Rubinfeld and Seger 2005; Yoon and Seger 2006). Although 
several studies had shown the involvement of ERK1/2 in steroidogenesis (Gyles, Burns 
et al. 2001; Dewi, Abayasekara et al. 2002; Salvador, Maizels et al. 2002) we were the 
first to show that hCG induced steroidogenesis in immature rat Leydig cells involved 
activation of ERK-pathway (paper III). Recently it was demonstrated that LH-induced 
steroidogenesis in primary rat Leydig cells and mouse Leydig tumor cells involved 
activation of ERK1/2 (Martinat, Crepieux et al. 2005) supporting our findings. 
 
Since IL-1α also stimulates steroidogenesis in immature Leydig cells, we further 
investigated the role of ERK1/2 in IL-1α induced steroidogenesis. The findings indicate 
that the ERK cascade is part of the signaling machinery activated by IL-1α in Leydig 
cells and inhibition of this pathway by UO126 suppresses steroidogenesis, but enhances 
StAR expression and phosphorylation. This finding is in line with a recently published 
report demonstrating that MEK inhibition increases basal and IGF-1 mediated StAR 
expression, but decreases progesterone synthesis in mouse Leydig tumor cells (Manna, 
Chandrala et al. 2005). In addition, our data correlates with what has been observed in 
granulosa cells where ERK was activated in response to stimulation of the cells with 
gonadotropins and inhibitors of MEK increased StAR expression and steroid 
production (Seger, Hanoch et al. 2001). In this same manner, inhibition of ERK in 
bovine theca cells augmented StAR expression and progesterone production, however 
the androgen production by these cells were diminished due to down-regulation of 
P450c17 expression (Tajima, Yoshii et al. 2005). In contrast to these findings we did 
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not observe any effect on downstream steroidogenic enzymes. Our results indicate that 
steroidogenesis is inhibited at the mitochondrial level in immature Leydig cells in 
response to ERK-inhibition after IL-1α treatment although the mechanism is not at all 
clear. The exact mechanism for cholesterol transport by StAR from the OMM to the 
IMM has not been completely elucidated. One suggestion is that StAR forms a 
hydrophobic tunnel allowing cholesterol transport to the IMM (Tsujishita and Hurley 
2000) and it has been suggested that StAR is only active in the OMM (Bose, Lingappa 
et al. 2002). We observed that inhibition of ERK enhanced the expression and 
phosphorylation of StAR while simultaneously causing a dramatic decrease in 
androgen production by Leydig cells. In an attempt to explain these contradictory 
observations, we speculated that after crossing the OMM, a step which does not require 
Ψm (Granot, Geiss-Friedlander et al. 2003), StAR and cholesterol probably remain 
trapped and accumulate in the inter membrane space (IMS) of the mitochondria without 
import into the mitochondrial matrix due to dissipation of Ψm induced by UO126. This 
possibility is in agreement with the finding that the expression of C-28 StAR, a non-
functional StAR mutant with uncoupling activity, leads to a loss of Ψm and capture of 
the truncated protein in IMS without import to the mitochondrial matrix (Granot, Geiss-
Friedlander et al. 2003). Thus, our results propose that UO126 inhibits the translocation 
of cholesterol by dissipation of the mitochondrial membrane potential. Taken together, 
our data indicate that the ERK signaling cascade is important for mitochondrial 
function and cholesterol trafficking.  
 
At the same time, the elevated expression of StAR observed in paper IV might be a 
secondary effect due to lack of feedback inhibition by androgens in the same manner as 
was reported in paper I. Moreover, the different results observed concerning the role of 
ERK1/2 in hCG and IL-1α activation of steroidogenesis respectively could be due to 
the different time-points studied. Where ERK1/2 positively regulates acute activation 
of androgen synthesis it might exert an inhibitory effect after a longer period. Another 
suggestion for the inhibitory effect of ERK1/2 on StAR is down regulation of 
steroidogenic factor-1 (SF-1), which positively controls StAR expression, or up 
regulation of DAX-1, an inhibitor of SF-1 activity (Tajima, Dantes et al. 2003).    
 
The upstream events of ERK1/2 activation are not completely understood. Different 
pathways may be involved depending on the stimulus. The results in this thesis show 
that PKC acts upstream of both hCG and IL-1α induced activation of ERK1/2 but PKA 
activation is only involved in hCG stimulation of ERK signaling. Several studies have 
shown that PKC is involved in activation of ERK by IL-1 (Amin, Ichigotani et al. 2003; 
Wu, Han et al. 2004), and the activation of steroidogenesis through the cAMP 
dependent protein kinase, PKA after LH/hCG stimulation is a well studied process 
(Hauet, Liu et al. 2002; Chin, Harris et al. 2004; Rao Ch, Zhou et al. 2004). However, 
the upstream events involved in ERK activation in Leydig cells have not yet been fully 
investigated. PKA mediates activation of ERK cascade in granulosa cells (Seger, 
Hanoch et al. 2001; Salvador, Maizels et al. 2002). Furthermore, it has been shown that 
phosphorylation of ERK1/2 is mediated through a PKA mediated activation of Ras in 
MA-10 and primary cells from 21-day old rats (Hirakawa and Ascoli 2003). A recent 
study show that basal activities of PKC and PKA are necessary for induction of 
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steroidogenesis and StAR protein in Leydig cells (Jo, King et al. 2005). Moreover, a 
tonic inhibitory role for PKC on Leydig cell steroidogenesis have been suggested, 
where PKC exerts a continuous inhibitory effect but long-term activation of PKC leads 
to its degradation and thereby loss of this inhibition (Lopez-Ruiz, Choi et al. 1992). 
Since inhibition of neither of these kinases completely abolished phosphorylation of 
ERK in our studies one might suggest that other signaling mechanisms are involved in 
activation of this pathway as well. 
 
Feedback regulation of Leydig cell steroidogenesis by testosterone acting through the 
hypothalamic-pituitary axis is a well known mechanism (Tilbrook and Clarke 2001). 
However, here we show an autocrine mechanism for regulation of androgen synthesis 
by the Leydig cell itself (paper I). This regulation might be a way for the Leydig cell to 
regulate its own function at the rate-limiting step of steroidogenesis, the cholesterol 
translocation into the inner mitochondrial membrane by StAR. In addition to the 
androgen-dependent effect observed on cAMP induced StAR expression, we showed 
that other steroid hormones exert a similar effect on StAR. These results are in line with 
what have previously been published regarding the inhibitory effect of dexamethasone 
(Wang, Walsh et al. 2000; Huang and Shirley Li 2001) on StAR expression, but 
contradictory to what has been observed with progesterone (Schwarzenbach, Manna et 
al. 2003), an effect that might be due to differences in dosage and treatment time. These 
results taken into consideration, it is of importance to consider the effects of other 
steroid hormones as well as androgens in therapies where an antiandrogen affect is 
desired. For example, as increased expression of StAR might increase the transport of 
cholesterol into the mitochondria and after MIS treatment, elevate the levels of 
progesterone due to inhibition of Cyp17; there might be additional androgenic effects 
of progesterone. Thus, high concentrations of progesterone has been shown to bind the 
AR and promote its nuclear translocation (Kemppainen, Lane et al. 1992) in this 
manner there might be an androgenic effect despite low levels of secreted androgens. 
This could be important to take into considerations in for example anti-androgen 
treatment in prostate cancer. 
 
MIS and testosterone levels have opposite profiles in the prepubertal testis. Where 
testosterone levels are low until puberty the levels of MIS are high and drops at the 
time of puberty (Rey, Lordereau-Richard et al. 1993). Transgenic and knockout 
experiments of MIS and its receptor indicate an important role for MIS in regulation of 
Leydig cell steroidogenesis (Behringer, Cate et al. 1990; Behringer, Finegold et al. 
1994; Lyet, Louis et al. 1995; Mishina, Rey et al. 1996). In addition, MIS inhibits fetal 
Leydig cell steroidogenesis (Rouiller-Fabre, Carmona et al. 1998) and regeneration of 
Leydig cells after EDS treatment (Salva, Hardy et al. 2004). Although MIS has been 
shown to inhibit Leydig cell steroidogenesis at the level of bifunctional Cyp17  
(Teixeira, Kehas et al. 1999; Trbovich, Sluss et al. 2001; Laurich, Trbovich et al. 2002) 
the exact mechanism for this is not known. As shown in paper II, MIS reverses cAMP 
induced synthesis of androstendione to conversion of progesterone to its 5α-reduced 
forms. In addition, more 17-OHP is released from the Cyp17 complex indicating that 
MIS might interfere with its lyase activity. Since, phosphorylation of Cyp17 have been 
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proposed to induce its lyase activity (Zhang, Rodriguez et al. 1995; Pandey, Mellon et 
al. 2003), this might be a mechanism for MIS action.   
 
Finally, both IL-1α, which is expressed from day 20 in rat (Wahab-Wahlgren, Holst et 
al. 2000), and MIS are expressed in the prepubertal testis. This thesis shows that these 
substances can act in a paracrine fashion to regulate steroid synthesis by Leydig cells. 
The exact role for neither of these factors in the postnatal testis is known. Several 
paracrine roles for IL-1α in the testis have already been suggested. For example, the 
onset of IL-1α secretion by Sertoli cells correlates with the initiation of 
spermatogenesis (Syed, Soder et al. 1988) and shows a stage dependent expression 
during the cycle of the seminiferous epithelium, with lowest expression in stage VII, 
the stage lacking DNA replication (Jonsson, Zetterström et al. 1999). In addition a 
stimulatory effect of IL-1α on DNA synthesis by germ cells has been shown in vivo 
and in vitro (Pollanen, Soder et al. 1989; Parvinen, Soder et al. 1991). Moreover, the 
age-dependent response of Leydig cell steroidogenesis to IL-1α (Svechnikov, Sultana et 
al. 2001) and the ability of IL-1 to stimulate steroidogenesis in immature Leydig cells 
in the presence of low levels of LH (Verhoeven, Cailleau et al. 1988) might suggest a 
role in postnatal differentiation of Leydig cells and possibly the onset of puberty. 
Similarly, it was recently shown that IL-1α interacts with growth hormone (GH) and 
IGF-I to stimulate androgen production in immature Leydig cells (Colon, Svechnikov 
et al. 2005). Due to the reciprocal relationship between MIS and testosterone 
postnatally and its effect on Leydig cell steroidogenesis one can speculate that MIS is 
involved in regulation of puberty as well. One mechanism might be to shunt Leydig 
cell steroidogenesis toward 5α-reduced forms of progesterone by inhibition of Cyp17 
as indicated in paper II. Comprehension of the signaling pathways that regulate 
activation and inhibition of steroidogenesis is of great impact in understanding the 
effects on a cell. Indeed these results show that both IL-1α and hCG activates the ERK 
cascade in immature Leydig cells. Furthermore, we demonstrate a mechanism for the 
Leydig cell to regulate its own activity through feedback inhibition by androgens, a 
mechanism that will be of importance for future research. 
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5 SUMMARY AND CONCLUSION 
In this thesis, the role of paracrine and endocrine regulators of Leydig cell 
steroidogenesis has been discussed. Based on our hypotheses the results show that:  
 

• The increased expression of StAR is a secondary effect of MIS treatment due to 
lack of feedback inhibition by androgens showing that androgens can regulate 
StAR expression in Leydig cells through an autocrine feedback inhibition. 

 
• MIS inhibits androgenesis by altering the activities of Cyp17 probably by 

affecting its lyase activity. 
 
• The ERKs is part of the signal transduction machinery activated by hCG and 

up-regulate de novo synthesis of StAR and the activity of PP2A, cellular events 
which are both associated with increased androgen production by the Leydig 
cell. 

 
• Activation of the ERK cascade by IL-1α plays a dual role in the regulation of 

steroidogenesis in immature Leydig cells. These MAPKs down-regulate the 
expression and phosphorylation of StAR, while at the same time positively 
regulate an intact Ψm across the IMM. 

 
In conclusion, there are many factors affecting androgen production by Leydig cells. 
Depending on the developmental stage and the combination and duration of stimuli the 
outcome may vary. Taken together, the results shown in this thesis enhance our 
understanding of hormonal and paracrine regulation of the Leydig cell by showing 
several different factors and mechanisms of regulation.  
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