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Abstract
Stress-mediated elevations in circulating glucocorticoid levels lead to corresponding rapid declines
in testosterone production by Leydig cells in the testis. In previous studies we have established that
glucocorticoids act on Leydig cells directly, through the classic glucocorticoid receptor (GR), and
that access to the GR is controlled prior to the GR by a metabolizing pathway mediated by the type
1 isoform of 11β-hydroxysteroid dehydrogenase (11βHSD1). This enzyme is bidirectional (with both
oxidase and reductase activities) and in the rat testis is exclusively localized in Leydig cells where
it is abundantly expressed and may catalyze the oxidative inactivation of glucocorticoids. The
predominant reductase direction of 11βHSD1 activity in liver cells is determined by an enzyme,
hexose-6-phosphate dehydrogenase (H6PDH), on the luminal side of the smooth endoplasmic
reticulum (SER). Generation of the pyridine nucleotide cofactor NADPH by H6PDH stimulates the
reductase direction of 11βHSD1 resulting in increased levels of active glucocorticoids in liver cells.
Unlike liver cells, steroidogenic enzymes including 17β-hydroxysteroid dehydrogenase 3
(17βHSD3) forms the coupling with 11βHSD1. Thus the physiological concentrations of
androstenedione serve as a substrate for 17βHSD3 utilizing NADPH to generate NADP+, which
drives 11βHSD1 in Leydig cells primarily as an oxidase; thus eliminating the adverse effects of
glucocorticoids on testosterone production. At the same time 11βHSD1 generates NADPH which
promotes testosterone biosynthesis by stimulating 17βHSD3 in a cooperative cycle. This enzymatic
coupling constitutes a rapid mechanism for modulating glucocorticoid control of testosterone
biosynthesis. Under stress conditions, glucocorticoids also have rapid actions to suppress cAMP
formation thus to lower testosterone production.

1. Introduction
In mammalian species, glucocorticoids induce a variety of responses in cells, including
proliferation, differentiation and apoptosis with both rapid and delayed responses. The delayed
responses of glucocorticoids are mediated mostly via the nuclear glucocorticoid receptor (GR)
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[1]. Effects of glucocorticoids are exerted through their GRs which when bound to ligand;
associate with specific DNA sequences, termed glucocorticoid response elements (GREs). The
GREs are present in the promoter regions of target genes, and mediate either increased or
repressed transcription of these genes [2]. In addition, GRs can interfere with the transcriptional
activities of other factors such as the AP-1 complex by direct protein-to-protein interactions
[3]. Accumulation of evidence also points out that the rapid responses of glucocorticoids act
via mechanisms not associated with the classic GRs and possibly via the plasma membrane
receptor or prereceptor-mediated action by the glucocorticoid metabolizing enzyme 11β-
hydroxysteroid dehydrogenase I (11βHSD1). Rapid actions of glucocorticoids may be involved
in the regulation of testosterone production in the Leydig cell, the cell that resides in the
interstitial area of the testis. The present review will focus on the rapid mechanisms of
glucocorticoid regulation of testosterone production in the Leydig cell.

2. Stress and Leydig Cell Function
Stress is a widespread condition and the "wear and tear" experience as animals adjust to the
continually changing environment [4]. Although there are some positive influences, stressors
result in many harmful actions to the stressed bodies such as the disrupted reproductive system.
The stress response is comprised of the physiological adjustments made to compensate for the
stressor and preserve balance of the internal milieu of the body [5]. An over abundance of
glucocorticoid activity is the hallmark of stress [4]. Increased glucocorticoid levels disrupt and
suppress endocrine signaling in the male reproductive axis. Elevations in circulating
corticosteroid after stresses result in a significant drop in testosterone secretion [6,7]. A similar
pattern is observed in rats subjected to restrained stress [8–11]. In humans, the severe
psychological stress brought on by the death of a relative or spouse consistently lowers the
sperm count [12]. This potential reduction in fertility is most likely caused by the stress-induced
decline in testosterone, although direct effects of stress on the seminiferous epithelium have
also been reported [13]. Some of the earliest studies of gonadal and sexual dysfunction
associated with elevated circulating cortisol were made on men with Cushing’s syndrome
[14]. These patients already had low plasma testosterone concentrations, which were further
suppressed during the administration of dexamethasone given for diagnostic reasons. Other
manifestations of stress, including anesthesia, surgery, anticipation of battle, or training stress
show the same reciprocal relationship of glucocorticoid rise and testosterone decrease [15].

Stress increases serum glucocorticoids, and a number of in vitro studies have shown that
glucocorticoid directly inhibits testosterone production by Leydig cells [10,16]. Sharp
increases in glucocorticoid levels accompany exposure to stressors such as restrained [8–11]
and psychosocial interaction with a dominant male [17,18] are associated with the decline of
testosterone levels in these animals. Apparently, the classic GRs are involved in these
glucocorticoid actions. Leydig cells express classic GRs [19–21]. The Leydig cell responds to
glucocorticoids. Glucocorticoids have been found to directly inhibit the transcription of genes
encoding testosterone biosynthetic enzymes such as cytochrome P450-dependent cholesterol
side chain cleavage enzyme, and cytochrome P450-dependent 17α-hydroxylase/C17–C20lyase
[16,22]. Cholesterol transporting protein steroidogenic acute regulatory protein (StAR) gene
is also repressed by glucocorticoids [23]. Our studies have shown that excessive glucocorticoid
exposures not only inhibit androgen synthesis but may also decrease serum testosterone levels
by inducing Leydig cell apoptosis, reducing the numbers of Leydig cells per testis [24,25]. It
is important to note that the harmful effects of stress on Leydig cells do not necessarily result
only from classic GR-mediated delayed mechanism. A rapid regulation through non-genomic
membrane signaling or pre-receptor regulation of classic GRs by glucocorticoid metabolizing
enzyme, 11βHSD1, may also be involved.
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3. Rapid glucocorticoid actions on Leydig cell
3.1. Rapid glucocorticoid actions via membrane receptors

There is growing evidence that glucocorticoids exert various rapid effects on different cells
and tissues. The rapid glucocorticoid effects have been confirmed in many cells or tissues
including Leydig cells, muscle cells, brain, pancreas, heart, adipose tissue and the immune
system. Sometimes, the rapid effects of glucocorticoids appear to be the opposite of classic
GR effects. For example, glucocorticoids increase insulin levels via delayed classic GR action,
whereas they rapidly inhibit release of insulin from pancreatic β-cells [26]. Sometimes, both
rapid and delayed actions of glucocorticoids showed the similar results. For examples,
glucocorticoids stimulate preadipocyte differentiation through a non-transcriptional epigenetic
mechanism mediated through the ligand-binding domain of the GR [27]. A rapid action of
glucocorticoids on Leydig cell function was also demonstrated. A rapid (30-min) decline of
testosterone production was seen in mouse Leydig cells when these cells were exposed to 1.44
µM corticosterone (CORT), indicating that a non-genomic mechanism of glucocorticoids in
Leydig cells [28], since the genomic mechanism of glucocorticoids requires hours to register
at the protein level [29]. CORT can inhibit cAMP formation in mouse Leydig cells within 15
min [28]. The rapid action of glucocorticoids has been hypothesized to occur via the putative
membrane corticosteroid receptor. For example, stress-induced elevation of glucocorticoid
levels in newt suppressing male reproductive behavior was suggested via rapid actions at a
putative membrane corticosteroid receptor [30,31]. It remains to be investigated whether the
nongenomic actions of CORT on testosterone production in Leydig cells are via a membrane
receptor or other mechanisms. The membrane receptor hypothesis for CORT rapid action may
be explainable since our preliminary data has shown that 100 nM CORT-BSA conjugate can
inhibit testosterone production during 15 min (Figure 1). However, there is also a possibility
of rapid nongenomic effects of glucocorticoids via the classical intracellular GRs with the
membrane components. This case has been confirmed in other nuclear receptor such as estrogen
receptor α (ERα). In ERα-expressing pituitary tumor cells (GH3 cells), ERα is located in the
plasma membrane and mediates the estrogen-induced rapid release of prolactin, because it is
blocked or stimulated directly by antibodies directed to different amino acid sequences of
ERα [32].

3.2. A rapid action of glucocorticoids via 11βHSD1
Access of glucocorticoids to the classic GRs is controlled by 11βHSD that catalyzes
interconversion of active glucocorticoids (cortisol in human or CORT in rodents) to inert
steroids (cortisone in human or 11-dehydrocorticosterone, 11DHC, in rodents). It is now known
that there are two isoforms. The type 1 isoform (11βHSD1) first purified from rat liver [33]
and then cloned [34] requires pyridine nucleotide cofactor NADP(H) as its cofactor, NADP+
for oxidase which catalyzes the conversion of CORT into 11DHC, or NADPH for reductase
to catalyze 11DHC to CORT. It catalyzes both an oxidative and reductive reaction and is
referred to as an oxidoreductase. Type 2 isoform (11βHSD2), was identified later [35,36], and
cloned after purification from the kidney [37,38]. 11βHSD2, having no detectable reductase
activity, is known to be an exclusively oxidative enzyme activated by a distinct cofactor, NAD
+ [39].

The presence of testicular 11βHSD activity was first noted in the 1960’s by enzyme
histochemical labeling of Leydig cells in cryostat sections [40]. Enzyme histochemistry detects
the oxidative component of oxidoreductases, with electron transfer to the enzyme’s pyridine
cofactor forming NADPH and further electron donation to diaphorase (a ubiquitously-
expressed enzyme), and finally to the tetrazolium salt dye, resulting in deposition of blue
formazan crystals [40]. When an antibody to 11βHSD1 was produced [41],
immunocytochemical staining revealed abundant expression of type 1 protein in rat Leydig
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cells postnatally [42]. The protein is not present in the fetal Leydig cells that develop in the
testis prior to birth, and expressed only weakly in the postnatal generation of Leydig cells until
mid-puberty (day 31 postpartum) [42,43]. Based on an apparent association between the
postnatal increases in testicular 11βHSD1 expression and pubertal maturation of testosterone
secretion, oxidative inactivation of glucocorticoids by 11βHSD1 within the testis alleviating
GR-mediated suppression of androgen biosynthesis in adult rat Leydig cells has been proposed
[44]. It has been clearly shown that 11βHSD1 in Leydig cells behaves predominantly as a
dehydrogenase, while 11βHSD1 in liver cells behaves predominantly as a reductase [45].

Basal levels of CORT, at approximately 80 nM in the rat [46] are far higher than the dissociation
constant of CORT with GR, 5 nM [47] and a mechanism is needed to lower CORT
concentrations within Leydig cells, liberating GR from the ligand bound state. Glucocorticoids
act directly on Leydig cells to inhibit testosterone biosynthesis [16,48,49]. Elevations in
circulating glucocorticoids during stress including restraint stresses [8–11] and psychosocial
stresses of subordinate rats [17,18] can, therefore, cause suppression in androgen secretion at
the level of the testis. Following this view, 11βHSD in Leydig cells normally acts as a protective
gatekeeper, maintaining testosterone biosynthesis in the presence of basal glucocorticoid
concentrations: testosterone secretion is suppressed only if the oxidative capacity of 11βHSD
is exceeded or the dehydrogenase component of the enzyme is inhibited.

Although the hypothesis for a gatekeeper role of testicular 11βHSD described above appeared
reasonable, it fell into conflict with accumulating knowledge of the enzymatic behavior of the
two isoforms. When 11βHSD oxidative and reductive activities are measured in freshly isolated
Leydig cells, the oxidative activity exceeds the reductive activity by a 2:1 ratio that is the
inverse of the ratio measured in freshly isolated hepatocytes assayed in parallel under identical
conditions [45]. This primary oxidative activity in rat Leydig cells may be not contributed by
11βHSD2 since it has only one thousandth of 11βHSD1 in this cell type [50].

Evidence for the hypothesis that cell type is a determining influence on whether 11βHSD1 is
a net oxidase or net reductase was investigated using two established cell lines, COS1 and
CHOP (polyoma virus large T antigen-transfected Chinese Hamster ovary cells, neither of
which expresses 11βHSD1 in the unmodified state. The cell lines were transfected with rat
11βHSD1 cDNA, and enzyme activities were assessed 24 hours after exposure to the cDNA.
The prevailing direction of the 11βHSD1 reaction was followed by calculating the ratio of
oxidative to reductive activity (with estimates equal to one denoting equivalence of the two
rates). Transfected COS1 cells behaved similarly to Leydig cells in that 11βHSD1 was initially
a net oxidase. The transition in enzyme activity, from a net oxidase to a net reductase, took
longer in COS1 cells (2 hours) compared to Leydig cells (40 minutes). In CHOP cells,
11βHSD1 never became a net reductase in vitro: increases in reductase activity over time were
offset by increases in oxidase activity [51]. These results indicate that the cellular metabolic
environment / milieu of 11βHSD1 is a key determinant of the behavior of the enzyme in
vitro.

The oxidative and reductive activities of 11βHSD1 rely on concentrations of pyridine
nucleotide cofactor NADP(H). The redox balance of the cell establishes the respective levels
of NADP and NADPH, and increased supply of the energy substrate glucose that tips the
balance toward NADPH. Depletion of glucose from the culture medium causes a profound
suppression of 11βHSD1 reductase activity in Leydig, COS1 and CHOP cells [51]. It has been
proposed that 11βHSD1–oxidase activity predominates only when Leydig cells are deprived
of glucose [52]. However, the net oxidase observed in Leydig, COS1 and CHOP cells under
initial conditions occurred in the presence of a glucose concentration, 5.5 mM, which is
characteristic of standard formulations of culture medium. It is therefore unlikely that energy
metabolism and redox balance are instrumental in determining the predominance of 11βHSD1
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oxidase activity under initial conditions and other NADPH utilizing enzymes which are more
reflective of the enzyme’s behavior in vivo. Discrepancies in the literature on the relative
predominance oxidation and reduction may have arisen from the use of incubation periods
longer than ten minutes, given that linearity of the reaction velocities in assays of intact Leydig
cells, necessary for accurate estimation of enzyme kinetic parameters, is lost after ten minutes.
Culture of Leydig cells for several days prior to measurement of enzyme activity results in
sharp declines in 11βHSD1 oxidative activity and predominance of the reductase [53]. This is
not surprising because the two activities are inversely regulated: in rat Leydig cells, protein
kinase C increases 11βHSD1 oxidation and inhibits reduction [54].

In liver cells 11βHSD1 and hexose-6-phosphate dehydrogenase (H6PDH) are co-localized
with their catalytic sites inside the lumen of smooth endoplasmic reticulum (SER) [55,56].
H6PDH uses NADP+ as a co-factor and glucose-6-phosphate (G6P) as a substrate. It is well
established that pyridine nucleotides are impermeable to SER membrane and that G6P can be
transported into SER lumen by G6P transporting protein [55–58]. This generates NADPH from
NADP+ increasing NADPH/NADP+ ratio which drives 11βHSD1 to function enzymatically
as a reductase. Although cytosolic glucose-6-phosphase dehydrogenase (G6PDH) accounts for
95% of NADPH generated by the whole cell, this enzyme does not seem to affect the direction
of 11βHSD1. This is supported by the fact that knockdown of this enzyme by RNAi does not
change the direction of 11βHSD1 [59]. In contrast, H6PDH, which accounts for only 5% of
NADPH production, determines the direction of 11βHSD1 reductase in liver cells, because the
enzymes and the co-factors are compartmentalized in the lumen of SER. Therefore, when
H6PDH is knocked-out in mice, 11βHSD1 switches from the reductase to oxidase activity in
the liver [60]. Similarly, the direction of 11βHSD1 is also switched in the presence of S3483,
the inhibitor of G6P transporting protein, which deprives the substrate for H6PDH [55] (Figure
2).

The presence of H6PDH in Leydig cells, however, is controversial since an early histochemical
study indicated weak staining of H6PDH in the rat interstitial cells [61], while a recent study
has claimed undetectable levels of this enzyme in Leydig cells [62]. In rat Leydig cells,
11βHSD1 reductase activity does not appear to depend on H6PDH, because addition of G6P
to Leydig cell microsomes does not increase 11βHSD1 reductase activity, while it robustly
stimulates 11βHSD1 reduction in liver microsomes [63].

Unlike the liver, Leydig cell 11βHSD1 directionality may be regulated with different
mechanisms. We propose that there is a novel coupling between 11βHSD1 and the enzymes
responsible for testosterone biosynthesis in SER, particularly 17β-hydroxysteroid
dehydrogenase (17βHSD3). In cells, NADP+ and NADPH are present in catalytic or finite
amounts. NADPH generated by 11βHSD1-oxidase reaction is utilized by the steroidogenic
enzymes involved in testosterone production, becoming oxidized to NADP+. This is then
regenerated to NADPH by 11βHSD1–oxidase. This cyclic reduction/oxidation of this co-factor
continues by coupling of these enzymes as long as the substrates for steroidogenic enzymes
and 11βHSD1 are available. This is supported by our findings that addition of 17βHSD3
substrate androstenedione in both intact Leydig cells and its microsomes promotes 11βHSD1
oxidase while decreasing the reductase activities. Further, addition of CORT (11βHSD1
oxidase substrate) into Leydig cells increases 17βHSD3 activity to generate testosterone and
NADP+ which stimulates 11βHSD1 oxidation in a positive cycle (Figure 2)[63].

This coupling of reactions demonstrates the rapid effects of glucocortcoids (at physiologic
concentrations) on the stimulation of testosterone production in Leydig cells. However, under
the stress condition, 11βHSD1 is saturated and excessive CORT will cause genomic repression
of testosterone production (a delayed glucocorticoid effect) or a rapid mechanism suppressing
cAMP levels thus involving a rapid nongenomic repression of testosterone production.
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Taken together, these studies summarized above support the hypothesis that there is rapid
regulation of glucocorticoids on Leydig cell steroidogenesis. This rapid effect of
glucocorticoids is mediated via 11βHSD1 enzyme and also possibly by plasma membrane
receptors of glucocorticoids, as demonstrated by the BSA-CORT experiments.
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Figure 1.
Rapid inhibition of testosterone production in rat Leydig cells with corticosterone- BSA
conjugate. When 0.5 × 106 Leydig cells cultured with control (n = 6) or different concentrations
from 0.1 nM to 100 nM (n = 3, respectively) for 30 minutes. Media were collected for
testosterone measurement. *designates the significant difference compared to control at
P<0.05.
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Figure 2.
Models for different couplings between 11βHSD1 and other enzymes in liver and Leydig cells.
In liver cells (Panel A), in SER luminal side, H6PDH forms coupling with 11βHSD1: G6P is
exported into SER luminal side by G6P exporting protein which can be inhibited by the drug
S3483. G6P and NADP+ are used by H6PDH to generate NADPH which renders 11βHSD1
primary as a reductase to activate 11DHC to CORT. In Leydig cells (Panel B), both 11βHSD1
and 17βHSD3 are located in SER membrane and form the coupling. The androgen intermediate
androstenedione (DIONE) and NADPH are used by 17βHSD3 to generate NADP+ which
renders 11βHSD1 to function primarily as an oxidase to inactivate CORT to 11DHC.
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