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Introduction

Androgens and glucocorticoids have competitive and compensatory effects in several physiological and
pathophysiological processes. Although blood androgen levels affect blood glucocorticoid levels and vice versa, it
does not fully explain the relationship between the effects of androgens and glucocorticoids. Androgens and
glucocorticoids exert their functions through binding to androgen receptor (AR) and glucocorticoid receptor
(GR), respectively. AR homodimer and GR homodimer bind to the androgen response element (ARE) and
glucocorticoid response element (GRE), respectively, where they positively or negatively regulate transcription.
AR/GR heterodimer can also form but whether it has a physiological role is unclear. Notably, some ARE/GRE
sites are recognized by both AR and GR. This review focuses on the functional interventions between androgen
signaling and glucocorticoid signaling in target cells that are involved in muscle atrophy, lipid metabolism in
adipocytes and hepatocytes, and pancreatic p-cell death. Androgens and glucocorticoids exert opposite effects by
differentially regulating key genes (e.g., insulin-like growth factor-1, atrogin-1, and thioredoxin-interacting
protein) involved in these physiological processes. We also review functional compensation between these
steroids in the development of castration-resistant prostate cancer in which glucocorticoids compensate for the
castration-induced loss of AR function by activating key genes (e.g., serum/glucocorticoid-regulated kinase 1).
The gene expressions regulated by androgens and glucocorticoids are regulated through at least three different
mechanisms in target cells: (i) regulation of applicable ligand levels by modulation of steroid metabolite enzyme
levels, (ii) regulation of each other’s receptor levels, and (iii) competitive binding between AR and GR on
ARE/GRE sites. Recent findings shed light on the complicated relationship between androgen signaling and
glucocorticoid signaling in various cellular processes.
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in carbohydrate, protein, lipid metabolisms in various tissues
[-31, Androgenic actions of these steroid hormones are

Androgens such as testosterone and dihydrotestosterone involved in masculinization, and their anabolic effects are
(DHT) play pivotal roles in the development and associated with increases of muscle mass and bone mass [1-31,
maintenance of male reproductive organs and also play roles Glucocorticoids such as cortisol, corticosterone, and
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Figure 1. Domain structure and function of AR and GR. A.
Schematic diagram showing domain homology (% identity) between
human AR (GenBank accession No. AAA51729) and human GR
(GenBank accession No. NP_000167). Steroid hormone receptors
consist of an N-terminal domain (NTD), a DNA-binding domain
(DBD), a hinge region, and a ligand-binding domain (LBD). B.
Function of AR and GR as ligand-dependent transcription factor.

dexamethasone (DEX, a synthetic glucocorticoid) exert
anti-inflammatory and immunosuppressive effects and are
involved in the metabolism of carbohydrates, proteins, and
lipids [ 1. Catabolic actions of glucocorticoids are related to
muscle atrophy and osteoporosis 681, Thus, androgens and
glucocorticoids have specific effects and some opposite
effects & 9. Administration of DEX reduces blood
testosterone 1%, whereas administration of testosterone
increases blood corticosterone 1. Therefore, the opposite
effects of these steroids cannot be simply explained by their
influence on each other’s blood levels.

Androgen receptor (AR) and glucocorticoid receptor (GR),
in the form of homodimers, mediate the physiological
functions of androgens and glucocorticoids, respectively. AR
and GR are members of the steroid hormone receptor
superfamily, whose members act as ligand-dependent
transcription factors 12, Steroid hormone receptors function
not only as ligand-dependent transcriptional activators 31 but
also as ligand-dependent transcriptional repressors [14 151 by
recruiting co-regulators. Transcriptional initiation is achieved
by recruiting co-activators that modify chromatin structure
and link the basal transcriptional apparatus to the receptors
(13, On the other hand, transcriptional termination and
transcriptional repression are achieved by recruiting
co-repressors 16171, Steroid hormone receptors are composed
of a variable N-terminal domain (NTD), a highly conserved
DNA-binding domain (DBD), a hinge region, and a
moderately conserved ligand-binding domain (LBD) at the
carboxyl-terminus '8 (Fig. 1A). The receptors can
homodimerize through a D-box region in the DBD in a
ligand-dependent manner %, The homologies of the DBD
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Figure 2. Tissue distributions of AR and GR in rat. Expressions of
AR and B-actin are reprinted with permission 31, For determining GR
expression, cDNA was prepared as described 3 and was amplified
using primers (sense: 5-CACCCATGATCCTGTCAGTG-3' and
antisense: 5-AAAGCCTCCCTCTGCTAACC-3') and AmpliTag Gold
360 (Applied Biosystems, Foster City, CA, USA) with annealing
temperature at 58 °C for 35 cycles.

and the LBD between AR and GR are 79% and 50%,
respectively. Notably, AR and GR bind to the same
cis-element, called androgen-response
element/glucocorticoid  response element (ARE/GRE;
5'-AGAACANNnTGTTCT-3") [0 21 whereas there also
exists an AR-selective ARE (5-AGAACANNNAGAACA-3")
[0, 211 AR and GR mediate fundamentally different
physiological functions of androgens and glucocorticoids
through activating or repressing their target gene expressions
(Fig. 1B). The tissue distributions of AR and GR are at least
partially responsible for determining their target gene
specificities ?2. In rats, AR is mainly expressed in the
adrenal gland and reproductive tissues [#31 whereas GR is
expressed ubiquitously (Fig. 2). The specificities of AR and
GR also depend on cooperation with other transcription
factors (i.e., sequences surrounding the ARE/GRE),
recruitment of different co-regulatory complexes, and
chromatin accessibility (3 14 24271 On the other hand, the
expressions of some genes such as prostate-specific antigen
(PSA) and serum/glucocorticoid-regulated kinase 1 (SGK1)
are induced by both AR and GR 2 29 |t has become
increasingly apparent that competitive and compensatory
effects between androgens and glucocorticoids in
physiological and pathophysiological processes are at least
partly exerted through binding of their receptors to the
common ARE/GRE sites 3% 31, This review focuses on the
competitive and compensatory effects between androgens
and glucocorticoids in various cellular processes.

Competitive effects between androgen and glucocorticoid
in cell physiology
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Regulation of muscle mass

Skeletal muscle atrophy occurs in response to a variety
conditions, such as sepsis, cachexia, starvation, denervation,
and glucocorticoid treatment (2. Glucocorticoids induce
muscle atrophy, especially in fast-twitch fibers [ 8. Skeletal
muscle mass is governed by the balance between synthesis
and degradation of muscle proteins. The
ubiquitin-proteasome system and the insulin-like growth
factor-1 (IGF-1) signal contribute critically to protein
degradation and protein synthesis, respectively, in muscle 3
341, Glucocorticoids increase the expressions of several
atrophy-related genes, the so-called atrogenes (e.g., atrogin-1,
MuRF1, and forkhead box O1 (FOXO1)) and decrease the
expression of IGF-1 [7- 8], Increasing the level of atrogen-1 or
MuRF1, which are muscle-specific E3 ubiquitin ligases,
enhances the degradation of target proteins with the
ubiquitin-proteasome system, leading to the loss of muscle
mass & 32, Because FOXO1 up-regulates the expressions of
atrogin-1 and MuRF1 [ 34 these atrogenes act in a
coordinated manner during muscle atrophy. In contrast,
IGF-1 activates IGF-1 receptor/PI3K/Akt/mTOR signaling,
and consequently promotes protein synthesis 33 34, In
addition, IGF-1 signaling phosphorylates Akt and
down-regulates the transcriptional activation of FOXO1 [
34, Therefore, a decrease of IGF-1 results in both decreased
protein synthesis and increased protein degradation. In
contrast to glucocorticoids, androgens moderately increase
muscle mass and strength in hypogonadal men [ by
decreasing the expression of atrogin-1 and MuRF1 and by
increasing the expression of IGF-1 in muscle [,
Furthermore, androgens repress muscle atrophy induced by
glucocorticoids [ 3740 Androgens abolish  the
glucocorticoid-induced increase of atrogin-1, MuRF1, and
FOXO1 and the glucocorticoid-induced decrease of IGF-1 in
muscle 3738401 Interestingly, androgens and glucocorticoids
decrease the expression of GR and AR, respectively 10 361,
Although it is not clear whether these steroids directly affect
each other’s receptor in muscular cells, glucocorticoid
signaling at least partly interferes with AR expression, and
androgen signaling at least partly interferes with GR
expression in muscle in vivo.  On the other hand, the
regulation of atrogin-1 and IGF-1 levels by androgens and
glucocorticoids are also observed in cultured myoblasts (i.e.,
C2C12 cells) 38 401, Therefore, the expressions of atrogen-1
and IGF-1 are considered to be directly modulated by
glucocorticoids and androgens in muscle cells. Because
IGF-1 has a common ARE/GRE site 1, AR and GR may
competitively regulate the expression of IGF-1 in muscle
cells.

Lipid metabolism in and adipose tissue and liver

Lipid metabolism is largely composed of the fatty acid
oxidation of triglyceride (lipolysis) to produce energy and the
synthesis of triglyceride (lipogenesis) to store as an energy
source. The fatty acid synthesis reactions by fatty acid
synthase (FAS) and acetyl-CoA carboxylase (ACC) are the
rate-limiting steps for lipogenesis, whereas the hydrolysis
reactions of triglyceride by adipose triglyceride lipase
(ATGL) and hormone-sensitive lipase (HSL) are the
rate-limiting steps for lipolysis “2. FAS and ACC are direct
targets of SREBP-1c [, Glucocorticoids have both
short-term and long-term effects on adipose tissue [*4l. As a
short-term effect, glucocorticoids increase lipolysis through
induction of ATGL and HSL ™4, whereas as a long-term
effect, they increase adipose tissue and lead to central
(abdominal) adiposity 461, The long-term effects causing
central adiposity are observed in patients with Cushing's
syndrome [ and in patients treated with exogenous
corticosteroid treatment 61, Unlike their anabolic actions in
muscle, androgens have catabolic functions in adipose tissue
[47-50] Low testosterone levels are associated with visceral
obesity in men [ 481 and AR knockout (KO) male mice
exhibit obesity % %I, Moreover, testosterone treatment
reverses the increase of body fat mass induced by
glucocorticoids ). Because the HSL level is lower in
AR-KO mice than in wild-type mice %, regulation of HSL
expression determines the balance of androgen and
glucocorticoid functions in adipocytes. However, because
adipose tissue-specific AR-KO mice exhibit increased HSL
levels in adipose tissue 1, the decrease of HSL in global
AR-KO mice 1 may be an indirect result of the deficiency
in androgen action in other tissues. DEX promotes
differentiation of 3T3-L1 preadipocytes to mature adipocytes
521 suggesting that glucocorticoids have a role in
adipogenesis. In  contrast, androgens reduce the
differentiation of 3T3-L1 cells 3. However, it is difficult to
conclude that this reduction is due to the suppression of
glucocorticoid signaling because differentiation of 3T3-L1 is
needed for the activations of other types of signaling (e.g.,
insulin signaling and PKA signaling by
isobutylmethylxanthine). Glucocorticoids inactivate DHT by
inducing the expression of aldo-keto reductase 1C2, which
metabolizes DHT to So-androstane-3a, 17p-diol 54, reducing
the overall function of DHT in adipocytes. Although
androgens and glucocorticoids have at least partially
opposing effects on lipolysis in adipocytes and the
differentiation of preadipocytes, the mechanism underlying
the competition remains largely unknown.

In hepatocytes, DEX decreases the expression of
5a-reductase 1 which converts testosterone to DHT 551, DEX
increases lipogenesis by inducing the expressions of
SREBP-1c, FAS, and ACC in the presence of insulin [44 56,57,
Castration increases and testosterone treatment decreases the
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expressions of SREBP-1c, FAS, and ACC, which regulate
hepatic triglyceride levels 8, Hepatocyte-specific AR-KO
also increases SREBP-1c and ACC in liver 5, Stearoyl-CoA
desaturase 1, which is a major target of SREBP-1c, is
increased in hepatic AR-KO mice liver, and the increase is
observed even in hepatocytes isolated from the KO mice (9,
Taken together, these results suggest that androgens and
glucocorticoids exert opposite effects on lipolysis in
adipocytes and opposite effects on lipogenesis in hepatocytes
by differently regulating the rate-limiting enzymes.

Pancreatic f-cell death

Glucocorticoids induce apoptotic cell death in pancreatic
B-cells, T-cell lymphoma cells, and osteoblasts [6 661 These
processes are considered to contribute to the pro-diabetic,
immunosuppressive, and  osteoporotic  actions  of
glucocorticoids. Glucocorticoids induce the expressions of
thioredoxin-interacting protein (TXNIP) in all these cells
161-63] and the induction of TXNIP is found to be required for
glucocorticoid-induced apoptosis 6% 62, TXNIP binds to
thioredoxin, which in turn causes the dissociation of
apoptosis  signal-regulating kinase 1 (ASK1) from
thioredoxin.  Thus, an increase of TXNIP results in an
activation of ASK1, which triggers apoptosis through
activating JNK/p38 signaling 4. In B-cells, androgens
suppress DEX-induced apoptosis by activating AR [,
Androgen also suppresses TXNIP expression at the mMRNA
level in the presence of DEX. The AR mutant AR (C619Y),
which is unable to bind to DNA [ fails to suppress
DEX-stimulated activation of the TXNIP (-1081/+20)
promoter, indicating that the DNA-binding of AR is required
for suppression of TXNIP. Moreover, AR and GR share the
same ARE/GRE site (-851/-837) on the TXNIP promoter 3%
62 and competitive binding between ligand-bound AR and
GR on the TXNIP promoter was confirmed by ChIP assays
B, AR binding to the TXNIP promoter, which is ligand
dependent, doesn’t affect the basal expression of TXNIP in
the absence of DEX in B-cells. These results illustrate that
AR and GR compete for binding to the same ARE/GRE site
of the TXNIP promoter as a silencer and enhancer,
respectively, and thus negatively and positively regulate
B-cell death, respectively. It is postulated that AR/GR
heterodimers can interfere with the function of AR and GR
homodimers 661, However, a heterodimer in which AR is
ligand-free and GR is ligand-bound does not bind to the
TXNIP promoter, and vice versa. It is unclear whether a
heterodimer composed of ligand-bound AR and
ligand-bound GR can bind to the ARE/GRE site. Therefore,
it is unclear whether the heterodimer has a role in regulating
TXNIP expression. Because TXNIP also plays an important
role in insulin secretion 71 these types of regulation of

TXNIP may partly account for glucocorticoid-suppressed [¢®]
and androgen-increased insulin secretion (691,

TXNIP is crucial for diverse cellular processes such as
inflammation, ER-stress, glucose homeostasis, obesity, and
cancer progression [64 7073 The ARE/GRE site (-851/-837)
of the TXNIP promoter is widely conserved among
mammals. Microarray analyses suggest that TXNIP is an
AR-repressed gene in various cells, such as prostate cells and
dermal papilla cells "4 7. Therefore, competitive binding
between AR and GR on the ARE/GRE of TXNIP promoter
may be involved in controlling a variety of cellular functions.
between

Compensatory  effect

glucocorticoid

androgen  and

Recurrence of prostate cancer

AR is a master regulator of cell proliferation in primary
prostate cancer [, Androgen deprivation therapy such as
surgical or chemical castration (i.e., LH-RH analog and
antiandrogen) is a standard therapy for treatment of prostate
cancer. However, prostate cancer often recurs as a
castration-resistant prostate cancer (CRPC) with poor
prognosis /1, Antiandrogen (ARN-509 or RD162) treatment
in mice grafted with human prostate cancer cells resulted in
the increases of GR and several AR target genes (e.g., SGK1
and PSA), B9 Similar results were observed in bone
metastases from CRPC patients receiving an antiandrogen
(enzalutamide) B%. The development of CRPC is further
enhanced by administration of DEX, whereas a GR
antagonist or GR silencing each reduces the proliferation of
CRPC cells without affecting AR expression, indicating that
GR compensates for the loss of AR function % The
increased GR activates a similar, but distinguishable, set of
target genes, suggesting that CRPC development is not due
to complete compensation by GR %, Isikbay et al. ["® also
demonstrated the importance of glucocorticoid signaling in
the development of CRPC using a mouse xenograft model of
human CRPC cells. They showed that
glucocorticoid-mediated proliferation of CRPC cells was
suppressed by not only a GR antagonist but also by the
SGK1 inhibitor GSK650394, and that knockdown of GR
increased, and overexpression of SGK1 decreased,
tumor-free survival in castrated mice 8. These results
suggest that SGK1 is a key protein for the compensation of
AR action by GR. This idea is supported by the finding that
GR is repressed by AR signaling in hormone-sensitive
prostate cancer cells ®1. In CRPC model cells, DHT and
DEX upregulated 105 and 121 genes, respectively, 52 of
which were upregulated by both steroids (%, In addition, a
ChlP-seq experiment showed that 52% of AR-binding sites
are also GR-binding sites [26 301 Similarly, approximately
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half of AR-binding sites were also found to be bound by GR
in another prostate cancer cell line [?61. Taken together, these
results show that GR partially compensates for the loss of
AR function and steadily leads to the development of CRPC.

Summary

Glucocorticoids, in addition to reducing blood testosterone
levels 11, reduce DHT levels by decreasing Sa-reductase 1 in
hepatocytes [ and inactivate DHT by inducing aldo-keto
reductase 1C2 in adipocytes 4. In muscular cells in vivo,
administration of glucocorticoids reduces AR expression and
administration of androgens reduces GR expression [0 361,
However, it is not clear whether these effects are direct or
indirect effects of the steroids. On the other hand, androgen
directly suppresses the expression of GR in prostate B, but
not in B-cells BY. Recent results indicate that target genes are
competitively regulated at the same ARE/GRE site [30: 31,
These findings indicate that the interference between AR
signaling and GR signaling affects the expressions of target
genes by at least three different mechanisms: (i) regulation of
applicable ligand levels by modulation of steroid metabolite
enzyme levels, (ii) regulation of the receptor levels and (iii)
competitive binding between AR and GR on the common
ARE/GRE sites. Although the physiological relevance of
heterodimerization of AR and GR is not clear,
heterodimerization could also modulate AR and GR function
(66, The regulation of genes mediated by the ARE/GRE is
considered to be more complicated because the ARE/GRE
sequence can be also recognized by mineralocorticoid
receptor and progesterone receptor €1,

After androgen-deprivation therapy, GR compensates for
the loss of AR function and promotes the proliferation of
prostate cancer, leading to the development of CRPC [0,
However, GR signaling represses rather than promotes the

proliferation of prostate cells in the presence of androgens .

Therefore, the role of GR depends on the level of activity of
AR. Previous results, taken together, show that (i) androgen
and glucocorticoid principally exert opposite effects in
various physiological processes, and that (ii) the ability of
one to compensate for loss of the other has been observed
only in a pathophysiological process (viz., CRPC) %, The
regulation of key genes seems to directly govern the overall
effects of androgen and glucocorticoid on cell function.
Examples of such genes and their cell functions include
IGF-1 and atrogin-1 in muscle mass, TXNIP in B-cell death,
and SGK1 in CRPC development. When key genes are
inversely regulated by AR and GR, androgen and
glucocorticoid exert opposite effects.
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