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1. Introduction

Androgen receptor (AR) is a member of the steroid
and nuclear receptor superfamily,! which is composed
of over 100 members and continues to grow. Among
this large family of proteins, only five vertebrate
steroid receptors—estrogen, progesterone, androgen,
glucocorticoid, and mineralocorticoid receptors—are
known. Two subtypes of estrogen receptor have been
identified, estrogen receptor o and estrogen receptor
B.2 Like other steroid receptors, AR is a soluble
protein that functions as an intracellular transcrip-
tional factor. AR function is regulated by the binding
of androgens, which initiates sequential conforma-
tional changes of the receptor that affect receptor—
protein interactions and receptor—DNA interactions.
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AR-regulated gene expression is responsible for
male sexual differentiation and male pubertal changes.
AR ligands are widely used in a variety of clinical
applications (i.e., agonists are employed for hypogo-
nadism, while antagonists are used for prostate
cancer therapy). Fang et al.? recently summarized a
large number of chemicals that bind to the AR. The
current review focuses on well-characterized AR
ligands that bind to the AR with high affinity and
integrates discussion regarding the biology, metabo-
lism, and structure—activity relationships for thera-
peutic and emerging classes of AR ligands. The
known AR ligands can be classified as steroidal or
nonsteroidal based on their structure or as agonist
or antagonist based on their ability to activate or
inhibit transcription of AR target genes. Synthetic
AR ligands were first developed by modifying the
steroidal structure of endogenous androgens. The
structure—activity relationship of these steroidal AR
ligands is well documented*~% and will only be briefly
summarized in this review. However, low oral bio-
availability, poor pharmacokinetic properties, and
side effects have limited the use of many steroidal
AR ligands. Until recently, it was considered impos-
sible to separate the androgenic and anabolic effects
of AR ligands due to their reliance on a single AR.
However, newly discovered nonsteroidal AR ligands
may provide a new strategy to achieve tissue selec-
tivity, as is possible with estrogen receptor ligands.
Novel nonsteroidal pharmacophores are summarized
in this review with discussion of the emerging
structure—activity relationships and examples of
their tissue selectivity included.”

1.1. Physiologic Roles and Clinical Application of
Androgens

AR is mainly expressed in androgen target tissues,
such as the prostate, skeletal muscle, liver, and
central nervous system (CNS), with the highest
expression level observed in the prostate, adrenal
gland, and epididymis as determined by real-time
polymerase chain reaction (PCR).2 AR can be acti-
vated by the binding of endogenous androgens,
including testosterone and 5o-dihydrotestosterone
(5a-DHT). Physiologically, functional AR is respon-
sible for male sexual differentiation in utero and for
male pubertal changes. In adult males, androgen is
mainly responsible for maintaining libido, spermato-
genesis, muscle mass and strength, bone mineral
density, and erythropoisis.”? The actions of androgen
in the reproductive tissues, including prostate, semi-
nal vesicle, testis, and accessory structures, are
known as the androgenic effects, while the nitrogen-
retaining effects of androgen in muscle and bone are
known as the anabolic effects.

Numerous and varied site mutations in AR have
been identified (The Androgen Receptor Gene Muta-
tions Database World Wide Web Server, http:/
www.androgendb.mcgill.ca/). The majority of these
mutations are associated with diseases, like Andro-
gen Insensitivity Syndrome and prostate cancer. The
androgen withdrawal syndrome observed in prostate
cancer therapy also appeared to be related to certain
AR mutations, such as T877A and W741C mutations,
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which convert some AR antagonists into agonists (see
more discussion in section 3.1.1). Besides the site
mutations documented, AR gene polymorphism has
also been identified, particularly, the poly-Q (CAG),
at exon I. The polymorphic (CAG)o-35 triplet repeat
sequence, starting from codon 58, codes for poly-
glutamine. The length of the repeat is inversely
correlated with the transactivation activity of AR.
The correlation between the length of the CAG repeat
and disease stage was recently reviewed by Oettel.1°

Classically, testosterone is used to treat male
hypogonadism, Klinefelter’s syndrome, anemia sec-
ondary to chronic renal failure, aplastic anemia, pro-
tein wasting diseases associated with cancer, burns,
traumas, acquired immunodeficiency syndrome (AIDS),
etc., short stature, breast cancer (as an anti-estro-
gen), and hereditary angioedema.” Recently, hormone
replacement therapy in aging males has also been
proposed to improve body composition, bone and
cartilage metabolism, and certain domains of brain
function and even decrease cardiovascular risk.!®

1.2. Gene and Protein Structure and Function

1.2.1. Androgen Receptor Gene and Protein Structure

In 1981, Migeon et al.!! first localized the AR gene
to the human X chromosome. In 1998, Lubahn et al.!?
cloned human AR genomic DNA from a human X
chromosome library using a consensus nucleotide
sequence from the DNA-binding domain of the nuclear
receptor family. In the same year, several groups,
including Chang et al.,’® Lubahn et al.,’* and Trap-
man et al.,’® cloned human AR ¢cDNAs. To date, only
one AR gene has been identified in humans.

The AR gene is more than 90 kb long and codes
for a protein of 919 amino acids that has three major
functional domains, as illustrated in Figure 1. The
N-terminal domain (NTD), which serves a modula-
tory function, is encoded by exon 1 (1586 bp). The
DNA-binding domain (DBD) is encoded by exons 2
and 3 (152 and 117 bp, respectively).'® The ligand-
binding domain (LBD) is encoded by five exons, which
vary from 131 to 288 bp in size. There is also a small
hinge region between the DNA-binding domain and
ligand-binding domain. Two transactivation functions
have been identified. The N-terminal activation func-
tion 1 (AF1) is constitutively active in truncated
receptor that does not contain the ligand-binding
domain and is not conserved in sequence compared
to other steroid receptors (Figure 2), whereas the
C-terminal activation function 2 (AF2) functions in
a ligand-dependent manner and is relatively more
conserved in sequence as compared to other steroid
hormone receptors, particularly with regard to the
charge-clamp residues.!” A nuclear localization signal
(NLS) spans the region between the DNA-binding
domain and the hinge region.

The human AR amino acid sequence is very similar
to the rat AR amino acid sequence with identical
sequences in the DNA- and ligand-binding domains
and an overall sequence identity of 85% * (Figure
2). All steroid receptors share a similar organization
with an individual N-terminal domain, conserved
DNA-binding domain, and C-terminal ligand-binding



3354 Chemical Reviews, 2005, Vol. 105, No. 9

Human AR Gene

Exon 1 Exon2 Exon3

Gao et al.

Exon4 Exon 5 Exon 8 Exon 7 Exon 8

o L LRy 3 i Vor [ I I K
M i ]
H H
H

23 e £ 27 433 i 478 {1891 5 ciie 907
WS : “":“-‘:\ \':‘.'\ ", .I i ' "\ o
._‘..\\‘ ’,’ 142 ppq 337 sé.c‘: #',_-1 d9g ng Niis 634 | ; ;.:- \f-*f':‘,’t'"
NH,- COOH
1 559 624 676 919
NTD —
DBD___
Human AR Hinge
LBD
Figure 1. Structural organization of the AR gene and protein.
NTD DBD Hinge LBD
.
I —
; 100 85 100 sy PR
# — .
e —— 82 a 55 933 hPR
% 79 25 hMR
T e —————————— s, 98
* —
1 2 51 —
* S—
. 5 15 22 505 NER
? S—
1 e ——— = 530 NERB

Figure 2. Amino acid sequence identity among members of the steroid receptor family (adapted from ref 19). Sequence
alignment was performed using William Pearson’s LALIGN program.20

domain. The N-terminal domain of different steroid
receptors shows the least conservation of sequence
(less than 25% identity), while the central DNA-
binding domain is well conserved for all steroid
receptors (59—82%), reflecting the common need to
bind to DNA, while the variation is responsible for
the selection of different target sequences. The
ligand-binding domain of different steroid receptors
shows sequence identity ranging from 22% to 55%,
reflecting receptor specificity for individual hor-
mones. Among all the steroid receptors, the human
AR ligand-binding domain shares more sequence
identity with the human progesterone receptor, glu-
cocorticoid receptor, and mineralocorticoid receptor
ligand-binding domains (all around 50%)'® with an
overall sequence homology of 88% to the progesterone
receptor ligand-binding domain when conservative
mutations are included. Even though the ligand-
binding domains of steroid receptors share relatively
low sequence identity, they all assume a similar
three-dimensional structure with certain highly con-
served structural features, including a “charge clamp”
and helical features (see subsequent sections for more
detailed discussion). These similarities in conforma-
tion provide the structural basis for the cross reactiv-
ity that is commonly observed with synthetic steroids.

1.2.2. Androgen Receptor Protein Conformation and
Function

Similar to the other steroid receptors, unbound AR
is mainly located in the cytoplasm and associated

with a complex of heat shock proteins (HSPs) through
interactions with the ligand-binding domain.?! Upon
agonist binding,! AR goes through a series of confor-
mational changes: the heat shock proteins dissociate
from AR, and the transformed AR undergoes dimer-
ization, phosphorylation, and translocation to the
nucleus, which is mediated by the nuclear localiza-
tion signal. Translocated receptor then binds to the
androgen response element (ARE), which is charac-
terized by the six-nucleotide half-site consensus
sequence 5'-TGTTCT-3' spaced by three random
nucleotides and is located in the promoter or en-
hancer region of AR gene targets. Recruitment of
other transcription co-regulators (including co-activa-
tors and co-repressors)?? and transcriptional machin-
ery?® further ensures the transactivation of AR-
regulated gene expression. All of these complicated
processes are initiated by the ligand-induced confor-
mational changes in the ligand-binding domain.
Currently, ligand-binding domain and DNA-bind-
ing domain crystal structures of many nuclear recep-
tors are solved, but no crystal structure of a full-
length receptor is available yet. The first crystal
structure of the AR ligand-binding domain was solved
by Matias et al. in 2000.2* The AR ligand-binding do-
main shares similar three-dimensional structure with
other agonist-bound steroid receptors (e.g., estrogen
receptor) (Figures 3 and 4A). The protein contains
11 o-helices (H) and two short S-turns, which are
arranged in three layers to form an antiparallel “a-
helical sandwich”. Different from other steroid recep-
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Figure 3. Crystal structures of wild-type AR ligand-
binding domain bound with DHT (1I37.pdb): (A) front
view; (B) ligand view. Space filled atoms are (black) carbon
and (red) oxygen. The activation function 2 region (helices
3, 4, and 12) is highlighted in green.

Figure 4. AF2 antagonist model, as illustrated by crystal
structures of wild-type estrogen receptor a ligand-binding
domain bound with (A) estradiol (1IERE.pdb) and (B)
raloxifene (1IERR.pdb). Estradiol is shown in yellow; ral-
oxifene is shown in green. Helix 12 is highlighted in red.
Helix 12 folds over the activation function 2 (AF2) region
when antagonist (raloxifene) binds to the estrogen receptor
o ligand-binding domain.

tors, H2 is not present in the AR ligand-binding
domain. However, it is important to note that the
same numbering of the other helices was retained
for easy comparison. Helices H1 and H3 form one face
of the ligand-binding domain, while helices H4 and
H5, the first f-turn, and helices H8 and H9 form the
central layer of the structure, and helices H6, H7,
H10, and H11 constitute the second face. H5, the
N-terminal region of H3 and the C-terminal region
of H10 and H11 form the main part of the hydropho-
bic ligand-binding pocket (LBP). Upon agonist bind-
ing, H12 is repositioned and serves as the “lid” of the
ligand-binding pocket to stabilize the ligand, and the
very end of the C-terminal region of the ligand-
binding domain forms the second S-turn (next to H8
and H10), which works as a “lock” to further stabilize
the “lid” (H12) conformation. The agonist-induced
conformational change in the ligand-binding domain
allows the formation of a functional activation func-
tion 2 (AF2) region on the surface of ligand-binding
domain (Figure 3, highlighted in green), which is
crucial for both the amino/carboxyl-terminal (N/C)
interaction of AR and co-regulator recruitment dur-
ing transcriptional activation (Figure 5A,B). Unlike
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other steroid receptors, agonist-bound AR prefers
N-terminal and C-terminal interaction,?® which could
further stabilize the agonist-bound ligand-binding
domain.

The activation function 2 region is a surface
hydrophobic groove (Figure 5A,B) formed by the
C-terminal region of H3, loop 3—4, H4, and H12, a
region that covers the highly conserved nuclear
receptor ligand-binding domain signature motif 26
and the activation function 2 core, which is similar
to the structure that is also observed in agonist-
bound estrogen receptor 27 (Figure 5C). A functional
activation function 2 region is believed to be crucial
for co-activator recruitment, because the so-called
nuclear receptor box “LxxLL” motif 22 from the
nuclear-receptor-interacting domain (NID) of co-
activators specifically binds to this surface.?’ On the
other hand, similar motifs from the AR N-terminal
domain, ZFxxLF?7 and #3*WxxLF*47 (Figure 1), can
also interact with the activation function 2 region.?
Therefore, both interactions could compete for the
activation function 2 region upon agonist binding.
The detailed topology change induced by different
ligands within this region might provide the struc-
tural basis for recognition of specific binding mo-
tifs.30:31

The steroidal androgen-bound AR ligand-binding
domain was cocrystallized with short peptides that
contain the LxxLL motif or the FxxLF motif (Figure
4A,B). Hydrophobic interactions between the leucine
residues in the LxxLIL motif or phenylalanine resi-
dues in the FxxLF motif and the hydrophobic groove
hold the peptide in place, while the hydrogen bonds
between peptide backbone atoms and two well con-
served residues, a lysine (K720) at the C-terminus
of H3 and a glutamate (E897) in H12, form a charge
clamp (Figure 4A,B) to further stabilize the interac-
tion.3%32 Very similar interactions were also observed
in the LxxLL motif bound estrogen receptor a ligand-
binding domain activation function 2 region (Figure
5C).33

Despite the overall similarity in peptide binding
modes, DHT-bound AR ligand-binding domain pre-
fers the binding of the FxxLF motif to that of the
LxxLL motif, suggesting that N/C interaction is
preferred over co-activator recruitment in DHT-
bound AR. In contrast, agonist-bound estrogen recep-
tor o ligand-binding domain prefers the binding of
the LxxLL motif to that of the FxxLF motif.3? As
shown in Figure 5, DHT-bound AR formed a deeper
hydrophobic groove in activation function 2 region
(region located between the charge clamp residues,
as illustrated in Figure 5A,B lower panels), which
could accommodate the bulky side chain of phenyl-
alanine residues. However, the hydrophobic groove
in agonist-bound estrogen receptor a ligand-binding
domain is more shallow and accommodates the side
chain of leucine residues better. On the other hand,
when the LxxLL motif binds to the AR ligand-binding
domain (Figure 5B),3° the peptide backbone only
forms a hydrogen bond with K720; a shift in peptide
position prevents the direct hydrogen bonding with
E897, which could explain the relatively lower affin-
ity of AR for this LxxLL motif.
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Figure 5. Interactions of FxxLF or LxxLL motifs with the AR or estrogen receptor ligand-binding domain: upper panels,
hydrogen-bonding interactions (shown as yellow dotted line) between peptide and activation function 2 region residues;
lower panels, surface view of the activation function 2 interface, in which side chains of the hydrophobic residues of FxxLLF
and LxxLL motifs are shown as spheres; (A) FxxLLF bound to AR activation function 2 interface (1T7R.pdb); (B) LxxLL
bound to AR activation function 2 interface (1T7F.pdb); (C) LxxLL bound to estrogen receptor a activation function 2

interface (1IGWQ.pdb).

The distinct preferences of AR for N/C interaction
could become targets for new drug discovery.?* Stud-
ies??38 have shown that ligand binding induced AR
N/C interaction correlates with its ability to activate
transcription, where disruption of the N/C interaction
might become an effective strategy to develop an-
tagonists. In comparison, although estrogen receptor
o does not share a similar N/C interaction as AR,
estrogen receptor o antagonists have been developed
to disrupt co-activator recruitment by the activation
function 2 (AF2) region by blocking LxxLL motif
binding. The “AF2 antagonist model” is shown in
Figure 4. When agonist (estradiol) binds estrogen
receptor o (Figure 4A), H12 (shown in red) adopts a
conformation that helps form a functional activation
function 2. However, when antagonist (tamoxifene)
binds estrogen receptor o (Figure 4B), H12 is dis-
placed from agonist conformation and folds over the
AF2 region. The *'LLEML5** motif in H12 binds to
the AF2 region in a similar way as the LxxLL motif
and blocks the binding of co-activators.

In AR, the 3®MAEII®® motif in H12 may also
mimic the LxxLL motif of co-activators. In fact, one
train of thought is that the AF2-antagonist model
might apply to AR as well, and H12 is repositioned
to bind to the activation function 2 (AF2) region upon
antagonist binding with the MAEII motif blocking
the interaction with other binding motifs.?* However,
this hypothesis has not been proved by crystal-
lography studies. Besides the AF2 antagonist model,
other mechanisms have been proposed to explain AR
antagonist activity. Although the agonist-induced
conformational changes in the ligand-binding domain
result in the dissociation of the chaperone protein
complex from AR,?” the dissociation does not seem

to happen upon antagonist binding in AR,3® which
might also account for the antagonist activity by
simply blocking access to the activation function 2
region. On the other hand, some evidence?® suggested
that AR antagonist bicalutamide could stimulate
AR nuclear translocation and specific DNA binding,
but it could not mediate co-activator recruitment,
instead, bicalutamide binding mediated the recruit-
ment of co-repressor, NCoR.*® Also, similar ligand-
specific (agonist vs antagonist) recruitment of coreg-
ulators has been characterized with selective estrogen
receptor modulators, which appears to be related to
the tissue selectivity of selective estrogen receptor
modulators.*1743 Therefore, differential recruitment
of co-regulators is also considered as a possible
mechanism of action for AR antagonist. Despite all
the theories proposed above, the precise mechanism
of action for AR antagonists remains unclear.

Ligand-induced AR conformational changes pro-
vide the structural basis for the recruitment of
cofactor proteins and transcriptional machinery,
which is also required for the assembly of AR-
mediated transcription complexes.? Shang et al.??
showed that the formation of an activation complex
involves AR, co-activators, and RNA polymerase II
recruitment to both the enhancer and promoter
regions of the prostate-specific antigen (PSA) gene,
whereas the formation of a repression complex in-
volves factors bound only at the promoter but not the
enhancer. Since the formation of a functional activa-
tion function 2 region provides a structural basis for
ligand-induced protein—protein interaction, ligand-
specific recruitment of co-regulators might be crucial
for the agonist or antagonist activity of AR ligands.°
On the other hand, as has been demonstrated with
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bicalutamide, possible ligand-specific interactions
could be directly regulated by the surface topology
of the activation function 2 region as shown by
Sathya et al.3! Due to the subtle change in surface
topology, formation of a functional activation function
2 does not guarantee effective N/C interaction. In
other words, lack of N/C interaction does not correlate
with the loss of activation function 2 functionality.

DNA binding is also required for AR-regulated
gene expression, which is known as the classic
genomic function of AR and has been characterized
by DNA microarray studies.** 46 The androgen re-
sponse element half-site sequence can be arranged
as either inverted repeats or direct repeats,*”48 and
AR recognizes and binds to the ARE site through two
zinc fingers located in the DNA-binding domain. Like
other steroid receptors, ligand-bound AR forms ho-
modimers and appears to form “head-to-head’ dimers
4 gven when it is bound to the direct repeats of
androgen response element. Selective recognition of
specific androgen response element sequences could
be regulated by ligand binding®® or the presence of
other transcriptional factors, which bind to their own
DNA binding sites as well (combinatorial regulation),
or both.?!

1.2.3. Nongenomic Pathway

Besides the genomic pathway, the nongenomic
pathway of AR has also been reported in oocytes,>?
skeletal muscle cells,?® osteoblasts,?*5% and prostate
cancer cells.?®®” As compared to the genomic path-
way, the nongenomic actions of steroid receptors are
characterized by the rapidity of action, which varies
from seconds to an hour or so, and interaction with
plasma membrane-associated signaling pathways.58
Nevertheless, the structural basis for nongenomic
action is direct interactions between AR and cytosolic
proteins from different signaling pathways,?® which
could be closely related to the ligand-induced confor-
mational change of the ligand-binding domain or,
indirectly, the N-terminal domain. However, the
detailed structural basis for these interactions is
unclear. Functionally, the nongenomic action of
androgen involves either rapid activation of kinase-
signaling cascades or modulation of intracellular
calcium levels, which could be related to stimulation
of gap junction communication, neuronal plasticity,
and aortic relaxation.®® Separation of the genomic
and nongenomic functions of steroid receptors using
specific ligands was also proposed as a new strategy
to achieve tissue selectivity.?®6! However, structural
features that are essential for achieving the separa-
tion have not been determined.

1.3. Androgen Biochemistry, Endogenous
Agonists

1.3.1. Testosterone Synthesis

Endogenous AR ligands include testosterone and
its active metabolite, 50-DHT. Testosterone is pri-
marily synthesized from cholesterol (Figure 6) in
Leydig cells in the testes. It is also synthesized in
adrenal cortex, liver, and ovary in women. The rate-
limiting step in testosterone synthesis, cholesterol
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Figure 6. Testosterone synthesis (adapted from ref 62).
Abbreviations are as follows: P450sce, cholesterol side-
chain cleavage enzyme; HSD, hydroxy steroid dehydroge-
nase.

Testosterone

side chain cleavage by P450scc, is regulated by
luteinizing hormone (LH) from the pituitary, which
is controlled by gonadotropin releasing hormone
(GnRH) from the hypothalamus and the feedback
regulation of testosterone at both the pituitary and
hypothalamus levels. Although dehydroepiandros-
terone (DHEA) also has weak agonist activity, test-
osterone and 5a-DHT are the major endogenous
androgens. Besides AR, testosterone also cross-reacts
with other steroid receptors at low affinity, such as
progesterone receptor and estrogen receptor. In com-
parison, 5a-DHT binds more specifically to AR.
Healthy adult men typically produce approximately
3—10 mg of testosterone per day with circulating
levels ranging from 300 to 700 ng/dL in eugonadal
men. Due to the pulsatile release of gonadotropin
releasing hormone, endogenous testosterone secretion
is pulsatile and diurnal, the highest concentration
occurring at about 8:00 a.m. and the lowest at about
8:00 p.m. Average serum concentrations and diurnal
variation in testosterone diminish as men age.%?
Testosterone is highly bound to plasma proteins.
About 40% is sequestered with high affinity to sex
hormone-binding globulin (SHBG), while almost 60%
is bound with low affinity to albumin, leaving only
about 2% as free, unbound hormone. 50-DHT has
even greater binding affinity to sex hormone-binding
globulin than does testosterone, although 50-DHT is
only about 5% as abundant in the blood as testoster-
one and is largely derived from peripheral metabo-
lism of testosterone. The unbound testosterone con-
centration determines its metabolic clearance rate;
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therefore the amount of sex hormone-binding globu-
lin in plasma affects the half-life of circulating
testosterone.

Endogenous testosterone levels decline in aging
males, while circulating levels of sex hormone-bind-
ing globulin increase, which further decreases free
testosterone levels.®* Despite the decrease in free
testosterone concentrations, the incidence of prostate
cancer and benign prostate hyperplasia (BPH) in-
creases with age, which could be related to the fact
that testosterone is almost completely converted to
50-DHT in the prostate by 5a-reductase. Although
there is no direct evidence to suggest that testoster-
one causes the disease, early-stage prostate cancer
is clearly dependent on androgen. Evidence is also
accumulating to suggest that residual or adrenal
androgens and the AR play a role in “hormone-
refractory” prostate cancer.%?

1.3.2. Testosterone Metabolism

Testosterone can be metabolized in either its target
tissues or the liver 49687 (Figure 7). In androgen
target tissues, testosterone can be converted to
physiologically active metabolites. In the prostate
gland, skin, and liver,%8 testosterone is reduced to 50-
DHT by 5a-reductase (type 1 or type 2) % in the
presence of NADPH. 5a-DHT is the most potent
endogenous androgen. On the other hand, a small
amount of testosterone (0.2%) can also be converted
to estradiol by aromatase through the cleavage of the
C19 methyl group and aromatization of ring A, which
mainly occurs in adipose tissue. This process also
occurs in the ovaries of women. In men, approxi-
mately 80% of the circulating estrogen arises from
aromatization of testosterone in the adipose tissue®
with the other 20% secreted by the Leydig cells in
the testes.”™

Both 5a-reduction and aromatization are irrevers-
ible processes. Besides these pathways, testosterone
can also be further inactivated in the liver through
reduction and oxidation, followed by glucuronidation

and renal excretion. It can be metabolized to andros-
tenedione through oxidation of the 175-OH group and
androstanedione with 5o-reduction of ring A. An-
drostanedione can be further converted to andros-
terone after 3-keto group reduction. Alternatively,
androstenedione can also be converted to etiochol-
anolone through 54- and 3-keto reduction. Similarly,
50-DHT can be converted to androstanedione, an-
drosterone, and androstanediol.”

After the administration of radiolabeled testoster-
one, about 90% of the radioactivity is found in the
urine and 6% is recovered in the feces through
enterohepatic circulation.” Major urinary metabolites
include androsterone and etiocholanolone. Both are
inactive metabolites and are excreted mainly as
glucuronide conjugates or to a lesser extent as sulfate
conjugates.* Most of the other metabolites mentioned
above undergo extensive glucuronidation of the 3a-
or 174-OH groups as well, either in the target tissues
or the liver,”? and are further excreted in the urine.
Therefore, following oral administration, the plasma
testosterone half-life is less than 30 min due to the
extensive metabolism. Approximately 90% of an oral
dose of testosterone is metabolized before it reaches
the systemic circulation. To improve the bioavailabil-
ity, most of the testosterone preparations are deliv-
ered through transdermal patch or intramuscular
injections. Alkylation or esterification at the 17
position was widely used in structural modification
to markedly slow the hepatic metabolism and in-
crease the oral bioavailability or duration of action
of testosterone.

1.3.3. Testosterone Tissue Disposition and Function

Animal studies” showed that, after intravenous
administration, radiolabeled androgens demonstrate
higher tissue uptake in androgen target tissues, like
the prostate where AR is highly expressed. The tissue
uptake efficiency and selectivity of different ligands
seemed to be related to their binding affinity to AR
and their resistance to metabolism.
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Table 1. Steroidal AR Agonists

Compounds Compound Structure RBA Ref
(%)
OH
R1881 100
o
OH
Testosterone 25 86
o
OH
50-DHT 88 86
17a-methyltestosterone
19 3
Fluoxymesterone 0.4 36

As mentioned above, there are three modes of
action of testosterone. It may directly act through AR
in target tissues where 5a-reductase is not expressed,
be converted to 5a-DHT (5—10%) by 5a-reductase
before binding to AR, or be aromatized to estrogen
(0.2%) and act through the estrogen receptor.” The
formation of 5a-DHT is a natural way for the “DHT-
dependent” tissues, such as prostate and seminal
vesicle, to amplify the androgenic activity of test-
osterone. 50-DHT is a more potent AR ligand than
testosterone. It binds to AR with higher affinity
(Table 1) and has 2—10-fold higher potency than
testosterone in androgen-responsive tissues.!® On the
other hand, estrogen plays a major role in regulating
metabolic process,’" mood and cognition,’® cardio-
vascular disease,””’® sexual function including li-
bido,” and bone turnover in men.%%8! Besides these
active metabolites, testosterone is the major andro-
gen that acts in the “DHT-independent” tissues, such
as skeletal muscle, where 5a-reductase is not ex-
pressed or is expressed at a very low level.58 It
directly regulates skeletal muscle growth, bone for-
mation, fat distribution, and sexual function. Free
testosterone is considered the most “biologically
active” form, so the circulating level of sex hormone-
binding globulin also affects the biologic effects of
testosterone.

In addition, although bone tissue used to be con-
sidered as a DHT-independent tissue, it was recently
observed that 5o-reductase was expressed in human
osteoblast-like cells,® suggesting that bone tissue
could be a DHT-dependent tissue as well, which
needs to be further confirmed by clinical evidence.

2. Steroidal Androgen Receptor Ligands and
Related Clinical Applications

Generally, novel AR ligands are first identified by
in vitro receptor binding assay, using either rat
prostate cytosolic AR, recombinant AR protein, or
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Propionate: R=CH3CH,CO
Enanthanate: R=CH3(CH,)5CO

Figure 8. Testosterone esters.

cells that express AR, as summarized by Fang et al.?
Although the binding affinity of the ligands were
determined in different research groups using slightly
different methods (detailed binding assay methods
can be retrieved from corresponding references), the
AR binding affinity of all ligands discussed in this
review will be presented as the relative binding
affinity (RBA) compared to the synthetic ligand
R1881 (Tables 1—8), which has a K; value of 0.53 nM
as determined by Kelce et al.83 and Waller et al.8*
using rat prostate cytosolic AR. The agonist or
antagonist activity of the ligand is often examined
in vitro using cotransfection assays in which the
recombinant AR and a hormone-dependent reporter
gene are transiently expressed in a receptor-negative
cell line. Sometimes, the antagonist activity of the
ligand is also tested as its ability to suppress andro-
gen-dependent prostate cancer cell growth. Further
in vivo testing of the androgenic and anabolic activi-
ties or antagonist activity is mainly done by measur-
ing the prostate (measure of androgenic activity) and
levator ani muscle (measure of anabolic activity) sizes
in castrated rat models after treatment®® with the
compound alone or in combination with testosterone
preparations. The antiandrogen activity can also be
tested in the androgen-sensitive prostate cancer
xenograft model, including LNCaP xenografts in
immunodeficient mice or the Dunning rat model.

2.1. Steroidal Androgens

2.1.1. Testosterone Esters

Testosterone esters (Figure 8) are often used for
clinical management of disease and are usually
administered parenterally for prolonged activity. The
modification enhances the lipid solubility of the
steroid and permits the formation of a local depot
after intramuscular injection. However, since the
esters are eventually hydrolyzed, testosterone is the
actual active species in vivo.

2.1.2. 17a-Alkylated Androgens

Some of the earlier studies (1950s) with androgens
focused on structural modification of the naturally
occurring hormones, which maintained the steroidal
structure. Mainly, the 17a-position substitution was
modified to block the metabolism of the 175-hydroxyl
group, which greatly improved the oral bioavailability
of these compounds, such as 17a-methyltestosterone
(Table 1). 170-Methyltestosterone has similar bind-
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Table 2. Anabolic Steroids

Compound Structure RBA Ref
(%)

Compounds

Nandrolone 31 92

«CHg
0 0.3 36
o A
...... CH3
HOS 0.4 93
N

Stanozolol N 0.8 86

Oxandrolone

Oxymetholone

ing affinity to AR and similar androgenic and ana-
bolic activities as testosterone. The addition of the
17a-alkyl group slowed metabolism at the 17-posi-
tion, improved the oral bioavailability,®” and pro-
longed the in vivo half-life (2—3 h)® of 17a-methyl-
testosterone. However, increasing the length of the
alkyl side chain resulted in decreased activity. As
revealed by recent AR crystal structures, the longer
side chain appears to interfere with hydrogen bond-
ing of the 175-OH group to the receptor?* (see
discussion in section 4.1.1).

Further structural modification of 17a-methyltes-
tosterone led to more potent and orally active ste-
roids, like oxymesterone, methandrostenolone, and
fluoxymesterone. Fluoxymesterone, particularly, has
a prolonged half-life of 9 h; however, it causes sodium
and water retention that could lead to edema, which
may be caused by its cross-reactivity with glucocor-
ticoid receptor.8?

Although these synthetic androgens show improved
pharmacokinetic profiles while maintaining the an-
drogenic and anabolic activities of testosterone, long
term use of these steroids is associated with severe
hepatotoxicity,®®®! which has greatly limited the
clinical applications of these agents. On the other
hand, due to the lack of tissue selectivity, the
intrinsic androgenic activity of the steroidal andro-
gens can cause undesirable side effects such as the
virilizing and masculinizing actions in women and
children, suppression of gonadotropin secretion, and
salt and water retention resulting in edema.

2.1.3. Anabolic Steroids

Another class of synthetic androgens was developed
as anabolic steroids as a result of efforts to minimize
the undesirable androgenic side effects of testoster-
one and its esters. These agents appear to demon-
strate stronger anabolic than androgenic activities.
Although complete separation of the androgenic and
anabolic activities has not been achieved with ste-
roidal ligands, a large number of anabolic steroids
are available on the market, including oxandrolone,
oxymetholone, stanozolol, and nandrolone (Table 2).

Gao et al.

For 19-norandrogens, removal of the 19-methyl
group seemed to result in the reduction of the
androgenic activity but retention of the anabolic
activity, compared to testosterone propionate (TP).
Since 19-nortestosterone showed some separation of
anabolic and androgenic activities, related analogues
were also developed: nandrolone, the 17a-ethyl
analogue norethandrolone, and ethylestrenol.

Similar to testosterone, nandrolone is usually
prepared and administered as an ester. Phenpropi-
onate or decanoate esters of nandrolone are admin-
istered intramuscularly. Slow hydrolysis of the ester
in vivo releases free nandrolone over a prolonged
period of time. Nandrolone decanoate is the long
acting ester used for the treatment of anemia associ-
ated with renal insufficiency. Nandrolone phenpro-
pionate has a longer duration of action than the
decanoate and is used to treat metastatic breast
cancer. Although nandrolone is used as an anabolic
agent, the androgenic and progestational side effects
of nandrolone are still observed.*

Even with the presence of the 19-methyl group,
replacement of one of the methylene groups with an
oxygen atom also resulted in the favorable separation
of the androgenic and anabolic activity. The most
successful example of the series is oxandrolone, a
2-oxasteroid analogue of 17a-methyltestosterone that
contains a lactone in the A ring. As an orally active
anabolic steroid, oxandrolone has a prolonged termi-
nal half-life of 9 h in humans.®** It demonstrates
strong anabolic activity but slight androgenic activity
and is clinically used to treat diseases related to
muscle wasting.® Another heterocyclic compound of
the class is the pyrazole derivative, stanozolol. Simi-
lar to oxandrolone, 17a-alkylation reduces the he-
patic metabolism of this agent and makes it orally
available, while the pyrazole ring in the structure
seems to enhance the anabolic activity of the ligand.

Another widely used anabolic steroid is oxymetholo-
ne, which is primarily used to stimulate production
of erythropoietin in the treatment of anemas result-
ing from bone marrow failure as recently reviewed
by Pavlatos et al.? Very similar to oxandrolone,
oxymetholone is also orally available and has a
prolonged elimination half-life of 8 hours.%"

As oral anabolic steroids, oxandrolone, stanozolol,
and oxymetholone show lesser androgenic activity.
However, the shared 17a-methyl group of these
agents still causes potential hepatotoxicity, which is
similar to that observed with 17o-alkylated steroids.

2.1.4. Structure—Activity Relationship

For steroidal androgens, the structure—activity
relationships were first developed based on the
results of extensive structural modifications. 3-Keto
or 30-OH groups appear to enhance the androgenic
activity of steroidal AR ligands, while the 170-
hydroxyl group is essential for the ligand—receptor
interaction. Removal of the 19-methyl group seems
to be favorable for the separation of androgenic and
anabolic activity. 17a-Alkylation significantly slows
the hepatic metabolism of the 175-OH group, in-
creases the oral bioavailability, and prolongs the
elimination half-life of these ligands. However, 170-
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Table 3. Steroidal Antiandrogen
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Table 4. Nonsteroidal Antiandrogens—Toluidides

Compounds Compound Structure RBA Ref Compounds Compound Structure RBA Ref
(%) (%)
H NC. F
Oxendolone 0.8 104 R-Bicalutamide . CD\N%/\(%?/O/ 0.4 86
3 "
Hond
O,N o
Flutamide 0.01 86
FsC N
Cyproterone 0.1 86 H
O,N o
Hydroxyflutamide D\ ] 0.1 86
FaC N
H
O,N.
S
Cyproterone acetate 1.7 86 Nilutamide F3C NJS< 0.08 104
O)\NH
O,N
3-trifluoromethyl-4- :@\ a
itroanili FsC NH
Spironolactone 0.4 3 ftroantiine ¢ 2

alkylated androgens are more likely to cause hepa-
totoxicity, the most serious side effect of the synthetic
steroids. Similar to endogenous androgens, reduction
of the 3-keto and 4,5 double bond are common routes
of metabolism. Both metabolites and parent drug are
eliminated either directly or as glucuronidate or
sulfate conjugate.

Complete separation of androgenic and anabolic
activity has not been accomplished with synthetic
steroids. The androgenic activities of the synthetic
steroids often cause undesirable side effects during
therapy. On the other hand, due to the structural
similarity in the steroid skeleton, steroidal AR ligands
also tend to cross-react with other steroid receptors,
which will cause adverse effects as well.

2.2. Steroidal Antiandrogens

Antiandrogens, by definition, antagonize the ac-
tions of testosterone or 5a-DHT by competing for AR
binding sites. Such compounds have therapeutic
potential in the treatment of prostate cancer, BPH,
acne, virilization in women, and male contraception.

A few steroidal ligands have been used as antian-
drogens, including cyproterone acetate, oxendolone,
and spironolactone (Table 3). Only oxendolone was
originally developed as an antiandrogen. After in-
tramuscular administration, it has a prolonged half-
life of 5—6 days, although it has considerably lower
binding affinity to AR than cyproterone acetate.

Cyproterone acetate and spironolactone, however,
were originally developed for other therapeutic pur-
poses. When they are used for their originally in-
tended uses, the antiandrogen activity manifests as
undesired side effects. Cyproterone acetate is a
progestin that suppresses gonadotropin release.® It
is a weak antiandrogen even though it binds to AR
with relatively high affinity compared to other anti-
androgens.” When used clinically as an antiandro-
gen, it is moderately effective in reducing hirsutism
alone or in combination with an oral contraceptive.!%®
However, it is not approved for use in the United

2 Does not bind AR.

States. Spironolactone is a mineralocorticoid receptor
(MR) antagonist that cross-reacts with AR with a
binding affinity much lower than that of 5o-DHT.10!
As a weak antiandrogen, it is approved by the US
Food and Drug Administration (FDA) to treat hir-
sutism in women,!%2 although it may cause irregular
menses. As an aldosterone inhibitor, spironolactone
is used for the treatment of fluid retention and
hypertension in men, but gynecomastia is a common
side effect,'%® which also limited its application as
antiandrogen therapy in men.

3. Nonsteroidal Androgen Receptor Ligands

As discussed above, the clinical application of
steroidal AR ligands has been limited by poor oral
bioavailability, potential hepatotoxicity, lack of tissue
selectivity, and occasionally, cross-reaction with other
steroid receptors. Also, structural modification of the
steroidal ligands is somewhat limited by the steroid
skeleton. Therefore, nonsteroidal ligands were pro-
posed to achieve high AR specificity, improve oral
bioavailability, and allow more flexible structural
modifications if necessary. Unlike steroidal ligands,
nonsteroidal antiandrogen was first developed.

3.1. Nonsteroidal Antiandrogens
3.1.1. Toluidide Derivatives

Substituted toluidides were first developed as
nonsteroidal antiandrogens, such as bicalutamide,
flutamide, and nilutamide (Table 4). Unlike the
steroidal antiandrogens, these toluidides are consid-
ered pure antiandrogens since they possess little if
any intrinsic androgenic activity when bound to wild-
type AR nor cross-react with any of the other steroid
receptors. As such, the nonsteroidal antiandrogens
are mainly used to treat androgen-sensitive prostate
cancer or hyperplasia (BPH). Besides their pure
antagonist activity, these ligands are orally available
with in vivo half-lives ranging from 8 h to 6 days in
humans.

After oral administration, flutamide is completely
absorbed from the gastrointestinal tract and under-
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goes extensive first pass metabolism to its major
metabolite 2-hydroxyflutamide and hydrolysis prod-
uct 3-trifluoromethyl-4-nitroaniline. 2-Hydroxyfluta-
mide is a more powerful antiandrogen in vivo, with
higher binding affinity for the AR than flutamide.'%*
In humans, hydroxyflutamide has an elimination
half-life of about 8 hours.!% Hydrolysis of the amide
bond represents the major metabolic pathway for this
active metabolite.!% To achieve complete AR blockage
in therapy, flutamide is generally used at doses of
750 mg/day. Extensive hepatic metabolism of the
drug generates a large number of hydrolysis product,
3-trifluoromethyl-4-nitroaniline, which might be re-
lated to the hepatotoxicity of flutamide.'” Therefore,
the clinical application of flutamide has been limited
by its hepatotoxicity after long-term administration.

As a hydantoin analogue of flutamide, nilutamide
is also eliminated exclusively by metabolism,!® mainly
reduction of the aromatic nitro group. Although the
hydrolysis of one of the carbonyl functions of the
imidazolinedione was also identified, it is less sus-
ceptible to hepatic metabolism than the amide bond
in hydroxyflutamide, which results in a much longer
half-life of 2 days in humans. Even so, the nitro anion
free radical formed during nitro reduction might still
be associated with hepatotoxicity'%®11° in humans,
especially when the relatively high dosage (150—300
mg/day) employed for androgen blockage is used.

Bicalutamide has replaced flutamide and niluta-
mide as the antiandrogen of choice for prostate cancer
treatment since it has less hepatotoxicity and longer
half-life (6 days in humans),’'! which allows once a
day administration at a relatively lower dosage (50
mg/day). As a structural analogue, bicalutamide
shares the amide bond structure with flutamide.
However, the amide bond hydrolysis was observed
in rat but not in humans,>!13 which could explain
the prolonged half-life of bicalutamide in humans.
Bicalutamide is mainly metabolized by hydroxylation
and glucuronidation. Also, the replacement of the
nitro group with a cyano group avoids the nitro
reduction observed in nilutamide and hydroxyfluta-
mide. With the presence of the chiral carbon in the
structure, bicalutamide is administered as racemate.
However, the in vivo antiandrogenic activity of bi-
calutamide arises almost entirely from its R-isomer,
which has approximately 30-fold greater binding af-
finity and is cleared at a rate 1/100th of the S-isomer.
Although bicalutamide appeared to be peripherally
selective in rats'!* with less antiandrogen activity in
the pituitary, which could be related to its low tissue
distribution in central nervous system, similar tissue
selectivity was not observed in humans.

The greatly improved specificity and favorable
pharmacokinetic profile of nonsteroidal antiandro-
gens, as compared to steroidal antiandrogens, affords
much more efficient androgen blockage for prostate
cancer treatment. At therapeutic doses, due to the
competitive blockage of AR in both prostate and
pituitary, these drugs often trigger significant in-
creases in luteinizing hormone release, which further
stimulates higher serum testosterone concentrations.
Therefore, they are used primarily in combination
with a gonadotropin releasing hormone analogue,
which shuts down the testicular but not adrenal
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testosterone production. The treatments are similarly
effective as surgical castration.!® However, this so-
called “chemical castration” also abolishes libido and
the anabolic activity of androgens in the muscle and
bone, causing undesirable side effects.

3.1.2. Antiandrogen Withdrawal Syndrome

Antiandrogens are particularly useful for the treat-
ment of prostate cancer during its early stages.
However, prostate cancer often advances to a “hor-
mone-refractory” state in which the disease progresses
in the presence of continued androgen ablation or
antiandrogen therapy, suggesting the development
of androgen-independent prostate cancer cells or the
ability of adrenal androgens to support tumor growth.
Instances of antiandrogen withdrawal syndrome
have also been reported after prolonged treatment
with antiandrogens.''® Antiandrogen withdrawal syn-
drome is commonly observed clinically and is defined
in terms of the tumor regression or symptomatic
relief observed upon cessation of antiandrogen
therapy. AR mutations that result in receptor pro-
miscuity and the ability of these antiandrogens to
exhibit agonist activity might at least partially ac-
count for this phenomenon. For example, hydroxy-
flutamide and bicalutamide act as AR agonists in
T877A and W741L/W741C AR mutants,'”-118 respec-
tively. Therefore, more research efforts have been
devoted to the development of new generation of
“pure antiandrogens” that would work in both wild-
type and mutant AR.

3.1.3. Hydantoin Derivatives

A variety of investigational antiandrogens are in
development. These compounds have not yet been
evaluated clinically but demonstrate potent antian-
drogenic activity in in vitro and preclinical models.
Structural modification of nilutamide led to the
development of a series of bicyclic-1H-isoindole-1,3-
(2H)-dione analogues that act as AR antagonists
(Table 5).1197122 Lead compounds BMS-1122 and BMS-
1521 bind to the wild-type AR with high affinity. The
4-nitro-naphthyl structure is also favorable for high-
affinity binding of the ligand, as shown in compounds
BMS-3371431% and BMS-434681.120.122 Similar to
hydroxyflutamide, compounds BMS-15, BMS-337143,
and BMS-434681 behaved as antagonists in wild-type
AR but acted as agonists in mutant AR (T877A).122
However, BMS-1 and BMS-501949'22 (structure not
listed) maintained antagonist activity even in the
mutant AR. Furthermore, BMS-501949 also demon-
strated strong antiandrogenic activity in androgen-
dependent prostate cancer xenograft models and high
specificity for AR compared to other members of the
steroid receptor family.

X-ray crystallography and molecular modeling
studies'?? suggested that the hydantoin ring nitrogen
of BMS-1 and BMS-434681 serves as an H bond
acceptor for N705, which improves the binding af-
finity of the ligand. On the other hand, increasing
the size of the 2.2.2 ring system (BMS-337143 vs
BMS-434681) seemed to introduce more steric inter-
actions and help maintain the antagonist activity in
mutant AR at the cost of reducing binding affinity
to wild-type AR.
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Table 5. Nonsteroidal Antiandrogens—Hydantoin
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Table 6. Nonsteroidal Antiandrogens—Phthalimide
Derivatives

Compounds Compound Structure RBA Ref Compounds Compound Structure RBA Ref
(%) (%)
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Another strategy to help maintain the antiandro-
gen activity in the mutant AR combined the struc-
tural features of both bicalutamide and BMS-434681,
which led to the discovery of BMS-5.120 Although the
original design intended to displace H12, a similar
mechanism as proposed for bicalutamide based on a
docking model using 5a-DHT bound wild-type AR
ligand-binding domain crystal structure, recently
solved bicalutamide bound mutant AR ligand-binding
domain (W741L) crystal structure (see discussion in
4.1) suggests that this may not be the case.

In addition to their use for prostate disease, anti-
androgens are also effective for the treatment of
alopecia,'?* hirsutism,!%%125 and acne.'?® Other hy-
dantoin derivatives, like RU58841 (Table 5), were
developed in Europe for topical treatment of acne and
alopecia.'?>127 For example, RU58841 has a short
half-life of less than 1 h. Thus, topical application not
only avoids the extensive hepatic metabolism (N-
dealkylation) but also provides for effective regional
treatment without systemic antiandrogen activity
due to the formation of active metabolite.!28

3.1.4. Phthalimide Derivatives

Another class of investigational nonsteroidal AR
ligands is the phthalimide derivatives (Table 6). Lead
compound N-[(3,5-dimethyl-4-isoxazolyl)methyl] ph-
thalimide (DIMP) showed similar antiandrogenic
activities in the castrated rat model after oral and
subcutaneous administration at 4 mg/day with 2 ug/
day of TP.129.130 Also, DIMP is free of any androgenic,
estrogenic, antigonadotropic, and antiestrogenic ac-
tivities.

Many years after the discovery of DIMP, Hash-
imoto!®? further developed the phthalimide analogues
utilizing the structural similarities between DIMP
and thalidomide, a hypnotic/sedative drug that has

ISOP-4 C" Q \ Q 0.6 131

ISOB 0.5 131

2 Not available.

been used to treat prostate cancer due to its regula-
tory effects on cytokine production (see review by
Hashimoto!32133), Representative ligands include S-
FPTN, R-FPTH, ISOP-4, and ISOB. S-FPTN and
R-FPTH showed potent antiandrogenic activity in
suppressing the growth of an androgen-dependent
cell line,'¥® while ISOP-4 and ISOB showed high
binding affinity to AR.13! The in vivo activities of
these ligands have not been reported. It is unclear
whether these ligands possess any intrinsic andro-
genic activity.

3.1.5. Quinolinone Derivatives

As mentioned earlier, complete blockage of the
AR at both the prostate and pituitary results in
elevated plasma testosterone levels, which may cause
breast tenderness and gynecomastia due to increased
conversion of testosterone to estrogen. Therefore,
selective AR antagonists (i.e., compounds that act
as antagonists in the prostate but not in the pitu-
itary) were proposed as a better antiandrogens to
treat prostate cancer. A series of quinolone deriva-
tives (Table 7) with a linear tricyclic pharmaco-
phore, 2(1H)-piperidino[3,2-glquinolinone, bind to
AR in the nanomolar range and work as AR antago-
nists. In intact male rats, lead compound LG120907
showed antagonist activity in the prostate and semi-
nal vesicle without raising the plasma levels of
luteinizing hormone and testosterone.!3* However,
the tissue selectivity observed has not yet been
demonstrated in humans. Further, it is important to
note that, although it may be possible to selectively
avoid feedback regulation, the anabolic effects of
androgens in the muscle and bone will still likely be
abolished.
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Table 7. Nonsteroidal Ligand—Quinolinone
Derivatives
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Table 8. Selective Androgen Receptor Modulators
(SARMs)

Compounds Compound Structure RBA Ref Compounds Compound Structure RBA Ref
(%) (%)
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3.2. Nonsteroidal Androgens t*"/(
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affinity to AR were identified during the development
of nonsteroidal antiandrogens. Further structural
modifications of these pharmacophores led to the
discovery of several classes of nonsteroidal androgen
receptor agonists, including the quinolones, tetrahy-
droquinolone, hydantoin, and bicalutamide deriva-
tives.

3.2.1. Quinolone Derivatives

The quinolone derivative (Table 7) LG121071 was
identified as an orally active AR full agonist!'?® with
binding affinity in the nanomolar range (K; = 17 nM).
LG121071 successfully suppressed LH release in
castrated male rats, suggesting that it works as an
agonist in the pituitary. However, its in vivo andro-
genic and anabolic activities were not discussed in
published data. Computer modeling!3¢ suggested that
the A-ring keto group and C-ring ethyl group in
LG121071 mimic the A-ring keto group and the
175-OH group in testosterone, respectively, which
could explain the relatively high binding affinity of
LG121071. Comparing the structure of LG120907
(antagonist) and LLG121071 (agonist), it is clear that
C-ring substituents play a important role in deter-
mining the agonist or antagonist activity in this class
of molecules.'37

3.2.2. Selective Androgen Receptor Modulators

In the past several years, the successful develop-
ment and marketing of selective estrogen receptor
modulators (SERMs) has raised the possibility of
developing selective ligands for other members of the
nuclear receptor superfamily. The concept of selective
androgen receptor modulators (SARMs)™38139 also
emerged: a compound that is an antagonist or weak
agonist in the prostate but agonist in the pituitary
and muscle and orally available with low hepatotox-
icity. For an ideal selective androgen receptor modu-
lator, the antagonist or weak agonist activity in the
prostate will reduce concern for the potential to
stimulate nascent or undetected prostate cancer;
while the strong agonist activity in the muscle and
bone can be used to treat muscle-wasting conditions,
hypogonadism, or age-related frailty.

Structural modifications of bicalutamide led to the
discovery of the first generation of selective androgen
receptor modulators (Table 8). Lead compounds S1
and S4 not only bind AR with high affinity (low

O Cl
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THQ-1 O 4.8 149
N OH

O2N. i o
O y S 0.8 149
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nanomolar range) but also demonstrate tissue selec-
tivity in animal models.14%14! In castrated rats, both
ligands prevented castration caused tissue weight
loss and behaved as partial agonists in the prostate
(ED5o = 2 (mg/kg)/day) but full agonists in the levator
ani muscle (EDsy = 0.6 (mg/kg)/day). On the other
hand, prolonged treatment (8 weeks) with S4 also
restored tissue weight loss three months after castra-
tion. At the dose rate of 3 (mg/kg)/day, S4 only
partially restored the prostate weight to less than
20% of intact level, but fully restored the levator ani
muscle weight to control level. Besides these androgen-
dependent tissues, S4 (3 (mg/kg)/day) also demon-
strated strong anabolic effects in restoring skeletal
muscle (i.e., soleus muscle) strength, total body bone
mineral density, and lean mass; and agonist activity
in the pituitary by suppressing luteinizing hormone
and follicle stimulating hormone (FSH) release.!42
Furthermore, it also prevented orchidectomy induced
bone loss in a female rat model for osteoporosis.'*3

In intact male rats,’*! S1 and S4 worked as
antagonists in the prostate without abolishing the
anabolic effects of androgens in the levator ani
muscle or increasing gonadotropin release and plasma
testosterone concentrations, suggesting that selective
androgen receptor modulators with low intrinsic
activity in the prostate might serve as an alternative
therapy for benign prostate hyperplasia (BPH) or
even prostate cancer. Furthermore, suppressive ef-
fects of this class of selective androgen receptor
modulators as demonstrated in both intact4! and
castrated rats!4* suggest that such compounds might
be used for male contraception.

More importantly, both ligands are orally avail-
able!#%146 with in vivo half-lives of about 4 h in rats.
Metabolism studies have shown that, similar to
hydroxyflutamide and nilutamide, amide bond hy-
drolysis and nitro reduction are the major metabolic
pathway observed in vivo.*” These derivatives are
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eliminated exclusively through hepatic metabolism.
This is the first class of nonsteroidal AR ligands that
demonstrated the desired tissue selectivity of selec-
tive androgen receptor modulators.

Both the ether linkage and B-ring para-position
substitution are critical for the agonist activity of the
bicalutamide derivatives.!>° Based on available crys-
tal structures, compounds with the ether linkage
might adopt a more compact conformation than
bicalutamide due to the establishment of an intramo-
lecular H bond (see discussion later), allowing the
B-ring to avoid steric conflict with the side chain of
W741 in the wild-type AR (as is observed with
bicalutamide) and potentially explaining the agonist
activity observed in compounds incorporating ether
or thioether linkages.

Another important class of selective androgen
receptor modulators that have shown tissue selectiv-
ity is the hydantoin derivatives (Table 8).148 Lead
compound BMS-564929 binds AR with high affinity
(RBA 3%) and high specificity. Comparing the struc-
tural features of BMS-1 (an antagonist, Table 5) and
BMS-564929 (an agonist, Table 8), it is clear that the
presence of the 2,2,2 ring system provides the steric
hindrance necessary for antagonist activity. Likewise,
crystallography and molecular modeling studies sug-
gest that the five-membered ring in BMS-564929
creates the optimal geometry for the hydroxyl group
to H bond with T877, which could contribute to the
high binding affinity and agonist activity of the
ligand. In castrated rats, BMS-564929 also demon-
strated tissue selectivity, with EDsy = 141 (ug/kg)/
day in the prostate, EDsy = 0.9 (ug/kg)/day in the
levator ani muscle, and IDsy = 8 (ug/kg)/day in
suppressing LH release. The compound is orally
available in humans, with an in vivo half-life of 8—14
h. Compared to the bicalutamide derivatives, the
prolonged in vivo half-life of these ligands could
explain the lower dose needed to achieve its phar-
macological activities in animal models, since the in
vivo activities seem to be more related to the tissue
exposure of the ligands when they share similar
binding affinity and intrinsic activity. However, the
potent suppression of luteinizing hormone observed
with these compounds may have implications for
their use in androgen replacement therapy. Studies
regarding the effects of BMS-564929 on bone or other
androgenic and anabolic tissues have not been re-
ported to date.

In comparison, Hanada et al.'#>151 developed a
series of tetrahydroquinolin (THQ) derivatives as
tissue selective AR agonists for bone. However, these
compounds also showed strong agonist activity in the
prostate and levator ani muscle with little tissue
selectivity between androgenic and anabolic tissues.
Although these compounds showed relatively high
binding affinity to AR (Table 8), significant in vivo
pharmacological activity was only observed at higher
subcutaneous doses, about 30 (mg/kg)/day, which
could be related to the pharmacokinetic profiles of
these ligands. It is unclear whether these ligands are
orally bioavailable.

In summary, for all three classes of compounds
described above, slight structural modifications change
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the ligand from AR antagonist to agonist. Despite the
detailed structure—activity relationships that have
been elucidated for these compounds, it remains
unclear what kind of ligand—receptor interaction
determines the agonist or antagonist activity of the
ligand, largely due to the limited knowledge about
the receptor conformation upon antagonist binding.
As a whole, favorable H bonding between ligand and
the T877 side chain, structural features that mimic
the 3-keto group of testosterone, and hydrophobic
interactions seem to be critical for the ligand to bind
with high affinity to the AR.

4. Structure and Function

4.1. Crystallography and Molecular Modeling

By far, crystallography remains the best way to
illustrate the molecular binding mechanism of dif-
ferent pharmacophores. Molecular modeling becomes
very useful to guide further structural modifications
once knowledge of the crystal structure is available.
However, predicting or modeling the binding mech-
anism across different structural (e.g., steroidal
versus nonsteroidal ligands) or functional classes
(e.g., antagonists verus agonists) is problematic.

4.1.1. Steroidal Agonist Bound Androgen Receptor
Ligand-Binding Domain

The crystal structure of both wild-type and mutant
AR ligand-binding domain bound with a steroidal
ligand, 5a-DHT, was solved.3%152 The binding mech-
anism of testosterone was also proposed on the basis
of molecular modeling using the 50-DHT bound
ligand-binding domain structure.!® Hydrophobic in-
teractions play an essential role in AR ligand binding,
because the steroid skeleton interacts with the
ligand-binding pocket largely through hydrophobic
interactions. In addition to hydrophobic interactions,
hydrogen bonding in some regions of the ligand-
binding pocket (Figure 9A,C) also plays a critical role
in steroidal ligand binding. Mainly, the 3-keto group
on ring A forms H bonds with the side chains of
residues Q711 and R752 directly or indirectly (through
a Hy0 molecule), ring C is in close contact with the
main chain of 704 and side chain of N705, and the
174-OH group H bonds with the side chains of N705
and T877. The interactions between the ligand and
residues N705 (N-terminal region of H3) and T877
(C-terminal region of H11) appear to be crucial to the
conformational changes that pull the N-terminal
region of H3 and C-terminal region of H11 toward
the ligand-binding pocket, which serves as part of the
mechanism to close the hydrophobic ligand-binding
pocket upon ligand binding.?*

In the mutant form of the AR ligand-binding
domain (T877A), the mutation introduces more space
around the D-ring of 5a-DHT to accommodate a
larger substituent at the 17-position, which allows
ligands with greater steric bulk at this position, like
progesterone and cortisol,'®® to bind AR as well. Also,
absence of the threonine hydroxyl group (as observed
in the T877A mutant) abolishes the hydrogen bond
between the 170-OH group of steroids and the
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Figure 9. Steroidal (DHT) and nonsteroidal (R-bicalutamide) ligand interactions with AR ligand-binding domain binding
pocket. R-Bicalutamide (green) W741L complex (1Z95.pdb) and DHT (gold) WT complex (1T7R.pdb) are shown as side
views (A,B) and top views (C,D) of the steroidal plane. H bonds are labeled as yellow dotted lines.

receptor, significantly reducing the binding affinity
of 5a-DHT to the mutant AR. Another steroidal
androgen, R1881 (methyltrienolone), which binds to
AR with even higher affinity than 5a-DHT, binds to
the AR with a very similar mechanism as 5a-DHT.?*

As discussed in section 2.1, most of the synthetic
steroids, whether agonists or antagonists, incorporate
an A-ring 3-keto group, which forms H bonds with
Q711 and R752 and maintains the high binding
affinity of the ligand. On the other hand, modification
of the 175-OH group of ring D interferes with the H
bonding to N705 and T877, which not only decreases
the binding affinity of the ligand but may also be
related to the antagonist activity of the ligand,
considering the close proximity of these residues to
H12 and the activation function 2 region. However,
it is still not clear how these ligand—receptor interac-
tions would affect receptor conformation or surface
topology.

4.1.2. Bicalutamide Bound Androgen Receptor
Ligand-Binding Domain (W741L)

Although several structural classes of nonsteroidal
compounds demonstrate high AR binding affinity 154
(nanomolar range), the binding mechanism for these
compounds was unknown until just recently.!?2148
The first nonsteroidal ligand bound AR ligand-
binding domain crystal structure, bicalutamide bound
ligand-binding domain mutant (W741L), was solved
recently in our laboratory.!®® Surprisingly, the mo-
lecular conformation of bicalutamide is completely
different from those proposed previously based on
molecular modeling using homology models.'8120 The
ligand adopts a greatly bent conformation (Figure
9B). Although the majority of the bicalutamide
molecule (A-ring and the amide bond) overlaps the
steroidal plane (Figure 9C,D), the B-ring of the
molecule folds away from the plane, pointing to the

top of the ligand-binding pocket, which forms a
unique structural feature of this class of ligands. The
A-ring cyano group forms H bonds with Q711 and
R752, similar to the 3-keto group in 5a-DHT. The
chiral hydroxyl group forms H bonds with L.L704 and
N705, mimicking the 175-OH group in 5a-DHT.
These H bonding interactions are believed to be
critical for high binding affinity of the ligand.

However, different from 5a-DHT, there was no H
bonding between bicalutamide and the T877 side
chain, and the B-ring folded into the position of the
W741 side chain (not present in this mutant) and
made direct contact with H12. The absence of a
favorable H bond with T877 might partially explain
the relatively lower binding affinity of bicalutamide
to wild-type AR, since the interaction between the
DHT 175-OH group and the T877 side chain is
believed to be crucial for the bending of the C-
terminus of H11 (Figure 3A and 9C). Lack of this
interaction could result in a less folded overall
conformation of the ligand-binding domain that
might be related to the less efficient dissociation of
the HSP90 complex upon antagonist (i.e., bicaluta-
mide) binding in wild-type receptor.?® On the other
hand, the absence of the W741 side chain in the
W741L AR mutant exposed more space to accom-
modate the B-ring of bicalutamide, which favors the
formation of a functional activation function 2 region
and explains the agonist activity of bicalutamide in
this mutant. However, assuming similar bicaluta-
mide geometry in the wild-type AR, the B-ring of
bicalutamide would displace the W741 side chain
from the ligand-binding pocket (Figure 9), sterically
disrupting the formation of activation function 2
region and providing a plausible mechanism for the
antagonist activity of bicalutamide.

Furthermore, intramolecular hydrogen bonding in
bicalutamide was also observed between the amide
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bond hydrogen, the chiral hydroxyl group, and the
sulfonyl linkage oxygen, likely helping to achieve the
ligand geometry shown in Figure 9. Due to the
similarities in structure, the bicalutamide deriva-
tives, as listed in Table 8, might adopt similar ligand
geometry. Considering the flexibility of the ether
linkage in these ligands, the molecule might adopt
an even more bent conformation as compared to
bicalutamide, which could allow the accommodation
of the B-ring without displacing the bulky side chain
of W741.

4.1.3. Hydantoin Derivative Bound Androgen Receptor
Ligand-Binding Domain (T877A)

The hydantoin derivatives share similar A-ring
structure as bicalutamide. As such, the cyano or nitro
group is thought to interact with Q711 and R752 122
in a similar way as bicalutamide, although the pdb
file is not available in the public database. The
benzene ring or the naphthyl group, together with
the hydantoin ring, overlap the steroid plane as well.
On the other side of the ligand, the hydantoin ring
nitrogen forms a H bond with N705. As a result,
ligands without the nitrogen atom, like BMS-15 and
BMS-337143 (Table 5), showed relatively lower bind-
ing affinity compared to analogues (BMS-1 and BMS-
434681) with the hydantoin ring nitrogen. The 2,2,2
or 2,2,1 ring system in the antagonist structures
(Table 5) was accommodated in the T877A mutant,
suggesting that it might form steric interactions with
the T877 side chain in wild-type receptor, which could
explain the antagonist activity of these ligands. In
comparison, ligands lacking the steric interaction
(BMS-564929) would likely be better accommodated
in the ligand-binding pocket,'*® allowing either the
hydantoin nitrogen or the hydroxyl group to form a
favorable interaction with T877 and contribute to the
agonist activity of BMS-564929.

As shown in the crystal structures described above,
most of the nonsteroidal ligands, regardless of whether
they act as agonist or antagonist, possess structural
features that appear to be important to achieve high
binding affinity, including structural features that
mimic the steroid plane and maintain the hydropho-
bic interactions similar to those observed with ste-
roidal ligands and structural features that mimic the
3-keto or 173-OH groups and help form H bonds with
Q711 and R752. The antagonist activity of nonste-
roidal ligands seems to be related to other structural
features extruding beyond the steroidal plane and
disrupting H bonding with T877, such as those
observed in bicalutamide and hydantoin antagonists,
which are better accommodated in a mutant AR
that allows more space in critical regions of the
ligand-binding pocket. More importantly, only ago-
nist bound AR ligand-binding domain was crystal-
lized, since the antagonist bound ligand-binding
domain was also solved with mutant AR in which
they behaved as “agonist”. To date, no AR ligand-
binding domain crystal structure in “antagonist” form
has been solved; the exact molecular mechanism
underlying antagonism of AR ligands remains un-
clear.
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4.2. Mechanisms of Tissue Selectivity

As discussed in the Introduction, for certain clinical
applications, it is desirable to separate the androgenic
and anabolic effects of AR ligands; selective androgen
receptor modulators have been proposed to achieve
this goal. So far, several possible mechanisms 41743
have been introduced to explain the tissue selectivity
of nuclear receptor modulators, which are mainly
based on the knowledge learned from selective es-
trogen receptor modulators. First of all, ligand bind-
ing induces specific conformational changes in the
ligand-binding domain, which could further modulate
the surface topology of the protein and subsequent
protein—protein interactions between the receptor
and other cellular proteins, either cytosolic proteins
involved in different signaling pathways (nongenomic
pathway) or coregulators involved in transcriptional
activation (genomic pathway). Furthermore, ligand-
specific receptor conformation and protein—protein
interactions could also result in ligand-specific gene
regulation, due to potential changes in recognition
of the androgen response element or interactions with
coregulators, other transcription factors, or both.

Ligand-induced protein—protein interaction is
known to contribute to N/C interaction 3¢ or co-
activator recruitment with the AR.!%¢ Both interac-
tions seem to be mediated by the interaction between
the activation function 2 region and the FxxLF or
LxxLL binding motifs.’5” The hydrophobic groove
present in the activation function 2 region of AR
ligand-binding domain appears to be more favorable
for the phenylalanine side chain binding, which
suggests that the N/C interaction is preferred over
co-activator recruitment upon agonist binding. In
comparison, antagonist-binding does not initiate N/C
interaction in AR,?! and it recruits corepressor,*°
NCoR, instead of co-activators, demonstrating dra-
matic differences in receptor conformation. On the
other hand, although nonsteroidal selective androgen
receptor modulator bound AR ligand-binding domain
conformation has not been well characterized, Sathya
et al.?! have investigated some proposed steroidal
selective androgen receptor modulators in vitro. It
is obvious that synthetic AR agonists can induce an
“activating” conformational change in AR without
facilitating N/C interactions of the receptor, which
suggests that ligand-specific conformational change
is achievable with synthetic ligands and provides the
structural basis for possible differences in protein—
protein interactions.

Beyond the ligand—receptor interactions, the tissue
selectivity of selective androgen receptor modulators
could also be related to the tissue distribution of the
ligand, potential interactions with 5o-reductase or
aromatase, or tissue-specific expression of coregula-
tors.?2 However, total body autoradiography studies
with bicalutamide and hydantoin derivatives!4®
showed that preferential accumulation of these drugs
in anabolic tissues does not occur. As discussed
earlier, the action of testosterone in androgenic
tissues is amplified through its conversion to 5a-DHT
by 50-reductase. Studies'*114® have shown that non-
steroidal selective androgen receptor modulators are
not substrates for 5a-reductase and cannot be con-
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verted to 5o-reduced metabolites, which indicates
that the action of these ligands in androgenic tissues
is not amplified in a similar way as testosterone.
Since selective androgen receptor modulators are not
as potent as 5a-DHT in the androgenic tissues, they
are more likely to behave as partial agonist. However,
in the anabolic tissues wherein androgen action is
DHT-independent, selective androgen receptor modu-
lators perfectly mimic the direct action of testosterone
and work as full agonists. Similarly, in the presence
of 5a-reductase inhibitors, testosterone also demon-
strated tissue selectivity in intact rats.'®® Therefore,
the tissue selectivity of selective androgen receptor
modulators might be simply related to the tissue-
specific expression of 5o-reductase or coregulatory
proteins.

5. Future Perspectives

Although the agonism and antagonism of estrogen
receptor ligands are well established?” and seem to
apply to some of the other nuclear receptors as
well, 41159 it is unclear whether the “AF2 antagonist
model” (H12 displacement) also applies to AR an-
tagonists, since little is known about the conforma-
tion of antagonist bound AR. Nevertheless, even if
the molecular mechanism underlying antagonism of
AR ligands is different from that of the estrogen
receptor, both appear to be related to the disruption
of the formation of a functional activation function
(AF2) region. Several new approaches targeting the
activation function 2 region have been proposed?* to
block the agonist activity of AR for the treatment of
prostate cancer, including small peptides that contain
the LxxLL binding motif'®® or small ligands that can
introduce conformational changes to interrupt acti-
vation function 2 function.?! Therefore, the ligand-
binding domain activation function 2 region has
become a popular drug target site.

As opposed to pure agonists and antagonists, it
seems probable that many drug discovery and devel-
opment efforts for the AR will also be devoted to
selective androgen receptor modulators. Due to their
flexibility in structural modification, selective andro-
gen receptor modulators represent an interesting new
class of AR ligands that could potentially regulate
multiple aspects of AR activation: ligand-induced
receptor conformation changes, protein—protein in-
teractions, and protein—DNA interactions. “Selective
ARE (androgen response element)”®® was proposed
a few years ago as a mechanism for ligand-specific
regulation of AR function. Selective androgen recep-
tor modulators with various intrinsic activities could
provide a promising opportunity to better understand
the role of receptor—protein or receptor—DNA inter-
action or both in the tissue selectivity of AR ligands.

More and more evidence has emerged to suggest
that nongenomic pathways also play an important
role in AR function. Tissue selectivity may also be
achieved by developing ligands that specifically ac-
tivate the nongenomic pathway, as demonstrated for
the estrogen receptor ligand, estren.?6! The separa-
tion of the genomic and nongenomic pathways is
likely dependent on ligand-specific regulation of
receptor—protein interaction. However, better un-
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derstanding of the molecular pharmacology and
structural basis of the process will be necessary to
identify potential targeting sites.

In summary, the development of AR ligands will
continue, particularly focusing on the search for
ligands that are AR specific, metabolically stable,
safe, and tissue selective and discriminate between
genomic and nongenomic pathways. A better under-
standing of the protein chemistry of the AR will help
design ligands that could specifically target impor-
tant processes during AR activation. This new gen-
eration of AR ligands appears poised to provide new
drugs for the treatment of many diseases.
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